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ABSTRACT

Today digital models for design exploration are not used to their full potential. The research efforts in
the past decades have placed geometric design representations firmly at the center of digital design
environments. In this work it is argued that models for design exploration that bridge different
representation aid in the discovery of novel designs. Replacing commonly used analytical, unidirectional models for linking representations, with bidirectional ones, further supports design
exploration. The key benefit of bidirectional models is the ability to swap the role of driver and driven
in the exploration.
The research developed around a set of design experiments that tested the integration of bidirectional
computational models in domain specific designs. From the experiments three main exploration types
emerged. They are: branching explorations for establishing constraints for an undefined design
problem; illustrated in the design of a concept car. Circular explorations for the refinement of
constraint relationships; illustrated in the design of a chair. Parallel explorations for exercising wellunderstood constraints; illustrated in a form finding model in architecture. A key contribution of the
research is the novel use of constraint diagrams developed to construct design explorers for the
experiments. The diagrams show the importance of translations between design representations in
establishing design drivers from the set of constraints. The incomplete mapping of design features
across different representations requires the redescription of the design for each translation. This
redescription is a key aspect of exploration and supports design innovation.
Finally, the author argues that the development of design specific design explorers favors a shift in
software design away from monolithic, integrated software environments and towards open software
platforms that support user development.
Recent work includes an articulated 40 feet tower built from fiberglas using a parametric based
building process.
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Figure 1. Three case studies for the design exploration studies presented. a) A chair assembled
from all curved wodden surfaces using glueless joinery. b) the “athlete car”, an articulated
vehicle using pneumatic muscles c) the digital hanging model for the exploration of freeform
structure

Figure 2. Most recent project of an pneumatic articulated tower of 40 feet. A team project by:
Philippe Block, Peter Schmitt, John Snavely and the author.
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ABSTRACT
The new structural concept Tensairity® [Tens 2005] is a synergetic combination of a pneumatic

structure and a cable-strut structure. The main function of the pneumatic structure is to
stabilize the cable-strut structure. Tensairity structures have a multitude of very interesting
properties. The beam or shell like structures are very light. Compact transport and compact
storage is possible as well as fast and easy deployment. Furthermore, new lighting possibilities
and special forms can be realized with Tensairity. Tensairity is ideally suited for a variety of
applications ranging from roof structures, foot bridges to temporary structures as
advertisement pillars. Furthermore, one of the most outstanding properties of Tensairity is that
the structure is adaptable. The load-deformation response of such a Tensairity girder can be
controlled by the air pressure which allows the girders to adapt to changing load conditions.
1 The Tensairity principle
The fundamental Tensairity beam consists of a cylindrical airbeam, a compression strut tightly
connected with the airbeam and two cables spiraled around the airbeam and attached at each end with
the compression strut [Fig. 1]. While the cables are pretensioned by the airbeam, the buckling
problem in the compression strut is avoided due to the stabilization by the airbeam. As for a beam on
an elastic foundation, the buckling load in the compression strut of the Tensairity girder is
independent of its length but depends on the pressure of the airbeam [Luchsinger et al. 2004a]. Since
there is buckling free compression in Tensairity, the cross section of the compression strut can have
minimal dimensions leading to the light weight property of the new structural concept. Furthermore,
the pressure in the airbeam is solely determined by the load per area and independent of the span and
slenderness of the beam [Luchsinger et al. 2004a]. Therefore, the synergetic combination of an
airbeam with cables and struts is ideally suited for wide span structures.
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compression element

airbeam
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Figure 1. The basic set up of a Tensairity girder.

The cylindrical shape was the first Tensairity form investigated. Further studies have revealed, that
spindle shaped Tensairity girders are more efficient [Pedretti et al. 2004, Luchsinger et al. 2004b].
Spindle shaped Tensairity beams are the focus of current research [Luchsinger et al. 2005] and recent
applications of Tensairity such as the roof over the parking garage in Montreux, Switzerland [Fig. 2]
rely on the spindle shape. This membrane roof is supported by 12 Tensairity girders with a span up to
28 m. Intensive use of the intriguing lightning possibilities of Tensairity was made by the architects in
the roof in Montreux. Spotlights with color changing capabilities are mounted on each end of the The
light shines through the glassy end plates into the pneumatic structure and illuminates the Tensairity
girders from inside in a surprisingly homogeneous way. The color of each Tensairity beam can be
dynamically changed and controlled by software and interesting light patterns over the whole roof
structure can be realized.

Figure 2. Tensairity roof structure in Montreux, Switzerland (Luscher Architectes SA).

2 Adaptiveness and Tensairity
The basic concept of Tensairity which is pressure induced stabilization is a common in nature, too.
The green tissue of plants is stabilized by the cellular pressure turgor. This becomes most obvious
when plants start to wilt due to a lack of water and thus to a reduced turgor. Being adaptable to
changing environmental conditions is an important advantage of living systems. The underlying
common principle of pressure induced stability in nature and Tensairity [Luchsinger et al. 2004c] may

Adaptable Tensairity – R. Luchsinger & R. Crettol

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

5-5

give hints about the adaptability of Tensairity structures. Indeed, the deformation and load bearing
capacity of a Tensairity structure can be controlled in a very simple way by the air pressure.
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Figure 3. Experimental load-displacement response of a simply supported Tensairity beam for
three different pressure values.
The experimental load-displacement response for a simply supported spindle-shaped Tensairity girder
with 5 m span and a central diameter of 0.5 m is shown in Fig. 3 for three different pressure values. A
central load is applied and the displacement of the Tensairity girder at the load input is shown.
Obviously, the displacement decreases with increasing pressure and the Tensairity structure gets
stiffer with increasing pressure. The decrease of displacement is a non-linear function of the pressure.
For very high pressure values, the displacement of the Tensairity girder is dominated by the strain in
the tension and compression element which is to a good approximation independent of the pressure.
The controllable adaptiveness of Tensairity structures to changing load conditions is interesting and
probably the most outstanding feature of Tensairity compared to conventional trusses or girders. In
fact, in so called intelligent or smart structures, a girder is made adaptable by cutting it into pieces,
connecting the parts with hinges and adding a lot of actors and control units to the system. The
structure is made intelligent by adding an external device. In Tensairity, the adaptability is an inherent
feature of the structure itself and follows from its design and concept. A multitude of inherent features
is typical for synergetic structures, where the new properties are not attained by adding different
materials or components but by combining them. As a consequence, Tensairity girders can be viewed
as a machine, where energy is converted into work. The energy in form of the compressed air is used
to lift a weight.
The machine aspect of Tensairity structures can give a different look on civil engineering structures.
In civil engineering, the girder for e.g. a roof structure is designed to withstand the total load which is
the sum of the dead load and the live load. While the dead load is constant, the live load is often
variable and can depend on wind and snow conditions. In light weight structures, the live load
normally dominates the dead load and thus mainly defines the design of the structure. Such a girder is
therefore designed for a maximal live load which is normally given by the building regulations. Most
of the structures never experience the maximal load during their life time. The price for a nevertheless
relative security is that most structures are under almost all conditions way to strong and way too
heavy. A Tensairity girder can be adapted to the current load situation simply by pressure variation.
This enables an important safety concept for Tensairity. The idea is to design the Tensairity structure
in such a way that the load-bearing capacity of the bending stiff elements in the girder is large enough
to carry the dead load of the structure even with zero overpressure. This can easily be realized in
spindle-shaped Tensairity girders, where the upper and lower chord can be made identical to carry
Adaptable Tensairity – R. Luchsinger & R. Crettol
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both compression and tension. The role of the compressed air is then to guaranty the stability of the
structure under changing live load conditions. In a structure like the parking garage in Montreux, the
maximal live load is in the order of a factor 10 higher than the dead load. Thus the philosophy,
inherent structural integrity for dead load, adaptiveness to live load can have a real impact on the
design and weight of the structure. Since such designed structures do not fail even with zero
overpressure under the dead load plus eventually some predefined value of live load, they are not
prone to vandalism. Even in case of a complete pressure loss in the Tensairity girder due to a damage
in the membrane, there is in almost any case enough time to evacuate people from the building and to
take measure to restore the structural integrity, since high live load events are very rare. And since an
unusual pressure loss can be even detected by the naked eye, problems with the structural integrity of
Tensairity are easy to detect. This is in striking contrast to many conventional structures, where a
structural failure often comes completely unexpected. Another possible advantage of the adaptiveness
of Tensairity is in scaffolding for e.g. bridges, where the deflection of the scaffold can be kept
constant under increasing load by increasing the pressure.

3 Tensairity actors
The adaptiveness of Tensairity enables to use the structure as an actor, where the machine character
of this new structural element becomes most obvious. One possible design of a Tensairity actor is a
cantilever as shown in Fig. 4. The Tensairity cantilever is similar to the set up of Fig. 1. However, the
compression element lies at the lower side of the airbeam and the two cables spiral only half way
around the airbeam. The compression element is made flexible to a certain amount to increase the
range of lift of the actor. In Fig. 4 on the left, the load still touches the ground and the overpressure in
the actor is almost zero. In Fig. 4 in the middle, the pressure is increased and an intermediate state of
the lift process is shown. Finally, the Tensairity cantilever reaches its final straight position for a
higher pressure value as shown in Fig. 4 on the right. By releasing the pressure, the load will drop
down again under its weight. The lift process is therefore reversible and cycles can be driven. An
interesting feature of the actor is, that the highest pressure is needed for the straight position, where
the bending moments due to the load are maximal and the forces in the compression and tension
element are maximal, too. As the pressure is needed for the stabilization of the compression element
against buckling, the stabilization effect increases with the increasing force on the compression
element during the lifting process. The Tensairity effect adapts in a constructive way to the changing
load conditions.

Figure 4. Demonstration prototype of a Tensairity actor. The load is lifted by increasing the
pressure in the Tensairity cantilever.
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4 Conclusions
The new structural concept Tensairity unites a wealth of interesting and important features. Light
weight, fast and easy set up, compact transport and storage volume as well as thermal insulation are
among this list. First applications in civil engineering as a roof over a parking garage or a bridge with
over 50 m span demonstrate the feasibility and reliability of the technology. One further important
feature of Tensairity is the adaptiveness. The deformation of a Tensairity girder for a given load can
be varied simply by changing the air pressure of the structure. Tensairity is a machine and not a beam.
This inherent property can be used e.g. in civil engineering, where the stiffness of the structure can be
easily adapted to changing live load conditions. On the other hand, the machine like character of
Tensairity allows the technology to be used as an actor. A first demonstrator based on a Tensairity
cantilever shows the feasibility of the concept. To think about structures in terms of machines and not
beams is something which most structural engineers are not used to. This thinking can open the path
to completely new concepts and a different understanding of the functionality of structures. The
synergetic structure Tensairity has the potential to realize such concepts.
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Introduction

Due to its varied shapes and extreme lightness, the modern membrane structure has been favored by
architects and engineers, and has already become one of the important structural styles in the field of
the large-span space structures. The structural membrane is a kind of flexible materials, which can
only bear tensions but compressions and bends. And pretensions have to be introduced into the
membrane structures to make them erect and bear the outside loads. Therefore, the introduction of an
appropriate pretension level is one of the key factors to ensure the quality and safety of the membrane
structures. Compared with the wide applications of membrane structures and the rapid developments
of the correlative analyzing theories and computational methods, the measuring techniques for
membrane tensions are still far behindhand. In most cases, techinicians judge whether the real tension
levels of the actual membrane projects accord with the design levels only by their experiences.
According to [Sun Zhanjin et al 2005], the pretension measurement of the membrane structures which
have already been introduced certain pretensions belongs to the nondestructive examinations. Based
on different principles, some membrane companies in Europe, America and Japan put forward three
kinds of methods and devised corresponding machines. However, the shortcomings of the existing
methods and machines are obvious, such as the higher price of the measuring machine, lower
measuring precision and inconvenience for operations. Especially, when the Japanses method is
adopted, its machine needs to be calibrated according to different kinds of membranes before its onsite inspection, which increases the workload greatly. Consequently, these existing measuring devices
have not been widely applied in practice .
This paper accomplishes a high-precision measuring method of membrane tensions that is reliable in
theory, and devises the equipment for measuring membrane tension. Furthermore, the results of a
large number of validating tests using PVC and PTFE membranes of different brands show that the
device is of high stability and accuracy. Finally, several membrane projects which are detected by the
device are introduced and the on-site applications display that the device itself is small, light and
convenient for on-site operations.
2

Measuring method
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The principle of Stiffening Effect of Stress is the main basis of the theoretical deduction. According to
[Sun Zhanjin&Zhang Qinlin 2005], while being introduced in-plane pre-tensions, membranes are of a
certain out-plane stiffness. When a certain uniform load q is applied vertically, there is a out-plane
displacement w in the middle of the rectangular part of membrane with pre-tension T, as shown in
Fig. 1, that is, a definitive mechanical relation exists.

T = f ( w, q, E )
where, E = represents the mechanical properties of memebranes, especially the Young’s Modulus.
By examining the out-plane displacement w and the uniform load q, the pre-tension T can be
calculated through Eq.1.
In the process of deductions of Eq.1, as-cable method is brought forward to simplify the 2D problem
of the pretension membrane as the 1D problem of the pretension cable. Therefore, tensions in each
direction of the membrane plane can be measured respectively. Meanwhile, the interferences of the
mechanical properties of memebranes, especially the Young’s Modulus, are eliminated from the
deduction process by mathematic methods, which makes the deductive conclusion applicable to
different kinds of membrane materials including PVC and PTFE membranes.

Figure 1. The diagram of membrane
tension measurement method

Figure 2. A small local rectangular area of a
large membrane curved face simplified as a
plane

Shapes of membrane structures are curved spatial srufaces. However, for the sake of their huge areas,
a local rectangular membrane area, as long as it is small enough, may be supposed as a membrane
plane, shown as Fig.2. Finite element parameter analysis, using the orthotropic plane element, is
carried out on this rectangular membrane plane, to emphatically study the effects of the parameters
along the b direction (long edge) on the displacement and stress level of the mid-point of the
rectangular area under the condition of different uniform vertical loads and different placement of the
warp and weft directions of the membrane.
Further FEA[SUN Zhanjin&ZHANG Qinlin 2005] shows that as long as the ratio of the long edge to
the short edge of the rectangular membrane area is not less than 5, the effects of the mechanical
properties along the long edge are small enough to be omitted, and that the behavior of the membrane
area under the vertical uniform loads q is similar to that of a unidirectional plate. Thus, the study on
the unidirectional membrane plate may be changed to that on the membrane strip of a unit width along
the short edge (a direction). And because the mechanical properties of the membrane strip are
identical with the single cable which has the same across section and Young’s Modulus, the related
theory of the single cable [Shen Shizhao et al 1997]can be adopted to accomplish the deduction.
3

Machine invention and validating tests
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On the basis of the theoretical research, a measuring machine for membrane tension is invented, and a
large number of validating tests are carried out, shown as Fig.3. The measuring device includes two
main parts, a controlling box and a measuring box. And a vacuum pump, a laser displacements sensor
and a vacuum sensor are the main components. A vacuum pump is adopted to introduce negative
pressure on the local rectangular membrane area beneath the measuring box. And a vacuum sensor
and a laser displacements sensor are responsible for detecting the vertical loads q and the out-plane
displacements w respectively. The data process and results display are automatically controlled by
the controlling box.

a)Measuring machine of
b) Equipments of
c) Displacements of local rectangular
membrane tensions
validating tests
membrane under negative pressures
Figure 3 Measuring machine of membrane tensions and validating tests

According to [MSAJ/M-02-1995], slit cross-shaped specimens with two force sensors in two
perpendicular directions are adopted in the validating tests, as shown in Fig.3. The results of dividing
the detecting value of the force sensors by the width of the core area of the cross-shaped membrane
specimens may represent the membrane tension of the core area along the same direction. So the
results are adopted as the true values of the membrane tension to validate the detecting values of the
measuring machine.
Six kinds of membrane are adopted in the tests, including five kinds of common PVC membrane, and
a kind of common PTFE membrane. Parts of the validating tests results of several kinds of membrane
are shown in Fig.4. Results of a large number of tests show that the device for measuring membrane
tensions is of high stability and accuracy, and the average error is about 10%.
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Figure 4 Validating tests results of several common membranes
4

Projects applications

By far, the measuring machine of membrane tensions has applied in several actual membrane projects.
The on-site applications show that this device does realize the measurement of the actual pre-tension
levels of membranes in the process of membrane structures’ installations, and that the device itself is
small, light and convenient for on-site operation.
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The first application case is a small scale membrane canopy, which model and measuring points’
layout is shown in Fig.5. On-site measurment shows that the average pretension of the whole
membrane is 1.31kN/m, while some local parts are less than 1kN/m. Such as the B direction of point
2, it is hard to increase its pretension level because the point is near the fixed wall edge and the B
direction is parallel to the edge direction. So the results are reasonable.
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Structure
Figure 5

b) Layout of measuring
points

c) On-site measurments

Application case of measuring machine of membrane pretension
on a small scale membrane canopy

Another two larger membrane projects were measured by this device, including a stand canopy of a
stadium, a 300m2 steel frame membrane structure, and a tensioned membrane structure about 2,000m2.
The models, measuring points’ layouts and the on-site operation pictures are shown in Figs 6 and 7.

Figure 6

Application of measuring machine of membrane pretension
on a steel frame membrane

a) Model of a tensioned membrane structure

b) Layout of measuring points
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c) On-site measurements
Application of measuring machine of membrane pretension
on a tensioned membrane structure

Conclusion

Tension measuring of membrane structures is a multi-discipline question involved in engineering,
materials, mechanics and device inventions. This paper proposes the as-cable method, simplifies the
deduction procedure, accomplishes the simple and practical theoretical formulas, and finally invents
the corresponding measuring machine. A large quantity of validating tests and several on-site
applications show the method is scientific and the machine is small, light and easy for on-site
operation. Of course, the study is just a beginning and further detailed theoretical study and machine
developments need much more work, such as, a more accurate theoretical deduction, a more delicate
measuring machine and the problem of measuring the edge area which curvature is relatively bigger.
In conclusions, the invention and application of measuring machine of membrane structures does
realize scientific, quantitative examinations of the actual tension levels of membranes in the process
of membrane structures installations, which is benefit to improving the construction qualities of
membrane structures and helps the healthy developments of membrane structures fields.
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Introduction
During our current research project ‘Design and Analysis of Kinetic Structures in Architecture’ we
have found that designing deployable structures, and more specifically, scissor structures requires a
great understanding of the geometric conditions which determine wether or not the designed structure
will actually be deployable. Furthermore, some structures that do comply with these geometric
boundary conditions need an additional energy input to unfold from their compacted state to their
completely deployed configuration. These so called ‘snap-through’ (or bi-stable) structures require
this energy input to overcome the geometric incompatibilities that are typical of their specific
morphology. That is why, in our effort to supply the designer of kinetic architecture with an easy-touse design tool, we initially focus on kinetic structures which are characterized by stress-free
deployment, otherwise called foldable structures [Langbecker 1999]. Generally speaking this means
that during deployment they behave more or less like mechanisms so, once erected into their final
configuration, additional bracing is needed to guarantee structural stability.

Figure 1. Foldable mobile shelter consisting of bars, connectors and cladding material
The mobile shelter system proposed in this paper serves as a case study for our research project:
straight bars connected by purpose-built joints make up the foldable structure of which the geometry
and kinematic behaviour is based upon that of foldable 2D-panel structures. The latter consist of a
series of triangular panels, interconnected at their edges by continuous joints [Gantes 2001]. By
discarding the triangular panels, while at the same time materializing their edges into bars and their
end nodes into kinematic joints, we obtain a foldable bar structure with an identical deployment
behaviour. Once deployed, the structure takes the shape of a barrel vault. By integrating membrane
components into the load-bearing structure before transport to the site, the system becomes a ready-todeploy space enclosure, well-suited as a temporary shelter.
Development of a Foldable Mobile Shelter System – Niels De Temmerman, Marijke Mollaert, Tom
Van Mele, Bart Beaumesnil, Lars De Laet

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

5-14

Folding pattern and geometry
The geometry for the proposed system is derived from a simple folding pattern shown in Fig. 2. The
fold lines of the pattern intersect and form triangles with an apex angle β of 120°. Other apex angles
are possible, as long as they comply with the foldability condition π/2 ≤ β < π. Figure 2 shows the
wireframe model consisting of triangles with an apex angle of 120° in three consecutive deployment
stages.

(a)
(b)
(c)
Figure 2. Three stages of deployment for a basic regular foldable structure consisting of
triangular 2D-panels: (a) folded flat, (b) erected position and (c) fully compacted for transport
We can easily change the geometry by increasing or decreasing the number of panels in the span,
leaving the apex angle identical throughout the structure. Such a ‘regular structure’ is depicted in Fig.
3a. But not all triangles have to be identical: by changing the apex angle of only the outer most
modules to π/2, we obtain a structure that looks somewhat different. It is simply called a ‘right-angled
structure’ (Fig. 3b). In its fully compacted form a right-angled structure demonstrates increased
compactness compared to the equivalent regular structure shown in Fig. 3a, while in its fully erected
position the side panels are perfectly vertical. This leads to increased inner space and makes it easier
to incorporate an entrance door. As a downside, comparing the regular and the right-angled structure
side by side, one can imagine the latter being structurally less efficient. This corresponds with what
we can gather from our initial models.

(a)
(b)
Figure 3. For n=4: side view of compacted and unfolded configuration of (a) a regular and (b) a
right-angled structure
Parametrization
In order to design these structures, a complete parametrization of a single module (Fig. 4a) and the
structure as a whole (Fig. 4b) is needed. This provides us with a description of all relevant design
parameters such as the apex angle (β), bar length (L), the span (S), height (H), width (W) of the
structure and the number of bars (n) in one section of the span. The single most important parameter
is the deployment angle θ, measured between a triangular face and the vertical axis, as shown in Fig.
4a. Since θ determines to what degree a single module is opened or closed and because every module
in the structure is identical, θ solely determines the deployment of the structure, with values ranging
from π/2 (folded flat configuration, Fig. 2a) to 0 (fully compacted configuration, Fig. 2c). The value
for θ we are interested in is the one that corresponds with the fully erected position, i.e. a semicircular shape for the regular structure. For the right-angled structure we are looking for the
configuration whereby the side walls are standing perfectly vertical.
Development of a Foldable Mobile Shelter System – Niels De Temmerman, Marijke Mollaert, Tom
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(a)
(b)
Figure 4. Relevant design parameters used in the parametrization of (a) a single module and
(b) the whole structure
By using trigonometry we can derive the relationship between the apex angle, the number of bars and
the deployment angle θ [De Temmerman 2005]. Note that in formulas (i) and (ii) all parameters are
independent of the bar length. The parameter ‘n’ stands for the number of bars in the span (this
number matches the number of edges of the triangles in the original folding pattern). These are
represented by bold lines in Fig. 5.

α

α

(a)
(b)
Figure 5. Folding pattern for the smallest possible structure showing the number of bars in the
span: n=4 for (a) a regular structure and (b) a right-angled structure
We can write the formulas for calculating the deployment angle θ, for n ≥ 4; 0 ≤ α ≤ π/4; 0 ≤ θ ≤ π/2:
(i) For a regular structure (Figs 5a and 6a):
n ArcTan [Tan(α) Cos(θ)] = π/2
(ii) For a right-angled structure (Figs 5b and 6b):
2 ArcTan[Cos(θ) Cot(α)] + (n-2) ArcTan[Cos(θ)Tan(α)] = π/2

Figure 6. For n= 4, n=6 and n=8: side view of (a) regular structures and (b) right-angled
structures, all with the same apex angle β =120°
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Modularity
When we look at the smallest structures in Fig. 6 (n=4) we can see that they share a characteristic that
sets them apart form the other: they have identical edges in the vertical plane. This implies that they
can be linked together along that edge to form a chain of structures, i.e. a barrrel vault (Fig. 7). This
way, a structure emerges posessing all advantages of the right-angled structure without neglecting the
overall structural performance.

Figure 7. When n=4, regular structures and right-angled structures can easily be linked
together
From wireframe model to foldable shelter
Once the gobal geometry of the structure is outlined in a zero-thickness wireframe model, elements
with discrete dimensions are introduced: the edges of the initial triangular panels are materialized into
bars, connected by a kinematic joint as shown in Fig. 8. This purpose-built connector is a joint which
is constructed in such a way that the original kinematics of the system are preserved and movement
during deployment is not hindered by the thickness of the elements. For the regular structure, all
connectors are identical: this is connector A shown in Figure 8. But for the right-angled structure the
altered apex angle requires additional connectors B and C. Figure 9 shows where they are applied in
the structure. Note that connector C consists of only 4 hinged parts as opposed to 6 for connector A
and B.

Figure 8. Five stages in the deployment of connector A
Off course, for the system to be employable as a fully-fledged architectural structure, a suitable cover
to protect from bad weather conditions has to be incorporated, as shown in Fig. 1. The foldable bar
system can either accept stiff panels or a supple membrane as cladding material, each leading to
particular detailing issues which will have to be addressed at a later stage. When a membrane is
chosen with a very simple cutting pattern, we have shown that an acceptable level of pretension can
be introduced by unfolding the structure to its final position [Mollaert 2005].
Development of a Foldable Mobile Shelter System – Niels De Temmerman, Marijke Mollaert, Tom
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A
B

C
A

B

C

Figure 9. Full scale models of hinged connector A, B and C, made from welded steel
In order to make sure that the resulting kinematic behaviour is indeed the desired one a 1/5 scale
model is constructed out of polyacetal connectors (as shown in Fig. 10 ) and aluminium bars, in which
a supple membrane can be incorporated.

Figure 10. Four stages of deployment of a 1/5 scale model of a right-angled structure with 4
bars in the span (n=4) and an apex angle of 120° (β=120°)
Next step in the design process is to perform a structure analysis on a FEM-model to allow for a
preliminary dimensioning of the bars and joints. Also we’ll investigate the possibilty of strategically
incorporating scissor units to help providing a certain level of pretension in the membrane in the fully
deployed configuration, thus enhancing structural performance [Mollaert 2005].
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ABSTRACT
Deployable grids are not a habitual architectural option but they have a lot of possibilities. This paper
intends to explain some of the keys to their functioning and thus the generation process used for
building elements, something in which the authors have experience.
1 Basic concepts.
The easiest structures that we can build with deployable scissors are flat ones, constituted of bars of
the same length and a hinge at the intermediate point. Curved grids will be obtained with an
eccentrically placed interior hinge. A girder, as shown in Figure 1a, can be represented as in Figure
1b. A flat grid can be thus represented as in Figure 2. If we curve this grid in one direction we obtain a
cylindrical mesh, as shown in Figure 3, forming a developable surface. If we curve the grid in two
directions we obtain Figure 4, which cannot be developable. In both cases we can obtain complex
grids capable of being deployed. Nevertheless, curved grids have geometrical difficulties that must be
studied in order to obtain the simplest configurations.

Figure 1. Deployable set of scissors. Figure 2. Flat grid. Figure 3. Cylindrical grid. Figure 4.
Spherical grid.
In order to make it possible to adapt a deployable mesh to these grids, we choose the following
criteria, shown in Figure 5:
1. The generator surface (cylinder or sphere) will contain all intermediate hinges “C” of the
scissor. The nodes of the linear reticule will be “D” and the upper and lower joints will be
placed along the radii going through “D”.
2. To make deployment possible li −1 + ki −1 = li + ki must be achieved
Moreover, in the case of circular directrix li −1 = li ; ki −1 = ki
That is like assuming that δ i −1 = δ i = δ i +1 = ...... = δ n
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Thus

li = l´i −1 =
ki = k

´
i −1

Rsinβ i
cos( δ + β i )

[1]

Rsinβ i
=
cos( δ − β i )

As the radius is variable in the different phases of deployment we can take its magnitude in the
initial and final positions where it is necessary to fix the “δ” angle of opening the scissor. δ i ≥ β i
is a necessary condition to make deployment and folding possible because, if not, the structure
returns by a different path and does not work (Figure 6). The single additional problem for
cylindrical squared meshes is the lateral deformation of each rectangle, a problem that can only be
solved with diagonal bars in the flat of the square.

Figure 5. Relationship between parameters used.

Figure 7. Design model of a cylindrical grid.
Sanchez).

Figure 6. Bottom nodes aligned.

Figure 8. Building the structure (Escrig &

The generation of spherical reticules can be done by different methods.
New designs and geometries of deployable scissors structures. F. Escrig and J. Sánchez

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

5-20

2.1. GRID WITH EQUAL LENGTH BARS. In this case we can trace spherical segments on the
surface with the same defined length, or the same angular opening, to define a structure with an equal
length bars structure. We can start at any point on the sphere with four segments in all joints (Figure
9) or more than four for the starting point as in Figure 10. The model of figure 9 has been built in two
30x30 sqm roofs, as shown in Figure 11 and published extensively [Ref 6].

Figure 9. Spherical grids with equal bars.
Sanchez).

Figure 11. Roof on a swimming pool (Escrig &

2.2. GEODESIC GRID. Geodesic grids are obtained by the
projection of a grid placed on any plane from the centre of
the sphere to its surface. The best known are those
obtained from a platonic polyhedron inscribed in a sphere.
We have otherwise demonstrated that meshes obtained by
projection from a polar point placed on the sphere or near
there are optimal for deployability and give more similar
bar lengths. But, nevertheless, they give worse solutions
than the other methods described in this paper.
Figure 10. Spherical grids with equal bars.

Figure 12. Geodesic grid based on a cube.

Figure 13 . Grid of meridians
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2.3. GRID OF MAXIMUM CIRCLES. Felix Candela designed this geometry in a brilliant proposal
for a fixed scissors grid of trusses for Mexico City’s Palacio de los Deportes. This is a good solution
if the spherical segment is not large (Figure 13). We have not built any roof using this system, but we
recognise that it could be one of the best of all.
2.4. GRID OF MERIDIANS AND PARALLELS. It is the most irregular of all, but it is the only one
which allows completion of a complete sphere (Figure 14). Its great inconvenience is the enormous
difference between bar lengths and the different angles that they form during deployment. Also, if we
close the sphere completely it remains fixed and does not deploy. But to build a hemisphere is a very
good solution (Figure 15). This is the reason for its usefulness, and we go on to explain the way it is
generated.

Figure 14. Sphere of meridians and parallels.
meridians and parallels.

Figure 15. Deployable Structure based on

a
Figure 16. Relationship between spherical segments.

b

If we use the notation described in Figure 5 with the simplified geometry explained in Figure 4, it is
necessary to achieve, in each joint, angular portions of bars that have the same angle on the sphere as
shown in Figure 16a. We obtain from Figure 16b

tg α 2 =

cos α 1
1 − sinα 1

(2)

This relationship can be repeated in order to obtain the angle α3 and so on until α5 in Figure 16a.
Thus we obtain the structure shown in Figure 17. This structure has advantages if compared with
cylindrical ones because the squared subdivisions make the reticule stable with regard to angular
displacements. If we use these forms combined with cylindrical grids as shown in Figure 18 we can
obtain structures that combine the advantage of cylinders and spheres: great length and angular
stability (Figure 19).
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Figure 17. Hemispherical dome (Escrig & Sánchez).

Figure 18. Design of a structure based on a cylindrical part and two spherical segments.

Figure 19. Realization of a structure based on a cylindrical part and two spherical segments
(Escrig & Sánchez).
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Abstract
Structural membranes are extremely light and their weight is less than that of the loads they support.
Nevertheless, they need strong foundations to balance these loads, which may be wind forces, snow
loads and, in the case of non-self-balanced structures, pre-stress. Most solutions consist of blocks and
piles made of poured in situ concrete that counteract the lightness of the aerial part. To overcome this
contradiction, some lightweight foundations have been investigated whilst taking into account the
requirement of recoverability, which excludes concrete, mortar and grout.
1 Introduction
Structural membranes are usually lightweight above ground. But if foundations are needed, two
contradictions may arise: weight and permanence. Adding weight below ground goes against the
principles of lightness, saving materials and recoverability. On the contarry: lightweight recoverable
anchors relate much better to the concept of structural membranes. Different solutions are avalaible
either prefabricated or tailored on site to meet particular requirements.
2 Definition, behaviour and characteristics
Anchors are foundations for tensile forces to resist genrally uplift. They are active or passive
according to whether they are submitted to permanent prestressing or not.
Lightweight anchors work involving a volume of soil like a root. Uplift capacity is provided by the
contribution of three mechanisms: plate effect, shaft effect and earth pressure.
The main characteristics of lightweight anchors are:
a) material: steel, wood, sand, water
b) manufacturing process: prefabricated or built on site
c) Installatin process: driven, bored or drilled
d) geometry: shape, width and depth
e) uplft capacity
f) efficiency (uplift against self weight ratio)
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3 Tipology
They can be divided into two main groups according to whether they reach the surface of the ground
or are buried. Lightweight recoverable anchors reaching the surface are stakes, expandable stakes,
hooks, sheet piles, sand bags, water pipes and tanks (Fig. 1). Buried anchors are logs, tubes, grillages,
plates (circular, triangular or rectangular), expandable plates and single or multiple screws (Fig. 2).

Figure 1. Lightweight recoverable anchors reaching the surface

Figure 2. Buried lightweight recoverable anchors
Lightweight recoverable foundations for structural membranes – J.Llorens
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4 Stakes
Stakes have been used for anchoring tents like the Tabernacle, the military tents or the circus tent.
The shaft acts against the soil by friction throughout the full depth. Stiffness and density of the soil
determine the amount f soil involved. There are recoverable stakes installed dynamically and put in
position pre-loading them.

The pull out capacity of stakes can be roughly estimated as follows.

Shallow depth D ≤ Dc:

P ⋅ D2 ⋅ γ
Q u = Wp + P ⋅ D ⋅ α ⋅ c +
⋅ K ⋅ tan δ
2

Great depth

D 

Q u = Wp + P ⋅ D ⋅ α ⋅ c + P ⋅ D c ⋅ γ ⋅  D − c  ⋅ K ⋅ tan δ
2 


D > Dc:

Qu: ultimate uplift capacity
Wp: weight of anchor
P: perimeter
D: depth (embedded length)
Dc: critical depth (Figs. 3 and 4)
α: reduction factor. It varies from 0,4 for stiff clays to 1 for soft clays
c: unit cohesion
γ: unit weight of soil
α = 0,95: uplift coefficient of earth presssure
δ: angle of wall friction = 2·ϕ / 3
ϕ: angle of internal friction of soil

Figure 3. Critical depth/width versus ϕ

Figure 4. Shallow depth and great depth
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5 Plates
Prefabricated commercial plates do not need excavation. They are driven in a vertical or inclined
position. Pre-loading is required to rotate 90º and to cosume the initial movement. The plate acts
against the soil as a footing turned upside down. It pushes up the material that prevents uplifting. The
shape of the surface at failure is related to the depth: if shallowly buried, the plate displaces a volume
of soil reaching the surface. Increasing the depth up to a critical value, the influence of the surface
disappears. The strength of the soil determines the amount involved.

The uplift capacity of plate anchors can be roughly estimated as follows.

Sandy soils:

Qu = γ · D · A · Nqu + Qs + Wp

Cohesive soils:

Qu = A · c · Ncu + Qs + W + Wp

Qu: ultimate uplift capacity
γ: unit weight of soil
D: depth
A: plate surface perpendicular to pull direction
Nqu: uplift bearing factor for sandy soils (Fig. 5)
Qs: lateral resistance of the conecting shaft
Wp: weight of anchor
c: unit cohesion
Ncu: uplift coefficient of cohesion (Fig. 6)
W: weight of lifted soil mass in the pull direction

Figure 6. Uplift bearing factor for sandy
soils

Figure 7. Uplift coeficient for cohesive
soils

Lightweight recoverable foundations for structural membranes – J.Llorens

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

5-27

Figure 8. Screw anchor installation at “TR 2003. The Eighth International Workshop on the
Design and Practical Realisation of Architectural Membrane Structures. Technische
Universität, Berlin”

Figure 9. Stakes for the “Ringling Bross,
Barnum and Bailey” circus tent

Figure 10. Sheet pile walls for the “Cirque du
Soleil”, Barcelona

6 Conclusions
To anchor structural membranes it is not necessary to use heavy foundations because lightweight
recoverable anchors can be used instead. They replace the contribution of the self weight involving
the soil whose contributions are the lateral earth pressure, friction and weight. Several types are
available acording to whether they reach the surface or remain buried. Differences relate to material,
shape, installation process, efficiency, depth and ultimate uplift capacity that can be roughly
estimated.
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ABSTRACT.
It is a cliché to refer to Leonardo when we introduce any branch of art, science or technology, because
his manuscripts always contain new ideas that had never been explored before him, or even taken
advantage of later. This is understandable, because these manuscripts were not published until five
centuries later.
Observations referring to the design of structures are the least known and also the least studied. In
fact, the most important problems regarding this subject are contained in the Madrid Codex I, with
some also in the Atlantic Codex, and fewer in the Madrid Codex II. Other books do not refer these
questions.
1. Two designs to span great distances with short pieces.
One of the aims of Leonardo, who obsessively researched this field, was to achieve structural
solutions to cover great spans with short pieces. We find a lot of drawings researching different
solutions, mainly for bridges and roofs. Probably he never built them, but he worked out the details as
if they were to be put into practice. We want to introduce some of his applications to architecture and
engineering.
2. Bridge to be assembled quickly and easily.

Figure 1 Villard de Honnecourt Notebook (Sheet number 20) and Figure 2 Idem on Sheet
number 23.
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In the Atlantic Codex (Sheet number 22 recto) we can show a bridge built with logs which Leonardo
supposed could be used to build a path over obstacles quickly and easily (Figure 3). This is a clever
idea based on other studies about braced girders, as known from medieval writings (Figures 1 and 2).
The Rainbow Bridge, actually built in China in the 12th Century, was a precedent based on the same
idea (Figure 4), with a lot of replicas during the following centuries and also today. In the Leonardo
drawing, we can find a lot of interest in the construction process and less in the structural analysis.
This is logical, because the form is very efficient and the only real difficulty is the construction.

Figure 3. Drawing in Sheet number 22 recto in the Atlantic Codex. Figure 4. Chinese Rainbow
Bridge.
Recent attempts to reproduce Leonardo’s bridge, or the Chinese one, are based on a physical
connection by means of screws. This is not the spirit of the invention, which did not require any
connection or tying except what was necessary to avoid sliding. Sliding, however, is avoided by selfweight.
We can think that Leonardo’s idea was conceived without precedents. This does not mean that he did
not know about Oriental technical advances, published and explained by travellers who spoke about
wonders seen in other countries, mainly in China. But the Rainbow Bridge from the Song Dynasty
was an isolated case that we know about thanks to the drawing in Beijing’s Silk museum entitled
“Qingming Festival on the Pien river” (Figure 4)
Figure 3 contains the most advanced proposal and it gives a complete description of the construction
process, which we reproduce in Figure 5. He had drawn other models previously, aimed at improving
the solution (Figures 6 to 8)

Figure 5. Different steps to erect the bridge (J. Sánchez). Figure 6. Bridge drawn on Sheet
number 45 recto of the Madrid I Notebook

Figure 7 Bridge drawn on Sheet number 46 recto of the Madrid I Notebook.
Figure 8 Bridge drawn on Sheet number 183 recto of the Atlantic Codex.
Adaptable Leonardo. José Sánchez and Félix Escrig
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The difficulty of assembling the logs led Leonardo to give preference to the solution in Figure 3. He
never made an analysis of these structures, partly because he did not know very much about vectorial
calculus and partly because their construction was more important.
We have analyzed the Leonardo Bridge and have found great difficulties to reproduce the real
conditions of geometry and joints. Only a second order analysis has allowed us to arrive at coherent
solutions that are shown in Figures 9 and 10 for symmetric and non-symmetric loads.

Figures 9 and 10 Bending moments for symmetric and non-symmetric loads.
3. Roofs and Floors.
Another subject which Leonardo took great interest in was the problem of roofing.
His first designs were elemental (Figures 11 and 12).

Figures 11 drawn on Sheet number 50 verso of the Madrid I Notebook and 12 Studies of the
bracing of bars and the model.

Figure 13 Atlantic Codex Sheet number 328 verso where we can find different patterns of
braced roofs.
Adaptable Leonardo. José Sánchez and Félix Escrig
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From a structural point of view, it seems that stability is not possible for so many extensions made
with such short pieces. But the physical and analytical model confirms that they work with great
efficiency (Figures 14 to 17).
If we compare the bending moments with a conventional reticulated roof the difference is about 30%
in the bending moments and 25 % in deflections. This means that in practice these structures are
optimal.

Figures 14 and 15 The model of Figure 11 and the results in bending moments obtained by
Finite Element Methods.

Figures 16 and 17. The model of Figure 13 A1 and the results in bending moments obtained by
Finite Element Methods.

Figures 18 and 19. Represent the bending moments produced in conventional reticulated roofs
with the same span.
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For triangular meshes (Figure 13 B1), the results lead to the same conclusions. In Figures 20 and 21
the physical and analytical models are shown.

Figures 20 and 21 The model of Figure 13 B1 and the results in bending moments obtained by
Finite Element Methods.
In Figure 22 we show a device invented by Leonardo as an extremely rigid platform. It is the same
design as used in Figure 3 which, if built with curved bars, becomes flat as shown. The advantage is
that it can be continued as desired as a cantilever. Leonardo also proposed it as a wall

Figure 22. Rigid platform device invented by Leonardo.
4. Conclusions.
Maybe Leonardo was a frustrated researcher who did not build any of his devices, but the fact is that
this cannot be true because of the perfection of each detail of his proposals and the perfection of his
drawings. Although his inventions had been lost and not known until the 1950s, they now provide us
with a lot of knowledge that we must take advantage of. This is the aim of the research which this
paper is based on.
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ABSTRACT
This paper presents a evolved language for the design of actuated adaptable systems based on a
design study of an actuated 40 foot structure. The contributions consist of two parts. One part is the
development of a formal language for expressing pneumatic muscles in connection with the structure.
The second part is the deployment of this formal language in a operational, interactive 40 foot
outdoor structure.
Pneumatically controlled muscles have the potential to become a standard building component of
articulated and responsive systems over a wide range of domains. They could provide an alternative
for traditionally used mechanism due to their softness, flexibility, and expressive quality in operation.
Generally, intelligent active control systems have not been part of the design language in buildings.
There are emergening examples exposing these systems in engineering structures making them part of
the design vocabulary. This paper demonstrates their use in a tower design both as a functional and
formal feature.
The tower’s load carrying structure is implemented with lightweight and high strength composite
materials. In combination, actuators and skeleton work together and are controlled electronically. The
expressive language of movement makes an integral part of the design aesthetic and intelligence.
Digital modeling is used to simulate the kinetic behavior of the tower and to explore geometric
dependencies between muscles and form.
These ideas are integrated into the ongoing design and fabrication of a 12 meter actuated tower for
the MIT campus by the authors. This project is used in this paper to showcase the suggested
integrated design language in a real life project.
1 Introduction
Adaptibility in nature is an inspiration to optimize structures and systems [Janocha 1999]. For civil
structures these ideas are not pushed enough. Responsiveness is mostly passive in form of for
example tuned mass, hysteretic or dashpot dampers. There are few structures that use active control
systems as a central, integrated design element. They tend to be used for problem solving but rarely
challenge the overall design approach. Guy Nordenson envisions the possibility of a much more
literal ressemblance of buildings to the human body and postulates the advantages of doing this.
An evolving language for actuated structures – P. Block, A. Kilian, P. Schmitt
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There have been a number of kinetic and actuated precedents in the realm of sculptures and small
scale structures. Frei Otto designed a twisting, guided mast, actuated by cables in the seventies [Drew
1976]. Recently, several research projects used pneumatic elements as actuators: Kas Oosterhuis’s
muscle towers, Sterk’s actuated tensegrity structures [Sterk 2003], tensioned membrane structures on
deployable canopies [Mollaert et al. 2003], and an exploration of this language in an athletic car with
an articulated chassis by some of the authors within a concept car design workshop at the media lab,
MIT [Kilian et al 2006] (Fig 1).

Figure 1. An example of an organic joint element by Axel Kilian and Peter Schmitt. Bones built
out of carbon reinforced composite and flexible pneumatic muscles form an articulated frame
for a car. Muscles and skeleton are integrated without additional hardware [Kilian et al 2006].
2 Development
This paper presents the design development and fabrication of a responsive kinetic tower being built
at MIT as a case study for the proposed integrated language for actuated structures. The project was
the winning entry of the mini-skyscraper competition in the Department of Architecture at MIT. The
competition offered an opportunity for protoyping at a reasonable scale.
[http://musclesfrombrussels.blogspot.com]

Figure 2. Tower team with a number of prototypes in the foreground, Peter Schmitt, John
Snavely, Axel Kilian, Philippe Block.
We approached the competition with the intent of creating an interactive actuated structure that
invites visitors to interact with it. This idea was translated into an articulated jointed spine controlled
by a series of pneumatic muscles. A series of bicycle pumps scattered around the structure form the
interface for visitors to interact with the tower. Activating the pumps allows the structure to bend in
different directions. Level by level the different activated muscles introduce bends in the jointed core.
By stacking several units, the mini skyscraper can gently curve in space away from its upright
equilibrium position. The pneumatic movement is graceful and precise. The original muscles in the
prototype were built from cable sleeving mesh and bike tubing with metal fittings to integrate valves
and attachment points.(Fig.3).
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Figure 3. a) A mesh muscle prototype built for the test model b) control unit using a
combination of solenoid valves and microcontrollers
The structure is not designed for the worst case loading, but can adapt its stiffness to accommodate
different scenarios by changing its geometry. Further, an adaptive structural system reduces material
and assembly costs, while providing design freedom from bulky over dimensioned structure.
3 Implementation
One of the major challenges in designing the structure is its being in an outdoor, uncontrolled
environment with high wind loads acting on the 12 meter, public accessible structure. These concerns
lead to the development of a number of redundant safety features for this experimental, kinetic
structure.

Figure 4. a) A functional pneumatically actuated prototype showcasing the movement b) cable
stayed iteration of the core design c) Translation of the original design into the full scale 12m
structure. Levels are interconnected by four muscles attached at the elbows
Our first functional prototype consisted of a flexible core with muscles placed around the perimeter
(Figure 4). This scheme had several advantages. First, when the muscles were not actuated, the core
straightened the tower into an upright position. Secondly, the central core had a very small footprint
minimizing the foundation costs for a temporary structure.
However, there were also a number of problems with the rigid core scheme once we tried to scale it
from a six foot prototype to a forty foot tower. To begin, finding a material which would be
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continuous and consistent over forty feet, but could bend easily was quite difficult. The core had to be
stiffer as it neared the ground to support the weight of the tower above, but still be able to bend. In
addition, we had to know the failure of the material in bending even as the material curved in multiple
directions. These issues led us to reconsider our design towards a cable stayed structure made from
units that are connected by a flexible joint. Many of the original advantages of the rigid core scheme
have been preserved. The tower returns to an upright position due to spring tensioning of the cables;
the footprint is still quite small; and the units, designed parametrically, can be scaled to a variety of
dimensions quickly and easily. We still would like to revisit the idea of a rigid core with further
testing. Bamboo tubes or custom composites might offer the strength and flexure needed.

Figure 5. The structure is assembled from parts – a) the arm and joints form b) levels and the
levels stack into the tower. The grooves in the arms stiffen the backplate and formally support
the presence of the muscles as moving entities.
4 Structural Language
The boomerang like shape of the final design evolved out of the visualization of the forces in the part,
compression in the front and tension in the back face. The ability to fabricate was another major
factor in the development of the final design with the integration of surfaces that can be developed for
mold production without too much loss of geometric detail in the parts. The entire structure was
parametrically modeled in CATIA and structured to produce plywood molds.

Figure 6. a) Stacked levels form a 12m tower b) Base of the tower
The biggest challenge beyond creating the actual physical structure is that of control and sensing. As
the building can respond there needs to be a system to decide when and how to respond and how to
anticipate the most likely scenario. This becomes much harder with a very large structure as the forces
and mass involved are much bigger than in the mini skyscraper design which results in much less
room for error.
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Figure 8. Implementation a) foundation b) arm production in fiberglas

5 Conclusions
This paper suggests a more expressive language, influenced by nature, for actuated structures.
Although the proposed solutions do not scale up to real skyscapers, it does show the potential of an
integrated design featuring active components expressed as structural components.
In the mini skyscraper actuation is used for expressive movement. In a full scale tower such active
structural components would be used to cancel out movement by counteracting the deflections
induced by wind or earthquakes in tall buildings. It is comparable to the difference between the use of
headphones to play music or to act as noise cancellation devices. Both modes involve actuators but in
one case they are used expressively to create sound and in the other case to cancel out unwanted
noise, quite similar to the role of active dampers in large scale buildings.
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Summary
In recent years adaptive systems, smart structures and “intelligent” building envelopes achieved great
attention and these developments promise new prospects for architectural and civil engineering
projects.
This paper will cover the latest research activities in the field of adaptivity as well as some of the
results in this area. Key definitions of the basic terms and components of adaptive ensembles will be
provided. Afterwards the design and optimization procedure of adaptive truss and surface structures
will be presented.
The concept of load path management has been developed, in order to reduce the weight of the
structure while maintaining stress and deformation criteria. The adaptation to different load cases is
achieved using sensors, actuators and a control unit. Furthermore, surface structures can also be
optimized by activating themselves or by using adaptive fibers, plasters or activated supports. Thus a
reduction of stress concentrations under various load cases can be achieved, which exceeds the
efficiency factor of passive measures of strengthening abundantly clear.
All these different aspects take into account the energy input for the activation of the system in
comparison to the efficiency of the achieved adaptive ensemble. In contrast to Sullivan’s statement
“form follows function”, one can restate it into “form follows energy”.
1 Introduction
Lightweight systems are necessary for wide span, high rise or mobile structures in order to exploit the
potential impact in weight reduction, economic aspects and superior aesthetics. The design of new
efficient lightweight structures and the enhancement of existing design concepts has been one of the
most important research activities at the Institute of Lightweight Structures and Conceptual Design
(ILEK) at the University of Stuttgart. The field of investigation on ‘adaptive systems’ enables a new
understanding of lightweight structures and offers a breakthrough in a new dimension of minimalism.
Adaptive structures or systems as the authors understand them are load carrying systems which are
able to react to variable external influences [Sobek and Teuffel 2001].
Three different states can be distinguished in such an adaptive system [Weilandt, Lemaitre, Sobek
2006]. The passive state is defined as the state where the system is without manipulation and
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burdened only with external loads. The activated state as the condition where only the actuators are
active and the third state is the adaptive state which is defined as the superposition of the passive and
the activated state.
Passive + activated = adaptive
The system usually consists of four main components [Yao 1972]. The structural system which itself
is equipped with sensors for monitoring on one side the external loads acting on the system and on the
other side, the response of the system due to adaptive manipulation. The response can either be the
deformation in defined points or the stress level in selected members depending on the design goal.
The sensors transmit their informations to a controller unit i.e. a computer which calculates the
necessary response in order to fulfill the requirements defined by the designer. The controller
transmits this information to the actuators integrated into the structural system [Sobek, Haase, Teuffel
2000]. Actuators can be categorized in two main groups: the induced strain actuators and the stiffness
actuators [Weilandt, Lemaitre, Sobek 2006]. Induced strain actuators are elements with varying
lenghts and are therefore able to introduce a controlled stress scenario in the system which is
superposed with the stress states from the external loads. The same effect can be achieved by
changeable supports as part of the the induced strain actuators group. The second group, the so called
stiffness actuators can be based on materials which can change their properties and therefore their
stiffness resulting in a redistribution of the load paths within the structure which leads to a semiactive system [Teuffel 2004].
To demonstrate the application to a common structural engineering problem the ‘Stuttgarter Träger’
was built in 2001 [Sobek, Teuffel, Landauer 2002]. The ‘Stuttgarter Träger’ is a model of a railroad
bridge under a single train loading. The structural system consists of a single span beam fixed on both
ends on V-shaped supports. The distance between the supports is 1.60m and the depth of the beam is
3mm which results in a depth to span ratio of ~500. The system is designed in a way that at any given
time the vertical displacement at the location of the train is zero. This is achived by applying an
induced strain actuator, which in this case is located in one of the supports and the horizontal
movement of this support is acitivated in such a way that it introduces a vertical deformation as the
exact opposite of the vertical deformation resulting from the external loading. The result is a system
whose weight is reduced drastically in comparison to a similar passive system. Additionally the
vertical displacement in the critical loaded point is zero which is equivalent to an infinite rigidity, a
state that is never achiveable in a passive reality.

Figure 1: ‘ Stuttgarter Träger’: comparison between passive and adaptive state
The following two paragraphs will present two different approaches for the design and optimization
of adaptive systems.
2 Load path management (LPM)
‘Adaptive and Lightweight’ Sobek, Weilandt, Teuffel, Lemaitre
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Already Louis Sullivan stated in 1896 “Form follows functions”, but what happens, if the function
varies over time [Teuffel 2006] ? This novel approach leads to two new considerations, on the one
hand side one can think of re-configurable systems, or one can incorporate the intensity of various
load cases into the design process, which leads to the aspect “form follows energy” [Teuffel 2004].
The aim of the Load path management (LPM) concept is to minimise the weight of the structures
while maintaining stress and deformation criteria [Teuffel 2004]. The adaptation to different load
conditions can be realised using elongation and stiffness actuators. In this context, a concept is
developed, where the potential of the adaptation of the structures can be considered from the
beginning, i.e. the active elements are not only additional elements of a passive structure, but form an
integral component of the overall system. This proceeding is called load path management and is
defined as follows:
“Load path management considers the controlled and temporally variable adaptation of the
characteristics or properties of a structural system and a manipulation of the structural response in real
time.”
The goal of this manipulation is the minimization of the structural weight by means of cross section
and form optimisation and the employment of adaptive elements, with consideration of stress and
deformation criteria.
Apart from the necessary limitation of permissible stresses also deformation criteria can be treated in
the context of this concept. Thus it is possible to limit the deformations of individual degrees of
freedom to "zero" - this corresponds to a virtual infinite rigidity, which actually contradicts all known
laws of physics. This points out that by the introduction of adaptation not only a quantitative
improvement can be achieved, but qualitative new possibilities arise: mass is replaced by energy.
Numerical and experimental examples to show the great potential of adaptive structures are described
and discussed in detail in (Teuffel 2004). This relates to stress and deformation control of these
structures, considering shape optimisation as well.
The concept will be briefly presented as follows:
Achieving (LPM) essentially consists of 3 steps:
- determination of the optimal force path for different load cases
- determination of the number and location of the necessary sensors and actuators
- adaptation process
The optimal force path for different load cases is determined using mathematical programming: The
goal is it to minimise the weight of the structure (taking nodal equilibrium and permissible stresses
into account). Contrary to a “conventional” static analysis, geometrical compatibility equations are
neglected. Apart from the cross-sectional optimisation, a shape optimisation of the system can be
accomplished as well. As a result of ignoring the geometrical compatibility equations constraint
forces arise in the real system, which can be compensated by the adaptive elements. After selecting
the number and position of the adaptive elements their necessary reaction can be determined. The
necessary extension respectively shortening is determined on the basis of the geometrical
compatibility equations. The force and deflection adaptation can be achieved in two different ways,
either via a direct length variation of the element (e.g. by elongation actuators) or indirectly by an
adjustment of the rigidity (e.g. stiffness actuators).
Another important aspect for the design of adaptive structures is the evaluation regarding energy
aspects and therefore the study of realistic load assumptions. Various studies show, that in most cases
only 20-30% of the maximum loads are frequently applied. This leads to the conclusion that it is
reasonable to develop adaptive system, which are not overdesigned for most of their life time.

3 Adaptive Planar Structures
‘Adaptive and Lightweight’ Sobek, Weilandt, Teuffel, Lemaitre
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Within the research activities, adaptive planar structures have been subject of investigation as well.
As an example of these structures a shell with active supports will be presented in this paragraph.
Planar structures are characterized by a high bearing capacity in case of evenly distributed stresses.
But in case of interferences the bearing capacity will be reduced significantly, therefore the aim of
adaptivity in planar structures is the reduction of stress concentrations.
As shown by Sobek in 1987 [Sobek 1987] the distribution of stresses in concrete shells constructed on
formworks is not uniform, as it could be expected at first. The strains of the shells which appear due
to the dead loads when the formwork is discharged could not be compensated in the border areas by
adjusting to the form of the formwork. Hence in these border areas, the stress distribution is already
disturbed under dead loads and high tensile stresses have to be dealt with. By introducing an adaptive
approach to these shells, the occurring tensile stresses under dead loads can be reduced to zero with
simultaneous limitation of the occurring compressive stresses.

Figure2: finite element model of the investigated shell on pneumatic formwork
The necessary adaptive displacement of the induced strain actuators, in this case active supports can
be determined by an optimization procedure, which was developed within the research activities at the
ILEK in the past few years [Weilandt 2006]. To avoid discontinuities this optimization procedure
approachs the distribution of the active relocation of the supports by methods of computer aided
geometric design. The investigations have shown that already with the simplest geometric form - a
straight line - the tensile stresses under dead loads can be reduced to zero. Using more sophisticated
geometric forms such as B-Splines leads to an improved approach to the optimum distribution of the
support relocation. In this case not only the tensile stresses can be reduced to zero but the maximum
compressive strength in the shell is minimized as well.

Figure 3: Principal tensile stresses related to the compressive stress in the center of the shell (σI/σ∞ )
in the passive (left) and adaptive (right) state For one quarter of the shell as shown in figure 2.
The use of adaptivity leads to a significant higher possible loading of shells or planar structures by
reducing interferences in stress distribution. Therefore making these already lightweight structures
lighter.
‘Adaptive and Lightweight’ Sobek, Weilandt, Teuffel, Lemaitre

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

6-42

4 Conclusions
As shown in this paper, the use of adaptivity opens a new area in the design of lightweight structures.
It is described, that it is possible to design efficient structures due to deflections and stress criterias by
manipulating the load paths. The target function contains the minimum weight under consideration of
stress and deformation criteria’s as well as the controllability under various load cases using
actuators. Beyond these presented approaches, the next step is to consider topology optimization of
adaptive truss structures. Safety issues and reliability considerations have to follow to convert these
promising systems into practical engineering solutions. These questions will be a great challenge for
interdisciplinary research activities in the next years.
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Introduction
A consensus exists about the need for new buildings to be adaptable to new –unknown- performance
requirements in the future. If the structure of a building or the entire building can be made with
integrated flexibility enabling the building to adapt to new requirements, the building could last for
ever. The environmental, ecological and economical benefits would be remarkable: no building
demolished would result in no debris to be transported to be processed or to be disposed, no new
material to be produced, to be transported and to be processed by people and equipment also to be
transported. This ideal situation would also mean that both the ecological and financial cost would be
reduced. In the Netherlands a stock of 6,800,000 units exists and an average 67,000 new units are
being built every year. If the new built houses would be constructed adaptable it would take more than
a century to replace the entire stock with everlasting buildings.
Hence this research is focused on the existing stock. Many of these houses are outdated and poor
equipped regarding comfort and energy performance must be considered as a problem as these houses
were not build with any relation to future adaptability at all. This research is focused on the
adaptability of post World-War II terrace housing or row housing, build in a period with limited
resources, according to minimum standards and today (2006) regarded as outdated. (figure 1)

Figure 1 example of outdated Post World-War II terrace housing
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The question today is demolition or renovation and unfortunately the demolition option is too often
the case. (figure 2)

Figure 2. March 2006: the demolition of 212 Polynorm Houses in Eindhoven, Built in 1950.

Approach
Existing buildings like the Post-World War II housing in the Netherlands have been built according to
a 40-60 year old vision in a period that can be characterized by a lack of everything: material, skilled
labor equipment and sophisticated products and systems. As a consequence today post World-War II
dwellings are considered outdated, offering too limited comfort, using too much fossil energy and at
the end of their life cycle. The question is updating by renovation or demolishing.
In this research the existing level of comfort for the occupant is analyzed as well as the required level
of comfort in relation to the physical structure. The energy consumption representing comfort and
cost for the occupant is analyzed and also today’s technical possibilities as demonstrated in so called
Passive Houses or Zero-Energy housing demonstration projects. Regarding the use of material and
efficiency, recently the SlimBouwen© strategy is developed [Lichtenberg, 2005] This strategy is
focused on flexibility and comfort, the reduction of waste, the reduction of use of energy, the
reduction of CO2 emissions and an increasing efficiency.
Results
Comfort. The comfort issue is mainly related to the size of the dwelling. If a room in a house is so
small that the occupants are limited in their possibilities, this situation is considered to be
uncomfortable. In many cases only small additions are required to make the difference between
comfortable and insufficient. Also the number of rooms is important. If all the rooms in a house are
occupied no extra activities like e.g. a home office can be installed. Now and in the future the
possibility for a home office can contribute strongly to the comfort of the occupant as due to modern
communication facilities working at home can become an effective method to avoid traffic jams and
unproductive hours.

Making Outdated dwellings adaptable to new life
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Energy. The fossil energy consumption of outdated dwellings is far higher than current standards.
Over the last 6 years the cost of energy for the average household has increased by 65% and is
expected to increase further. The average cost in 2006 amounts some € 1826,00 per year. Tenants
have very little influence regarding the energy consumption as they will have to live with the building
structure as it is. Yet modern high tech demonstration projects show that a house can be created that
will consume only a very limited amount of energy. The most promising project is the Swedish Lindås
housing project near Goteborg, Sweden. [Wall, 2005] In this case ordinary houses have been designed
that have no heating at all. The houses are equipped with excessive thermal insulation varying from
250 mm for the floor slab to 480 mm for the roof. Windows consist of triple glazing and the entire
structure is highly airtight. This in combination with a heat recovery system has resulted in dwellings
that need no heating system and are yet comfortable to live in. The required heat is generated by
passive solar energy, the various housing equipment and by the inhabitants themselves. It must be
mentioned that in this project the zero energy concept is not applicable, an average of 5400 kWh of
electricity is needed annually.
In existing housing in general the goal for a factor 10 reduction of fossil energy consumption is
accepted to be a realistic goal. [Schulze Darup, 2004]
The measurements to be taken to achieve this goal consist of a comprehensive set of actions as can be
concluded by various housing energy demonstration projects like the Lindås project.
More than sufficient literature exists about the technological building related requirements for zero
energy housing. (e.g. Ravesloot, 2005) Yet often architects and designers are not aware of the
possibilities. Therefore all 10 basic measurements are given:
1. Sufficient thermal insulation in walls, floor and roof. R > 8 m2 K / W
2. High performance windows. U-value < 0.8 W/m2 K
3. Airtight structure with heat recovery ventilation
4. Heat storage in 1-2 m3 water buffers
5. Use of passive solar applications
6. Use of low energy consuming appliances
7. Solar thermal collectors facing south > 6 m2
8. Solar Photo voltaic collectors facing south > 6 m2
9. Hot water heat recovery.
10. Design considerations like a drying room avoiding an energy consuming tumble dryer.
With this set of measures the fossil energy consumption can be reduced by a factor 10. In general this
means a reduction of the use of natural gas from 3000 m3 to 300 m3. The savings in money will be
limited, roughly € 1,600.00 (1 m3 natural gas = € 0.60 also 1 m3 natural gas = 1.78 kg CO2 )
In this case the reduction of CO2 emissions will consist of some 2700 x 1.78 = 4.800 kg.
Considering the total national CO2 emissions of 220.000.000.000 kg the gain of one dwelling only
may not seem to be significant, yet with a housing stock of 6,700,000 units a significant contribution
can be made.
Efficiency. Efficiency is very important as in the construction industry failure cost are expected to be
somewhere between 5% and 15%, exact figures do not exist, nobody knows. In recent research “What
do construction workers do” [Strandberg et al 2005] shows that construction workers spent only
19.5% of their time on direct value adding work, most time is spent on indirect work (25.5%)
transportation of material and equipment (14%) planning (6%) waiting (23%) and non effective time
and other (12%). Unfortunately the effective 19.5 % includes the 2% corrections and repairs.
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In this research the two important items are an increase of comfort for the occupant and the reduction
of the use of fossil energy. Therefore it would be nice if the occupant could stay in his dwelling
during the renovation process. The additions therefore are to be designed light weight, relatively
small, prefabricated and only to be mounted on the building site. The disruption for the occupant can
be kept to a minimum. As in most cases an existing foundation can accept approximately 10% extra
load the light weight additions will make it possible to avoid the need for extra foundation thus saving
extra costs. Small, light weight additions can be transported and mounted with ease.
Other measurements like extra thermal insulation, high performance windows, heat storage and a het
recovery ventilation system can be added at the exterior of the existing building, like normal
maintenance. (figure 3)

Additions
Additions

Existing structure
Figure 3 Additions attached to an existing structure.
Conclusion
Outdated dwellings in the Netherlands with a service life of some 40 – 60 years are often demolished.
As more than a million of these houses exist, the amount of debris the effort for new buildings to
replace the outdated dwellings is far beyond imagination. With limited, prefabricated additions in
combination with a comprehensive set of fossil energy saving items and the extensive use of solar
energy applications an outdated dwelling can be updated for a stretch in life span an increase of
comfort for the occupant and a reduction of the use of fossil energy and CO2 emissions thus
contributing to a sustainable society.
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ABSTRACT
The main objective of this part of the 6th framework Pan-European EUR-ACTIVE ROOF-er project is
to improve the interaction between design participants of dynamic adaptable Active Roofs in product
development and Active Roofs from an architects/ customers perspective. Improvements in Active
Roof design on the basis of those technological product requirements that architects / customers deem
to be the most important product / system benefits. This requires a common framework for
information exchange that is scaleable with respect to the level of sophistication of each of the
organisations and designers / engineers involved. Moreover, the desired information to be shared must
be interpretable (language, terminology and definition) by all designers/ engineers [EURACTIVE
ROOFer 2005].
Especially conditions for developing a design method for innovative roof-concepts are an essential
result of the research. Part of the project is focussed on special roofs which are adaptable in function,
structure or in material. Properties of these active roofs are: tensile / membrane, inflatable or
retractable structures. Subscription of the several aspects of design (i.e. building physics), sustainable energy and use (i.e. maintenance, safety, assembly), is information needed for better
innovative products. The knowledge generated in this project directly benefits the Building Services
research and education at Eindhoven University of Technology, Delft University of Technology and
the department of innovation of renewable energy systems at TNO Building and Construction
Research. The developed methodology is also implemented in the 6th European framework program;
EUR-ACTIVE ROOF-er.
1 Introduction: changing environment causes adaptive building typologies.
During the end of the last century, the oil crisis made clear that there were limits to the natural wealth
of our planet and to the price which we want pay. From that moment on more research started on
‘economy’ and ‘re-useable sources’. Cheaper raw materials, better production methods and a design
based on functionality and efficiency were new challenges. Now, nearly 30 years later a number of
these aims have been already reached and in the field of socio-economic strongly thinks has evolved.
More insight into the possibilities of new materials and technologies generates new possibilities for
implement them into new buildings. Clients on the other hand became more and more aware of the
changes of the environment and society, this causes a more complex field of requirements. Building
typologies who are able to gife form to thes changing requirements are needed for the future.
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Intelligent moving systems are new in surroundings where objects are generally static and interactive
spatial or functional (form typology and agents typology) adaptability is still nearly unknown. An
architecture, and methods to create it, which can contain these kind of systems still needs to be
developed. She considers to the changing interaction patterns between the individual and its
constructed surroundings and answers to the specific needs of human activity. From the specific
question for flexibility our technologically world has to generate new architectural – adaptable –
typologies. Buildings which consume less resources and efficiently react complex, related to the
specific situation and programmatic requirements, are particular interestingly for an industry, strongly
aware of its growing responsibilities with respect to people and nature. Study into objects which
appear physical only at certain moments and simply disappears or transforms if they no longer
functional will cause the development of ' deployable structures ', adaptable structures which can
expand or close to a compact configuration. A more adaptive and ‘intelligent’ architecture can be
developed. [Block&van Mele 2003, Mollaert & Hebbelinck 2000]
2 Changing buiding typologies need adabtable rooftypologies.
An almost forgotten part of the building is the roof. Very little attention is paid to the roof during the
building design. There are limited possibilities of optimization during the traditional process, while
optimization in the later stages of the process is often troublesome or even impossible. Especially for
the roof design this often means addition of many stand alone, mono-functional, technical equipment.
Beside of the poor architectonical quality it means sub-optimal solutions for attainability, lay-out,
performance and management of the equipment as well as more possible damage to the building
construction and future severe discomfort. The design and performance implications of such a process
often include the following practical consequences:
- The building / roof takes little advantage of the potential benefits offered by sustainable energy;
- The building / roof may not be designed to make advantage of its daylighting potential;
- The building / roof do not use the future possibilities to use the roof as an additional space for extra
functions and doesn’t give space for possibilities to use the roof as an ecological landscape. [Larsson
2001]
Related to the design-process there are many aspects which frustrate a better use of the collaboration
between the roofers or roof-industry with clients and architects. First there is a lack of diverse
information, language and knowledge. Secondly there are different levels of technical sophistication
in the design and building process. Third aspect, if there should be a possibility to innovate; there is a
lack of knowledge about innovative roof systems and how to integrate them in the building design.
[HBA 1999, EURACTIVE ROOFer 2005, Freedonia 2005]
Referring to the current situation there is a need for change. The word Active Roof is the concept
word related to these changes; the possibility or need to change the culture, process and product
related to the roof. This means other kinds of knowledge, skills, organization and responsibilities.
3 Design approach needed for adaptable typologies
Within the complexity of problems and solutions a broader view is necessary, an integral approach
which which can be continously be adapted and developed [Quanjel & Zeiler 2003]. This integral
approach can eventually lead to integral process, team and method – all the required conditions (and
parts of integral design methodology) for design and integration of sustainable comfort systems in
buildings. Structuring all the requirements, within a process and project, needed for the development
of this approach and innovated solutions, is needed.
The framework for structuring actions of team members is found in ‘Methodical design’ [vd
Kroonenberg & Siers 1992], a model which is problem oriented and distinguishes, based on
Adaptable Typologies for Active Roofs – Quanjel, Zeiler
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functional hierarchy, various abstractions and/or complexity levels during different design stages and
design phase activities. This framework that proved to be successful within mechanical engineering
domain [Blessing 1994], and which makes it possible to explicitly think and act on one specific
abstraction level, needs to be adjusted for use in design teams within building design domain.
The concept generation phase is an important stage of the product realization process. This phase
dictates the level of innovation and also predetermines the product cost to a significant extent.
Recognizing the importance of the concept generation phase, several researchers have focussed their
attention on creating generic methodologies for improving the innovative abilities of the designer
[Pahl et. al 1996, Jansson 1990]. These methodologies use two common strategies:
- Dividing the design task into smaller tasks, as it reduces the cognitive effort required from the
designers and thereby increases their innovative capabilities;
- Generating several conceptual solutions thereby increasing the probability of identifying an
innovative solution.
Generating concepts can be done by the use of the morphological matrix. The use of the
morphologiceal matrix started fifty years ago [Zwicky 1948] and it is still popular today as an
important step in the engineering design process [Pahl et. al 1996, Ullman 1997, Hubka et. al 1988].
The morphological matrix represents a methodology for organizing alternative solutions for each
function of a system and combining them to generate a great number of solution variants each of
which can potentially satisfy the systemlevel design need. The basic format for a morphological
matrix is a grid of columns and rows. The first column lists the relevant functions and the row
adjacent to each function lists the possible solutions that will achieve the function. The morphological
matrix methodology is an effective way to record information about the solutions for the relevant
functions and aid in the cognitive process of generating the system-level design solution.

Fig. 1.1 Morphological matrix: typology of adaptable rooftypes (Mollaert, 2000)
4 Development of adaptable roofs by addaptable studies.
In order to develop new innovative concepts the research makes use of the combination of teaching
and research. Part of these is the programm with students in first a literature study ‘state of the art roof
systems’. The set-up is partly related to the feedback from earlier workshops for professionals, in this
field and the theaory of ‘learning by doing’, as part of the professional training supported by the BNA
(Dutch Architect Association) and ONRI (Dutch Association Advisors). [Savanovic 2005]
Two types of studies where used so far. The results of the studies with studenst will be used within
the future study-programm as well as workshops, to be organized for professionals later this year. All
the research is partly related to the the 6th Framework research EURACTIVE ROOFer. Both studies
by students where based on ‘research by design’ and the use of the Methodical Design Method with
the use of the morphological matrix. The study follows several steps of research: analyzis,
classification and finally innovation, all realated to feedback by ‘the client’ and research during each
phase.
Adaptable Typologies for Active Roofs – Quanjel, Zeiler
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1.2 Figure: Process set-up for ‘research by design’ study
The first type of study was related to the use of sustainable energy systems in relationship with the
roof and the agent systems which could make them adabtable to the several users. The study gives an
overview of the newest technologies related to sustainable energy systems. To make the systems
applicable to the requirement of the different users / clients, an agent-system has than to be developed.
To guarantee the comfort in the building and to lower the energy-use / costs, automation of several
functions is used. For this type of situations Forgiving Technology is used. Through the use of Fuzzy
Logic it is possible to work with scores and not only a type of open/close or on/off form, but all its
intervening scores are also possible. [Stone et.al. 2005, Benyon et.al. 2005] This automation is done
by the application of so called agents.
Some of these results where than used in the second study; a combination of adabtable aspects related
to sustainable energy and the use of agents related to possible developments of adabtable roofs;
cushion-, membrane- and moveable-roofs (analyzis). Second part of the task was the development of
conditions to optimise these systems for the implementation into the total building design. These
conditions where mainly related to design aspects, aspects of supplies (assembly, maintenance and
security) and possible new alternatives using methodical devising. A third aspect concerned the
quality of the different systems and the test of this (classification). By test on a number of criteria
with moth succes-rate, the choises where made. From thereone several alternatives where made and
combinations with other systems where made, with the use of the morphological matrixes alternative
and/or innovative solutions where generated (innovation).

ADAPTABLES
- mass
- wind
- ventilation
- water
- sunlight
- pv
- pvt

CLIENTS
/ USERS

feedback

AGENTS
- inside space / room
- energy
- outside space

- INFLATABLE ROOFS

- MEMBRANE ROOFS

feedback

Figure 1.3: Subject set-up for second ‘research by design’ study
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5 Conclusions
The first studies with students showed some possibilities of the use of Methodical Design, the use of
morphological matrixes, in combination with developed knowledge of adabtable technologies. These
advantages will on one hand be used into the set-up for workshops for professionals and on the other
hand into the development of the web-based database structure for the EURACTIVE ROOFer project.
The database structure will contain overviews for new design aspects, in order to support the design
of more innovative, Active, roofs. The first workshops for professionals are planned for the second
half of 2006.
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1 Introduction
In society buildings have been - and still are - designed in terms of end states. The moment the first
sketches are drawn, the construction’s finality is planned or denied. Because of their static nature,
which they acquired ab initio, most buildings are thus not suited to meet the needs of a quickly
changing society. As a consequence many building components end up as waste or are brought back
in circulation by means of expensive and consuming industrial processes. Changing functions, quickly
evolving living and building trends, the amount of new materials and improved techniques… are some
mutations the built environment has to go through and has to provide appropriate answers to.
Although humans have to cope with an unpredictable future, full of uncertainties, there is one
universal ‘constant’: the environment always changes! Hence, a sustainable built environment
requires a dynamic concept; a step-by-step redesign process of gradual changes in which no end states
or final goals can be defined. [Hendrickx & Vanwalleghem 2002]
The “4Dimensional Design Strategy”, invented by H. HENDRICKX and H. VANWALLEGHEM
[Hendrickx 2002] includes this dynamic view on the built environment. By designing adaptable
construction systems, which are compatible with each other, a dynamic – and by this a sustainable –
answer can be given to an unexpected and unpredictable future. These construction systems are made
of a minimum number of basic elements and a set of combination rules. They allow the conversion of
each artefact to a different configuration, by means of adding, removing or transforming the basic
elements which it is made of. It offers a high potential of recycling and (direct) reuse. The outcome
can be compared with the ‘Meccano’ building set, which, in this view, encloses all materials and
techniques, and is applicable to all scales. HENDRICKX and VANWALLEGHEM proposed a set of
standardisation rules, which they called a “generating form and dimensioning system”, The generating
system is a central concept in the design strategy, in the sense that it ensures full compatibility of form
and dimensions between all basic elements. The rules are translated into a fractal model, based on
basic forms, such as the square, the inner circle and its diagonal, and a dimensional range using the
operator “multiply or divide by 2” (Fig. 1).
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Figure 1: The fractal model of the generating form and dimensioning system.
2 Modular versus generating
The main asset of a modular construction system is an economical one. Thanks to (modular)
standardization, simplified and cheaper prefabrication processes are made possible, which
consequently speeds up the construction phase. Modular construction systems are also known as
flexible. However, this is not without any shortcomings! Changing a module or unit is excluded,
because it has been technically and structurally denied. Adaptability – and by this the designer’s
freedom – is therefore limited to the addition and reduction of fixed modules. A commonly employed
unit is ‘the foot’ (in the horizontal plane). This unit is approx. 30cm and is rightfully successful as a
functional, ergonomic and spatial unit. But it cannot be used at all levels of the design: for technical
dimensions it is often too large, for structural purposes too small. A multi-modular grid provides an
improvement; i.e. a superposition of modular design grids with a different module – related to the
respective design level (structural, spatial, functional or technical). Design at different levels is thus
possible, but not without possible conflicts. Using an arbitrary or no consistent mathematical relation
between the module sizes, dimensional problems occur where different grid lines intersect (Fig.2).
[De Troyer et al 2002]
5M

8M

3M

4M

2M

2M

M

M

Figure 2: Multi-modular grid
(not compatible)

Figure 3: Generated compatible
design grids

The standardisation rules of a generating system are based on a fractal model (Fig.3). Thanks to a
single operator (divide or multiply by 2), switching to different design levels is always possible, and
this without jeopardising compatibility between each basic element. A generating system thus allows
the development of (multi-) modular systems, but with the additional property that they can be used
with different design scales. Furthermore, it is not ‘the module’ which is standardised but the

The HENDRICKX-VANWALLEGHEM design strategy by W. Debacker / W.P. De Wilde / H. Hendrickx

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

6-54

(dimensional) modifiable basic elements from which it is composed. The latter is the key difference
with modular construction systems.
3 Design of a Multi-Use Construction kit
Application fields and main constraints.
In partnership with the steel producer ARCELOR, the departments of Architecture (ARCH) and
Mechanics of Materials and Constructions (MeMC) of the VRIJE UNIVERSITEIT BRUSSEL have
designed a Multi-Use Construction kit (MUC kit – Fig. 4). This kit presents a sustainable answer for
temporary constructions with a time span of a few months, maximally 1-2 years. All base elements are
interchangeable and resizeable, making them the construction elements for a multitude of applications
and configurations. A non-limitative list of application fields is given bellow:
1. Accomodation for international relief missions; such as lodging, offices and refectory for
governmental or non-governmental use after disasters.
2. Transitory social housing (in Belgium) to provide shelter to underprivileged and homeless
people for a short period of 3 to 6 months; the time required to find a more ‘stable’ situation.
3. Provisional school and office spaces (in Belgium), in anticipation of the renovation or
construction of long term facilities.
Despite of the variety of applications, some important parallel design constraints can be discerned. At
first, the temporary necessity of these constructions imposes a reversible impact on the environment.
The structure and its components have to be assembled, dismantled and carried away without leaving
harmful traces behind. Furthermore an effective transport method in compliance with (inter)national
transport regulations is required. The vast number of applications also suggest a versatile use (cfr.
modular) of the construction elements; but this is not enough! Changing situations, such as succession
of users (dwellers) and renovation (application fields 2 & 3), or unforseen events, such as most
natural disasters (application field 1), have to be answered to by an easily adaptable structure. Finally,
all above mentioned constructions are to be used, assembled, dismantled and transported more than
once. Which makes them extremely vunerable to accidental solliciations and deterioration, such as
corrosion and fattigue. Besides an intelligent choice of the building materials, several maintenance
procedures (during a life cycle of 20 years) should be taken into account.
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Figure 4: The MUC kit
Composition.
Based on the previously mentioned constraints the MUC kit was designed. It is composed of 4 major
types of simple construction elements:
1.
2.
3.
4.

bearing frames (end and intermediate frames)
horizontal girders (base structure and rigidity girders)
sandwich pannels (floor, roof, side and end walls)
dry connections (bolts and twistlocks)

Each of them is made of ‘neutral’ base elements such as profiles (one-dimensional), plates (twodimensional), hollow and plain volumes (three-dimensional). Once they are assembled together they
acquire a constructive meaning! Thanks to the presented generating system, each base element is
compatible with any other – and thus interchangeable. The above mentioned construction components
are hereby resizeable and transformable as required using a minimum of base elements.
Considering that the transport (and storage) phase of the kit is structurally and/or economically the
most demanding, the research project began with the design of a ‘container’ which meets the stringent
ISO standards. Unused transport spaces needed to be minimised, payload and (internal and external)
dimensions had to be respected and all typical handling procedures had to be made possible. The
outcome is a transport/storage volume of a 20’ container, wherin the bearing frames of 3 equivalent
20’ units are compacted to each other. The created interior space is used to store the horizontal
girders, sandwich panels and attributes (such as drain, electricity, lighting, water supply and tools)
away (Fig.4). The ISO container is only one possible configuration among others.
Design Catalogues.
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An aid to the development of the MUC kit was to draw up design catalogues for the 4 major types of
construction parts. Each of them were decomposed into design variables:
1. bearing frame: thickness of plate; length, width, depth and sectional form of profile, material
type; form of ISO corner element; way of composition of the frame (monolithic – composite);
way of connecting.
2. horizontal girder: thickness of plate; length, width, depth and sectional form of profile,
material type; way of composition of girder (monolithic – composite); way of connecting.
3. sandwich element: thickness and form of faces, material type of faces and insulation,
thickness of insulation; length and width of the sandwich panel; opening type and form; way
of composition of sandwich element (monolithic – composite); way of connecting.
4. dry connections: connection type; bearing section (diameter) and length of connection,
number of elements, material type.

Figure 5: A partial design cattalogue of steel horizontal girders

Once the variables determined, series were drawn up for each of them. In a first time, extreme
‘values’ were considered, after which intermediate values were depicted through interpolation and/or
combination of these outer points. This action was done with the help of the fractal model of the
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generating system. An example is illustrated in Fig. 5. A theoretical design catalogue is thus
established, combining and juxtaposing elements. The emphasis has been put on ‘theoretical’, as in
practice not all combinations are possible or technically sound. This means that they are erased in the
practical catalogue.
Dry Connections.
The construction kit includes two kinds of dry connections, i.e. “bolts et al” and “twistlocks et al”.
The idea is to use the former for the composition of the major construction parts, such as the girders
and the frames. The latter are used for frequent combinations between elements, such as the assembly
of construction elements on the field. The twistlock is a well known device in the field of
international transportation, since it is employed to secure containers during stacking (in cargo ships
or at the docks) and the connection with the chassis of trailers. In these cases vertical connections are
made with either the top or bottom corner fitting of containers.
It is our intention to improve the existing twistlock system by adding horizontal connection
possibilities. This means however that the corner fittings and twistlocks are to be reinvented. The
existing bottom and top corner fittings are integrated in one volume with multiple connection
possibilities: twistlocks, bolts, plugs et al (Fig 6.). Combinations with other base elements are
possible via the 6 faces. The ‘revisited’ twistlock (Fig. 7) is composed of a steel wire whereon
different plates are fixed. The head of the twistlock is removable and can be replaced by an other one
that fits in the desired hole of the polyvalent ISO corner element. By doing so, vertical and horizontal
connections are made possible using the same device. To open or close, the handle must only turn a
quarter of a circle.

Figure 6: Polyvalent corner fitting

Figure 7: Adaptable twistlock
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Introduction
This article places in the field of the new textile materials for the designing lightweight and adaptable
structures, for which a greater diffusion is wished in the building sector. Particularly the article
focuses the attention on the job developed in the research activities, in the didactics, in the
laboratories of construction of the architecture and in the assistance to the Degree and PhD theses, by
the Research Unit Ex.TRA, Building Environment Science and Technology Department, Politecnico
di Milano, Milan, Italy.
The objective of this paper is to show how, through a more structured and widespread information
about the textile structures and through a more consistent application of the new textile materials in
the didactic and research field, is possible to triggher off innovative guidelines of employment in the
architecture, that concerns, above all, a series of functions and uses asking for adaptability,
temporariness, versatility.
The membrane architecture is able to give efficient and sustainable spatial solutions (because of its
attitude to minimize the use of the material) and also adaptable and versatile (because of its attitude to
be assembled off-site, arranged in modular sails and easy disassembled). But it has mainly been
applied so far in appropriate way in comparison to the first attitude, to optimize lightweight of the
material, tensile structural efficiency and capability to cover large span spaces.
Our approach, both in the technological research on the textiles and in the designing with the
membranes, acts in the belief that, beside to the necessary information about the mechanical
characteristics, tensile behaviour, fire reaction, durability, and so on, the designer has to be able to
also have a wider series of information, considering the textile materials as real expressive media.
In this way, it will be possible to use completely the new textile’s potentialities also in the project of
common buildings, and not only in the planning of that architecture of great relief but more sporadic
employment.
It will be also possible to think about the employment of membranes together to other flexible or rigid
materials, to shape new skins, new typologies of building envelopes, in specifications relationship
performances required by the adaptable environments: varying light transmission, filterable
transparency, opening and closed spaces interchangeability, tactile sensitivity.
Research, information and application on membranes and shells
An important role of the research into the technology of textile materials is to push design to new
frontiers and to open up new competitive perspectives for the textile industry. The Unit Ex.TRA, in
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collaboration with the other italian participants, is working to a national research co-financed by the
Italian Office of the Education, University and Research (2005-2007), titled “Membranes and shells
for buildings. Designing with information” (operational Unit in Milan, Responsible prof. Andrea
Campioli; with proff.: Marisa Bertoldini, Anna Mangiarotti, Alessandra Zanelli, Monica Lavagna,
Ingrid Paoletti; and with arch. PhD Students: Valeria Giurdanella, Carol Monticelli, Eugenio Morello,
Cristina Mazzola). The research unit is inquiring the management of innovative technical information
in architecture and proposes as specific employment sector the membranes and shells. The innovative
process of transfer of those components from other manufacturing sectors is still in progress and their
characteristics of leightweight can be considered as a key factor to create new and wider application
in buildings.
Membrane in latin means “thin and soft layer which covers the limbs” and in the present use has also
the signification of thin shell. In both means the main characteristic is maintained, its leightweight,
and its particular function as dinamic filter, sensible foil between external and internal use, protective
cladding, sometimes soft, sometimes not, but always thin and leight.
The technical textiles (TUT, textiles for technical use) for architecture are elements composed by
textiles and coating mostly of polymeric type, which in the past employments had soft and flexible
consistence, but in recent developments can assume, by innovative production processes, the
consistence of a shell, rigid element for cladding. Thus, previously used as textile roof surfaces in
tension, the membranes today can become thin transparent and ultraleight foils, and can also become
elements to reinforce composite materials of concrete matrix, taking the role of rigid element of
multilayer panels. The research has as first objective the definition of those materials - TUT in
general and the membranes and shells in particular – so heterogeneous and with such a high
employment versatility, togheter with a technical knowledge history short and a technical information
not yet very structured. The goals of this research, aiming to promote the culture of the TUT
membranes and shells from the existing different employment sectors towards the architecture, are
two :
1. a closer and better organized knowledge of the most recent production processes in the membrane
and shell sectors can discover unexpected uses in architecture for new constructions as well as for
already constructed buildings;
2. the first applications in progress show a large potentiality for a wider use, in particular for
temporary constructions, to face all those different request for ready-to-use spaces, which nowadays
appear more and more common, and in all those applications where lightweight constructions are
needed.
The research, actually in progress, is organized by analyzing and clarifying the different passages of
the technological transfer process for membranes and shells, and in general the technical textiles
sector - from research, to test, to production and publishing and finally, to the frequent use. The
research intends to draw the attention to some membrane and shell materials, which have particular
interesting potentialities for a wider use in architecture, because, being object for continuous
modifications, they increase performances and wider application range, or because still in
technological transfer from other sectors towards architecture. Such materials are: A. the
polyester/pvc textile, nowadays the most frequent mixture textile/coating, but with possible new
technological applications, considering the recent changes in the weaving and coating technologies,
together with the developments in electronic integration and equipments in the facade components; B.
the glass fibre/ptfe textiles, a mixture textile/coating very often used at present due to high
performances (lightweight, mechanical behavour, self-cleanability) but for which wider scenarios can
be foreseen; C. the glass fibre/silicon textiles, a new mixture derived from the glass technology, which
foresees the use of silicon as coating on the glass fibre textiles for tensil structures and
pressostructures; it regards an adapted innovation, which promotes an alternative solution to the
already existing coating in ptfe for high performance membranes, in order to obtain important
advantages for fire resistance; D. the woven PTFE-textile, tests as a textile are referred to the trade
mark Gore; coming from the new technologies for extreme climates clothes, the material tenara,
traspirant and water resistant, is being introduced in architecture and has to be tested on a large scale;
E. the ETFE film, the experimentation with a thin and highly transparent film is referred to the mark
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Dyneon 3M; there is a transfer process from the electrical insulation sector and from the coating of
co-axial tubes; F. the THV film, tests are still in process by the mark Clariflex to realize coatong of
high resistance on etfe films and to realize 100% thv films; there is a transfer going on from the
electrical sector and the material has high application potentialities as it is not toxic, not burning and
easy to transform and to weld thanks to the vinilic components of the chemical characteristics; G. the
3d textiles, derived recently from the nautic sector, permit to realize sandwich elements with
honeycomb behaviour, which first employments are registered with the product Parabeam of the mark
Helmond Holland with thicknesses between 3 and 10 mm and at present used for the production of
panels, spoilers, fairing for the nautic and car sector, to reinforce and to make locally rigid light
stratiform products and moulds; H. the reinforced concrete textiles, obtained by the replacement of
the traditional iron reinforcement by a long glass fibres, to realize thin bearing elements in thickness
of about 2-3 cm, as cladding, roofing, beams, archs and reticolar structures for large span roofs; the
experimentation is still in progress by the German Research Institute DFG in collaboration with
different university institutes and coordinated by the Institut für Textiltechnik der RWTH in Aachen.
Referred to the above mentioned materials, the research is developping to obtain the following goals:
1. at the material level: to analyse the current technical information on shells and membranes at
different levels (base material, raw component, completed component); to reorganize this information
to support the utilization by all different actors engaged in a project and in a construction; this aim
would give to the designer the possibility to compare similar information and to operate a correct
choice in relation to technological options and to a final specification draft for producers and builders;
2. at the level of used materials: to analise the current employment scenarios, almost always of
exceptionel character and still located in unique architecture projects; to outline new possible
scenarios for buildings, and, in particular, new scenarios for adaptive building structures.
Membranes and Shells in designing for adaptability
In didactics, sinse 1990, our goal was to pay
attention to employ membrane structures from
exceptional and custom use (in architecture) to
common applications (in building sector).
Particularly, the sector of the temporary
constructions has been individualized as
suitable ground on which to experiment the
passage toward a more diffused application of
the textile materials for membrane structures
and shells. Some projects discussed on the
occasion of degree’s thesis to the Politecnico di
Milano, Architectural Faculty, between 1996
and 2003, testify a continuity of our interest on
this theme that introduces different temporary
spacial uses aspects: first emergency (fig. 1, fig.
2); middle and long term temporariness (fig. 3);
working and housing (fig. 4), leisure time and
sport (fig. 5); tourism (fig.6).
Figures 1. Emergency Housing. Cell self-made
integration programmed, degree’s thesis by Nembrini Vieri, Pesenti Federico, academic year 2000-2001,
Politecnico di Milano, tutor prof. Andrea Campioli, co-turor arch. Emanuele Salvador.
Figures 2. Fire Shelter. Project of survival space for natural calamity, degree’s thesis by Francesca
Facchetti, academic year 2004-2005, tutor prof. Alessandra Zanelli, external advisor ing. Marco Pedretti.
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Figures 3. Provisional and Flexible. High flexibility housing Unit for
temporary needs, degree’s thesis by Angelo D’Ariano, Alexandro Laterza,
academic year 1998-1999, Politecnico di Milano, tutor prof. Andrea
Campioli, co-tutor arch. Alessandra Zanelli, external advisors ing. Vittorio
Cigognetti, Franco Guagliumi, Charles Alberto Doormats.

Today this sector of study becomes again actual, not only because of the
recurrence of disastrous events that always get new occasions of
verification and advancement in the field of the emergency constructions,
but above all thanks to the renewal of the housing uses and the
constructive techniques and employable materials innovation.
They seem you mature the times for an application, also in the domestic
space, of these lighgweight and adaptable constructive practices so far
effective only for some housing emergency limited cases. Today
temporariness can consider more and more a dimension “normal” to live,
fit to modern needs, a dimension chosen by the inhabitant that prefers it to
the place of rigid, inflexibles old rooms. In the traditiona houses, built
with massive constructive techniques, the man is forced to adjust until it’s
possible, or to leave it or desmantle and reconstruct it on way to his new
needs. In a home built with lightweight materials and detachable
constructive techniques, or as a temporary construction, the house
conforms itself to the inhabitant and to his changeable demands, and gets
open to on-going modification thanks to the use of light materials, flexible
design, adaptable and multi-functional technologies.
In designing new homes and new temporary environments in our cities,
adaptability and flexibility become a priority. The actual challenge is how
membranes and thin shells can answer to these new comfort, protection
and safety demands.
Figures 4. C-Argo: Container for Argonautics. Project of an housing Unti with
membrane envelope in film THV, degree’s thesis by Elena Biglia, Ombra
Bruno, academic year 2000-2001, Politecnico di Milano, tutor prof. Guido
Nardi, co-tutor arch. Alessandra Zanelli, external advisor arch. Benn
Morris, Vector Special Projects.
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Figures 5. Pneumatic Unit for provisional placing. An application of the new
hight tension pneumatic technology, degree’s thesis by Cristian Sangaletti,
Simone Zana, academic year 2000-2001, Politecnico di Milano, tutor prof.
Andrea Campioli, co-tutor arch. Emanuele Salvador.
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1 Shelter intervention during emergency situations
1.1 General issues
The latest natural disasters have proven that catastrophes – predictable or unpredictable – and the
resulting emergency situations may occur all over the world, in developing as well as in developed
countries. Unfortunately, the international aid community still seems insufficiently prepared for these
incidents. Assistance in emergency situations, especially shelter intervention, is extremely complex.
Relief workers have to manage quick interventions, a great amount of varying parameters and the
unknown course of the situation
Research has indicated that the current international relief actions are deficient [Ashmore et al. 2003]
partly due to inappropriate infrastructure [Henrotay 2003]. An important cause of this deficiency can
be found in the lack of adaptability and polyvalent use of the existing shelter material, which
moreover is often poorly adapted to the local situation. In addition the potential for adaptation or
expansion during later phases of assistance is limited or inexistent and less attention is paid to reuse
of shelter material within later reconstruction phases of humanitarian assistance [Manfield 2001].
1.2 A global approach for relief in emergency situations
If one wants to guarantee quick and efficient shelter intervention it is important to anticipate and to be
prepared for new catastrophes to come. The worldwide installation of national and international stock
piles may contribute to this preparedness. However, this requires a global and universal approach for
the design, the production and the use of shelter material resulting in adaptable, adequate and
compatible shelters and shelter components. The design of adaptable and polyvalent shelter systems
that offer the opportunity to support different shelter strategies, to be easily adapted to the local
factors and to be upgraded from an emergency shelter to a medium or long term habitat may support
this approach. In addition the use of design catalogues may help relief workers to make quick and
efficient choices in regard to the material to use.
2 The design strategy Hendrickx – Vanwalleghem: a global approach
The design of adaptable and generally usable shelter systems discussed in this paper relies on the “4
dimensional design strategy” proposed and developed by professor Hendrickx (Vrije Universiteit
Brussel) and architect Vanwalleghem. This strategy aims to design adaptable and compatible building
systems consisting of a minimum amount of different building elements and their combination rules.
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The design strategy aims to support processes by integrating the time factor in the design of artefacts.
Therefore it encloses two important design tools: the use of a “generating form and dimensioning
system” and the set up of design catalogues [Debacker et al. 2006].
2.1 Design tool 1: Generating system
The “generating form and dimensioning system” encloses a set of standardisation rules regulating
different construction systems and their components by defining the shape and the dimension of the
basic elements. While ensuring full compatibility of form and dimensions between all the simple basic
elements, an infinite variety of building systems can be generated using the proposed system. The
system rests on the fractal principle and a mathematical function guaranteeing compatibility and the
capacity to adapt.
Since Hendrickx and Vanwalleghem presume all artefacts can be approximated by a reduced set of
basic forms or a combination of them, they have chosen to base their generating system on the 3
simple basic forms: the square, the inscribed circle and the triangle formed by the diagonal Fig. 1 (A).

Figure 1. The model representing the generating system can be extended along the diagonal or
in a concentric way.
This set of forms is provided by dimensions which are determined by simple mathematical rules being
halving and doubling. Starting with a square with side ‘x’ one finds: x, 2x, 4x, 8x, 16x… Fig. 1 (B and
C). The model can easily be extended since every intersection of the model can be seen as a potential
starting point for a new model Fig. 1 (C).
2.2 Design tool 2: Design catalogues
Hendrickx and Vanwalleghem presuppose every artificial material solution can be considered as the
result of combinations and can be objectively described based on its characteristics, qualities and
defaults [Hendrickx & Vanwalleghem 2006]. Each feature can then be decomposed into his single
characteristics or parameters as a counterpart, all bracketed between predefined limits. As a result
series of variants are drawn up for each single characteristic. Stepwise variations of the series are
preferred since they reduce the number of values and the use of a minimal number of standardised
basic elements can more easily be reached. Discrete series regulated by a set of standardisation rules,
in this case the generating system, may guarantee the required compatibility. Through interpolation
and/or extrapolation of the outer elements of each series all variants can be achieved. Recombining
these variants results in a large variety of material solutions and the set up of theoretical design
catalogues. The emphasis has been put on “theoretical”, as in practice not all combinations are
possible or technically sound. Practical design catalogues on the other hand, encloses only
functionally and technically relevant material solution distilled from the theoretical design catalogues.
3 The design of adaptable and generally usable construction systems
The development of adaptable construction systems is achieved by developing theoretical and
practical design catalogues. Two different kinds of catalogues can be distinguished: the catalogues of
basic elements and the catalogues of composed constructions.
3.1 Development of design catalogues: Basic elements
All relevant characteristics of every single basic element are described verbally and represented
graphically while the series of variants are regulated by the generating system. The basic elements can
easily be standardised by projecting the model (Fig.1) on every single basic element. As a result the
dimensions and the shape of the elements and the position and size of existing or potential connection
Adaptable Construction Systems for Shelter in Emergency Situations
Caroline Henrotay, Marijke Mollaert, Hendrik Hendrickx

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

6-65

points are defined by the model, guaranteeing compatibility between all basic elements. Depending on
the materials characteristics the acceptable and possible solutions are retained and reproduced in the
practical design catalogues. Three types of basic elements can be distinguished: linear elements (onedimensional), plane elements (two-dimensional) and volume elements (three-dimensional). It is
important to emphasis that in this phase every single basic element is neutral. This means that no
function or semantic meaning is linked to the elements until they are implemented or combined in a
specific situation.
3.2 Development of design catalogues: Composed constructions
Due to the compatibility of form and dimension the basic elements can easily be combined to form a
variety of constructions and artefacts. Every composed artefact can in turn be considered as a
component of an artefact of a higher level of complexity. As a consequence the design of the
composed components, subcomponents, structures and constructions is also dictated by the generating
system to achieve compatibility at all levels. However, since one strives for adaptable and thus
reversible artefacts, other composed constructions may be possible, as long as they are made up by the
basic elements of the design catalogue.
The design catalogue of composed constructions has to be considered as an open design catalogue
since the spectrum of possibilities regarding present and future constructions is endless. It can be
completed by all composed artefacts as long as they are drawn from the standardization rules.
4 The design of an adaptable construction kit for shelter in emergency situations
The design of an adaptable and polyvalent construction kit consists of flexible and lightweight
materials and aims to ensure quick interventions, adequate shelter options and a transition from aid to
sustainable development. All elements are designed to achieve a wide variety of functions.

Figure 2. Adaptable construction kits enable relief agencies to support the proces from
emergency aid to reconstruction
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The construction kit is defined as a grouping of a few simple basic elements Fig. 2 (construction kit)
picked out of the design catalogues. They consist of flexible plane elements – fabrics or membranes –,
stiff linear elements – aluminium boxed tubes – and connecting elements – connecting plates,
connecting boxes and bolts.
4.1 The design of the basic elements
To ease the polyvalent use of these single basic elements and to guarantee a large number of
applications the possibility to combine has to be enlarged. The addition of polyvalent connecting
elements may help to achieve this goal. Moreover the choice of the connecting elements is determined
by their polyvalence. The single basic elements are then upgraded to become polyvalent basic
elements with an increased potential for combining. Depending on the local needs and the financial
means the level of upgrading can vary.
The basic fabric elements are improved by the addition of polyvalent connecting elements –
perforations or loops – along the edge of the piece of fabric Fig. 3. A second improvement is realised
by adding a strip of fabric overlapping the first series of connecting elements. The strip of fabric,
which is also provided with perforations and loops, guarantees a wind and water proof connection of
the fabric elements. Furthermore upgrading may also be achieved by adding straps in the middle of
the fabric. These loops enable to connect the pieces of fabric in different ways and also to connect the
fabric to the bearing structure and internal subdivisions.

Figure 3. Due to a polyvalent connection system the pieces of canvas can be connected to each
other in different way.
The aluminium boxed tubes are improved by adding perforations positioned at the end and the middle
of the elements and may be connected by thinner tubes within. By combining the tubes beams and
columns of different dimensions may be created.

Figure 4. The polyvalent design of the connecting plates enables a variaty of connections.
The connecting plates are designed to connect the tubes in different directions. Different angles can
be achieved by rotating them. The plates can also be used as a base.
4.2 Adaptable shelters
The emergency phase:
Relief agencies have to act quickly to provide the victims of the catastrophe with shelters. Providing a
large amount of shelter using little material may speed up the intervention. As a consequence one has
decided to design a shelter kit with the capacity to provide minimal temporary shelters – using a little
amount of material – upgradeable afterwards. The minimal shelter Fig. 2 (emergency phase) may be
transformed to a family shelter (4 persons – 8 persons) by combining different modules. In cold
climates insulation can be added between 2 layers of fabric.
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The care and maintenance phase:
Once the situation stabilizes, all the victims should be provided with basic shelter and more shelter
material should be available. The minimal shelter can then be transformed into a more comfortable
and adequate transitional shelter Fig. 2 (care and maintenance phase) by reusing and recombining the
basic elements. Depending on the situation the shelters can be adapted to the local preconditions.
The transitional shelters are designed to supply a useful space providing head height over the whole
floor area. In cold climates insulation can be introduced between 2 sheets of fabric while the
ventilation can be regulated by folding the top of the front wall. In warm and wet climates the shelters
need to be ventilated. By folding the fabric cover of the walls a ventilation gab may be created
between the roof and the walls. The ascending warm and humid air may be removed though a
ventilation gap at the top of the roof Fig 2.
The reconstruction phase:
Often most countries affected by a catastrophe are poor and already facing great economic and social
problems even before being hit by the disaster. Lastly when the reconstruction phase may start, the
lack of financial means, among other factors, delays the whole process and a lot of people find
themselves without a decent housing for extended periods of time. The poorest that are unable to
afford the reconstruction of a new house can then reuse the basic elements of the shelter kit to
(re)build their house. As a result of the adaptability and their polyvalent design the basic elements can
be reused and (re)combined with local materials - stamped mud, wooden boards, etc. - as long as the
added elements are design following the standardization rules.
5 Conclusion
The development of adaptable and polyvalent shelter systems is based on the set up of design
catalogues and the design of polyvalent and adaptable basic elements and their capacity to be
combined. All elements are designed using the “generating system” that regulates the dimensions and
the form of each element. It thus guarantees the compatibility and adaptability of all elements. The
adaptable shelter kit consists of a minimum amount of (different) basic elements that can be combined
according to predefined combination rules to create a variety of constructions with varying
characteristics.
The use of adaptable and polyvalent construction systems makes it posseble to supply shelter material
that is adapted to the local situation and enables to support the process from aid to sustainable
development. As a consequence less material and financial means will be wasted and sustainable
shelter interventions may become reality.
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PAPER
1. Retractable roofs
In the last few decades retractable roofs have become a popular way to provide flexibility to sports
and entertainment facilities, as they can be opened or closed in response to changing environmental
or programmatic conditions [Ishii 1999].

Figure 1: scissor hinged systems can be transformed from a compact configuration to a larger pre-determined
form. They provide an interesting solution for the load-bearing structure of a retractable roof.

Scissor structures are a special type of bar structures that present an interesting solution for the
load-bearing component of these retractable roofs; their inherent kinetic capabilities allow them to
be transformed from a compact configuration to a larger pre-determined form. Scissor structures
can be combined with plates or structural membranes to form a fully-fledged roofing solution
[Block Van Mele 2003].
This paper presents a specific approach to the analysis of the behaviour of scissor structures and
identifies specific configurations in their deployment process that are of particular interest from a
designer’s point of view. The results of the analysis are integrated in a research and design tool.
2. Scissor structures
All scissor structures arise from the concatenation of scissor-like elements (SLE’s). An SLE
consists of 2 bars connected by an intermediate hinge or pivot point, which allows the rotation of
the bars around a single axis.
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SLE’s can be divided into three categories [De Temmerman 2002]: translational, polar and
angulated (or hoberman) units (Figure 2). Although the geometry of these SLE’s can be highly
irregular, it can be stated that in a translational unit the lines that connect the top and bottom hinges
always remain parallel throughout the deployment process, whereas in polar and in hoberman units
these imaginary lines always intersect.

Figure 2: (top) scissor units can be divided into three basic categories: translational, polar, hoberman. (bottom) typical twodimensional configurations with respectively translational, polar and hoberman units.

These units can be put together into almost every imaginable two or three-dimensional
configuration but, in general, we could say that translational units are used to create structures with
arbitrary curvature (and therefore also to create structures without curvature), that polar units can be
used to create structures with circular curvature, and that hoberman units are especially suited for
structures with radial expansion; both translational and polar structures expand linearly.
Of course, as all these structures are supposed to be transformable, they need to comply with a
specific set of geometrical conditions that guarantee them to be either foldable or deployable.
3. Foldable vs. deployable
The foldability equation was derived by Escrig and guarantees a stress free condition during
deployment for two-dimensional structures [Langbecker 1999]. The equation uses a purely
geometrical approach, and ignores the effect of joint size. Therefore, from a structural point of
view, the equation imposes no limitations on member sizes and materials and hence does not
guarantee that stresses in joints and members will be kept to an acceptable level during the
deployment process. It should also be noted that the equation was derived for units composed of
straight bars and therefore does not apply to units composed of angulated bars such as hoberman
units.
For three-dimensional configurations, two different design philosophies seem to exist. The first, and
most general method, guarantees that the structure is stress free only in the compact and deployed
configuration. In these structures a snap through usually takes place during the deployment process.
They comply with the foldability equation and have been described extensively by Gantes [1991].
In the second methodology, the geometry and configuration of the structure are such that the
structure remains stress free throughout the deployment process. This condition restricts the
available geometric configurations that can be achieved and has been formulated by Langbecker
[1999].
Although these three equations provide sufficient boundary conditions to make working scissor
structures, doing so still demands a great deal of insight in their behaviour. This paper, therefore,
proposes a complementary approach that incorporates and respects these rules but also provides
designers with the necessary insights and enables them to make educated choices.
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4. Polar scissor structures as retractable arches with variable curvature
Consider, as an example, a sports facility with a grand stand that needs to be fitted with a
retractable roof.
We will use polar scissor units to form a parallel series of two-dimensional retractable arches.
Modules of structural membranes can then be fixed in between to create a closed surface [Block
Van Mele 2003]. A two-dimensional scissor structure with polar units produces curvature because
of the specific position of its intermediate hinges, which is eccentric in relation to the middle of the
bars. Such a structure is nearly flat in its compact, folded configuration and becomes more and
more curved as it unfolds.
5. Geometrical analysis of the deployment process of a polar scissor structure
We can determine the relations between the geometry of the global structure, the geometry of a
single unit and the number of units in the global structure.
A single polar unit can be described by the length of its bars (L) and by the eccentricity of its pivot
point (X); ‘eccentricity’ is defined as the distance measured from the middle of the bars to the
actual position of the intermediate hinge. The angle between the bars of a unit is called the
deployment angle (D). The global structure of a polar scissor hinged system is completely
determined by its main dimensions, span (S) and height (H).

Figure 3: Span and Height as a function of the design parameters (X, L, U) and the kinematical parameter (D)

‘X, L and U’ are considered design parameters: “different values define different structures”. ‘D’ is
the kinematical parameter: “different values define different configurations of the same structure”.
Therefore, varying D takes a specific structure - defined by a set of design parameters - through its
deployment process.
Through this mathematical approach we can plot and analyze the kinematical behaviour of polar
structures in a graph as a function of the deployment angle, identify categories of structures with
similar kinematical properties, and relate the architectural qualities of polar structures to the design
parameters.

Figure 4: The deployment process of a polar scissor structure plotted in a graph

Adaptables2006, TU/e, International Conference On Adaptable Building Structures 6-71
Eindhoven The Netherlands 03-05 July 2006

On the graph we find the evolution of span and height, and of the ratio of height to span. We will
call this ratio the shape of the structure. Furthermore, a number of special stages in the deployment
process are marked by a series of vertical lines.
Stage 0 (D= 0.53rad) depicts the compact folded configuration of the structure. Notice that we do
not consider D= 0rad to be the most compact configuration. This is because of the actual
dimensions of the scissors, the fact that the cladding needs a sufficient amount of space to be fitted,
and because we want to preserve a minimal covered surface (for example, over the grandstands). At
stage 1 (D= 2.29rad) the structure is at its maximum span. Notice the importance of this
configuration as it defines the length of the structures bounding box.
At stage 2 (D= 2.74rad) the span of the global structure is exactly twice its height; the structure
forms a half circle. Stage 3 (D= 2.94rad) is where the structure forms a full circle. Notice that all
configurations past this point have overlapping elements and therefore would not be feasible in an
actual application.
All scissor structures with polar units have a similar deployment process with stages 1, 2 and 3 as
their characteristics. The shape of the structures at these stages and the angles at which they occur
depend on the specific combination of the design parameters.
6. Influence of scale, polarity and the number of units
Obviously, structures of different scale but with exactly the same geometrical proportions have
exactly the same deployment process. Hence different structures can be compared by their shapecurves, regardless their actual dimensions or measurements.

Figure 5: Different structures can be compared by their shape-curves

If we define polarity as ‘the ratio of the eccentricity of the pivot points to the length of the bars’ (P=
X/L), then ‘P’ represents the potential of a unit to produce curvature.
For higher values of polarity the shape-curves shift to the left and become much steeper. Such
structures curl up much faster and therefore reach their maximum span at much lower values of D.
Hence, they generate a shorter span for a given bar length and number of units, and are therefore
less performing in terms of deployability.
The example in figure 5 shows two structures with the same number of units and the same length of
bars. Both structures produce an underlying space of the same shape but the span of the structure
with P= 0.1 is much smaller. As the addition of units would alter the shape of the structure, a larger
span can only be obtained by longer bars.
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7. A research tool for geometrical design
The structure of the tool is based on the process of designing a scissor structure and has three
different stages.
First the boundary conditions for the global structure have to be set. This means that the designer
has to choose the desired curvature (or shape) of the structure in a specific state of service. This
state of service corresponds with an angle of deployment (Ddesign) that lies between the chosen
minimum and maximum values of D. In most cases Ddesign = Dmax because Dmax represents the roof
in its completely unfolded (closed) configuration.
A graph then depicts the different solutions for these boundary conditions as a function of the
number of units. Solutions with lesser units have a higher value for polarity and longer bars.
During the final stage the deployment process of a specific solution is evaluated. Based on this
evaluation the entire process is either repeated, if the characteristic configurations of the structure
do not suit the specific needs of the project, or finalised by the determination of the actual
dimensions of the scissors corresponding to the scale of the project.
As all parameters can be changed interactively, using this tool should improve the understanding of
the behaviour of scissor structures in general.

Figure 6: Screenshot of the graphical interface of the research tool

The geometrical analysis of the deployment process, the analysis of the influence of the design
parameters and the interactive research tools will be available online at the time of the conference
for polar structures as well as for translational and hoberman structures.
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ABSTRACT
The research paper exemplifies upon an active attempt to envision computational intelligence aided
architectural responsiveness (spatial and informational) towards contemporary forms of corporate
organizations. A critical look at the evolutionary changes, which the corporate culture has witnessed,
not only on the spatial front (focusing upon aesthetical and image building aspects), but also on the
managerial and organizational re-structuring front, makes it evident that the so called ‘orthodox’
corporate body is giving way to the development of a self-organizing networked body which is in a
constant state of flux, regrouping and reorientation. The contemporary corporate body is more akin to
a business eco-system with evolved patterns of corporate management appropriating itself to today’s
transient contextuality. Architectural substantiations for such bodies embodying dynamic business
eco-systems however tend to be rather inert in essence and deem to remain closed entities, adhering to
a rather static spatial program in accordance with which they were initially conceptualised. This
entails that the inevitable contextual shifts and the inherent transience, which such an architectural
construct is embedded within becomes relatively insignificant in terms of guiding the body’s
operational performance. The so-created architectural construct hence remains inert and detached
from its context, rather than acting as a co-evolving entity, which senses contextual dynamics and
augments its operational behavior (spatial augmentation) accordingly. Architectural renditions
supporting such emergent forms of organizations, hence need to be re-thought: a need to break apart
from the inherent closed system typology of architectural materiality needs to be visualized from the
perspective of an open-systemic network, substantiating various degrees of dynamism and interdependence which cater to the specialized nature of today’s corporations. The research paper,
envisages a generic architectural corroboration for the inherent dynamics of such emergent corporate
organizations and in doing so, specifically focuses upon developing an interactive user interface (for
space customization) and rule-based computational intelligence aided responsive work spaces, which
reconfigure themselves optimally in real-time, in accordance to customised spatial preferences (9
configurations > 3 work, 3 discussion and 3 relaxation configurations) of its occupants. A space
cluster (to be materialized as a physical prototype operating in real-time), equally dynamic,
intelligent, and responsive, as compared to the dynamic activities which the space inhabits is proposed
as the final outcome of the research endeavor.
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1 UNDERPINNINGS
An exhaustive research into typologies of corporate offices, the progressive evolution of the so called
generic cell: ‘the cubicle’ and psychological associations/dis-associations of employees working
within such environments backed up with interview sessions and case studies of contemporary office
environments suggested an increasing desire for customization and intuitive ambient dynamics to be
introduced within otherwise static, rather unexciting office shells. In order to materialise a responsive
spatiality, embedding issues of customization, automation, ambient lighting, sound as well as
deploying issues of multiple usability of a single generic work space fostered a synergistic merger of
the expertise offered by the fields of Rule based computation and Swarm behavior (Java based) for
data processing, case based learning, information storage and retrieval, Control systems for
developing sensing, actuating properties and for implementing a space allocation (both primary and
temporary) algorithms (Java based) and Kinetic structures for developing a dynamic skeletal
framework, henceforth developing a strategic approach towards achieving intelligent structural
control of the architectural body and developing a real time updating data base which will be useful
for maintaining and monitoring the body. A direct implementation of this synergistic merger, leads to
the conception of building a generic connectivity between the real: proposed hard/physical –
prototype articulated with parametric relations and embedded sensing technologies and the virtual: the
soft – knowledge base and the control system realms. A collaborative design development approach
for orchestrating the above mentioned mediums involved working in coherence with programmers,
Industrial/architectural designers, the pneumatics industry: FESTO and game designers, hence
perpetuating a systemic balance between the academic and the professional practise realms.
2 SYSTEM COMPONENTS
2.1 Generic configurations
An activity analysis (concerning the nature of activities performed) within office environments lead to
the derivation of three main modes of typological work-space modulations: Work, Discussion and
Relaxation modules. Each of these typologies was further broken down into four generic spatial
variations (W1-W4, D1-D4, R1-R4) and were modelled encorporating a swarm based logic to derive
curvilenear variations of surfaces appropriate for the nature of activities to be performed under each
scenario (Fig.01). The twelve generic variations were however concieved as physical augmentations
which an individual work pod could inherit at any given point in time based upon the customization
inclinations of its user. The augmentation capabilities of the spatial variants are restricted to surface
morphing capabilities of the ground and the ceiling plane keeping in mind the workability (in the
ergonomics sense) and performance aspect that each individual configuration would deliver.
Geometrically, the two planes are viewed as a cluster of vertices which operate (change their coordinates in the Z dimension) at an individual (local) as well at an inter-dependant (global) level to
attain the variations. The swarm logic, programmed within each vertice (as a rule) pertianing to
aspects of maintaing a particular distance from its neighbours, operates at the local scale within each
surface and hence generates all intermediate vetice positions (surface curvatures) given a maximum
and minimum Z co-ordinate value (differing for each configuration) for specific sets of vertices.
Furthermore, a relation between the ground plane and the ceiling plane is also specified as a global
rule (derived from ergonomic perspectives), based upon which the vertice positions of both the planes
co-operate, creating the spatial variants at the virtual/digital level.

Figure 01. Proposed configuration augmentations
Spatializing corporate dynamics. N.Biloria
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Apart from the above stated modulations, an over-ride configuration (partially customisable) capable
of converting the entire office environment to an exhibition/entertainment module for certain image
building and public interaction occasions (open days) and a conference configuration for converting a
set of adjoining workspaces into a conference setting are also programmed within a control system
responsible for processing the spatial changes.
2.2 Interface
An interactive interface (Fig 02) that can be accessed over the internet by the employees of the office
for customizing their prefernces is developed as the front end of the system. The employees are given
the freedom to specify their desire to sit at a fixed location or a flexible location, their choice of
neighbors (two degrees of neighbours), the spatial configuration (W1-D4) they would like to be active
when they enter the office space, a colour preference (to be activated as ambient lighting for visual
identification of the workspace allocated to them). The interface apart from providing the employee
with customization tools also provides a visual feedback of the current occupancy state (position of
users) and hence the current spatial configuration (based on active configurations per employee) of
the entire office, by means of a real-time updating 3d view of the office environment. The office
environment is hence concieved as a live eco-system constantly mutating and hence creating a
sustained element of interest in the office’s bio-rhythm. The interface also incorporates a visitor’s
section, via which they are able to book appointments which are directly updated in a database table
corresponding to the employees appointments.

Figure 02. Interactive interface
2.3 Database
The interface development also involves a parallel generation of a real-time updating database in MS
Access for storing the preferences of each employee as and when an update through the interface is
instrumented. The Database apart from storing tables concerning employee preferences, also
incorporates tables concerning a list of microcontrollers (associated with specific actuators: lights,
speakers, pistons) pertaining to each workspace, incorporates set values of lighting levels per
configuration as well as stores data for each sensor and actuator status involved in the physical
prototype. This database is actively mined by a Control system module: the brain of the system for
processing and outputting actuation protocols. The database is hence envisioned as a central layer of
the entire system which recieves data, is updated in real time and (with every update) acts as a trigger
for initiating data mining/structuring initiatives, fostering spatial augmentations.
2.4 Control system
The control system (Java based) module specifically deals with issues of processing the preferences
laid down by each employee (in the database) via a space allocation algorithm which specifically
deals with allocation of a workspace to an employee whose presence is detected in the office’s
vicinity. The employee presence is detected by means of RFID tags (embedded in mobile devices) and
an antenna, hence triggering the control system ON, activating the space-allocation algorithm which
incorporates a series of data-structuring routines that operate on a set of rules for navigation of the
database, developing interconnections, checking for conditionalities and allocating grid/workspace to
Spatializing corporate dynamics. N.Biloria
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each employee while satisfying his/her preferences. The space allocation algorithm in-turn
incorporates a sub-routine responsible for allocation of a temporary configuration, which is triggered
at 10:00 am and is responsible for activating the configuration in the unoccupied workspace
(maximum 2 at one time) nearest to the workspaces which are occupied at that point of time. The
hence converted workspace ID is updated in the database. This temporary space, for subsequent
employees is modified only under circumstances when no other workspace ID but the temporary
space would satisfy an employees preferences.
Apart from the above stated virtual/digital space allocation algorithm output pertaining to Workspace
ID allocated to each employee which updates the DB and the 3d view of the office space in the
Interface, the output is also used as a trigger for a hierarchy of micro-controllers with built in subroutines responsible for actuating corresponding hardware (Pitons, Lights and Speakers) accountable
for configuration-related augmentations. The employee further has the possibility of over-riding his
configuration preference by means of manual selection (local control): by pressing on touch sensors
marked with images of the 3d configurations within the workspace (embedded in a pluggable
storage/display unit dedicated to each workspace individually) or by means of his mobile device (if he
isnt in his workspace), hence re-enforcing the employee with a psychological feeling of being in
control of his space.
2.5 Sensing and actuating devices
RFID tags are used for representing the employees of the office. Every RFID tag carries an ID, which
is inherently linked with an employee and hence is instrumental in detecting his/her presence by
means of its tracking by an RFID antenna at the entrance of the office. The RFID tag’s status (ON) is
crucial in activating the control system’s space allocation sequences. A network of IR (Infra red)
sensors creates a bordering condition for the workspaces and are instrumental in detecting (at a local
level) the presence/entrance of the employee corresponding to the work space. These IR sensor status
changes are directly linked with the change in the ambient lighting conditions (from an ambient
display of the users prefered colour for visual identification to a white light of a programmed
intensity) and are hence their triggering is spins up a sub-routine in the control system for augmenting
the ambience of the workspace environment.
2.6 Touch sensors are used for local control of configuration changes per employee. Every
workspace has an inbuilt pluggable storage/display unit which embeds these sensors within it. Every
touch sensor has a backing layer of LED’s (programmed to operate as a sub-routine), which glow to
indicate the status of the touch sensor (on/off). Every touch sensors is printed on its front with a 3d
view of the configuration it is responsible for triggering hence making it much more user friendly.
The touch sensor status changes (configuration changes), are updated in real time in the DB and serve
as a trigger for the control system’s hardware communication protocol to re-send the updated
information to the corresponding micro-controllers.
2.7 Fluidic Muscle Type MAS: A flexible tube with reinforcing fibers in the form of a lattice
structure for up to 10x higher initial force compared to a cylinder of identical diameter. The muscles
tend to contract 20 percent of their initial length with the induction of air pressure, hence making it
act as an actuating device to actuate a mechanism of scissor trusses in the ground plane, hence
resulting in height variations of the surface (akin to Z co-ordinate variations of vertices). Round
cylinders Type DSNU manufactured by Festo are attached at their ends with cylindrical tube/rods
sections and are proposed for the ceiling plane augmentations (owing to their non-load bearing
nature). A network of micro-controllers (CPX, manufactured by Festo and Basicstamp2,
manufactured by Parallax) will be used for communication of specific data pertaining to the amount
of air pressure needed to be induced within each individual piston and for controlling light and
speaker outputs to attain a configuration corresponding to the one generated in the virtual domain.
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2.8 Neoprene, a synthetic rubber material designed to act flexibly, durably, and to resist breakdown
by water will be used as a flexible skin for the prototype. It is form fitting and resilient, and since air
and water become isolated in its unique molecular structure, Neoprene is temperately stable. The skin,
which will be attached to the above mentioned mechanics based structural framework will create
rather organic free flowing shapes as a result of the actuation mechanisms and will hence transcend
the hard lined nature of todays office spaces to a much dynamic, warm and humane organism.
3 SYSTEM ARCHITECTURE
The system architecture conceived to bind the above mentioned components operates on transmitted
contextual data by means of the system’s sensing capabilities (RFID’s, IR, Touch sensors) and user
preferences via the interactive interface (front end) of the system. These sets of data are updated in
real time in a database which is inextricably linked with the Control system component responsible
for space allocation, updating the 3d views in the interface and via microcontroller networks, for
actuating the mechanics of the physical prototype. The human centric approach opinionated towards
satisfying the users needs of customized spatial as well as ambient control of individual work units is
approached from a bottom up perspective, hence continually sustaining a high level of interest
concerning the spatial outllok (Fig 03) of the entire office space. A single over-ride mode operation
sequence can further completely convert the office’s serious outlook into a much more lucid
exhibition scenario which could become an image booster as well as an interactive hub for gaining
cliental.

Figure 03. Office space variations (real time augmentation)
4 CONCLUSION
Architectural constructs are visualised as subjects for real time calculation possessing a continuous
state of activation, representative of contemporary socio cultural dynamism. The research is
conceived as a multi-disciplinary construct, focusing on a synergistic merger of science, technology
and architecture, eventually transcending the discipline of architecture into an interactive environment
appropriated for a technology mediated shared-programmatic system.
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ABSTRACT
This paper sets out to develop a principle on which a façade element can be deformed in shape. By
using a flexible structure with cables, small bars and inflatable tubes, which together form a woven
pattern, a 3D freedom of deformability results. The shape of the façade element can be manipulated
and deformed in shape at will. By studying the structure of the human skin, a pattern was discovered
and translated into a constructive principle. The façade element is capable of single curved and double
curved surfaces, both concave as well as convex. Moreover the different elements in the structure are
constantly in equilibrium with each other. Through this; great freedom in form is achieved. This
principle will create many new possibilities in architectural design.
1 Human Skin
Research into the structure of human skin led to the discovery of a structural pattern which can be
used for façade elements. Human skin is very elastic and deformable and that’s why it was interesting
to investigate it from constructive perspective.

Figure 1. Schematical viewof the layers of human skin. (Source: Molecule Biology of the Cell)
Figure 2. Schematical Cross-section of human skin. (Source: Molecule Biology of the Cell)
Human skin consists of three layers: the epidermis, the dermis and the hypodermis (figure 1). The
dermis is the structural layer and absorbs all the stresses and deformations. The structural behavior in
the dermis consist mainly of a cooperation of elastin fibers, collagen fibers and the extracellular
matrix. The elastin fibers take care of the elasticity and the ability of reshaping the human skin. The
A.B. Suma
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collagen fibers take care of the ultimate strength and finite strain. The structural behavior of these two
fibers is shown in figure 3. The red line indicates the cooperation of the fibers and speaks for the
structural properties of human skin. When deformation occurs, the elastin fibers will first take in the
primairily tensions forces. They will stretch till the collagen fibers are lie straight, now the tension
will be taken by the collagen fibers. The extracellular matrix lies between these fibers. This layer
consists out of a dense mass of fluids which keeps the fibers in place in the dermis layer. This way the
cooperation of the chaotic pattern of the fibers in human skin is met. By analyzing these properties
and studying the structure, an analogy was developed for a constructive façade element. 3D
Adaptable Building Skin has the elasticity as well as the 3D deformability of human skin.

Figure 3. Structural behavior of the collagen and elastin fibers in human skin. (Based on a graph of
Structures, or why things don’t fall down by J.E. Gordon)
Figure 4. Pattern of collagen fibers type I and type IX. (Source: Molecule Biology of the Cell)
2 Translation to a constructive façade element
In order for the project to succeed as a commercial venture, the constructive façade element must be
easily manufactured, installed and exploited at low cost. To achieve this, the chaotic skin structure
was schematized to a regular pattern. By scale model studies (figure 5), it was possible to design this
3D structure. In the cross section (figure 6), we see a hexagonal structure which is made up of small
bars connected by cables. The cross section can be expanded in three directions. The façade element
can therefore be adapted to different bounding conditions. By putting more cross section one after
another, a series exists which can function two dimensionally. When putting a same set of cross
sections at right angles through the previous set (the red dots, figure 6), a three dimensional structure
is generated. The cross sections don’t have any contact in both directions and are not capable to
cooperate yet. In the open spaces of the structure, inflatable tubes are placed which will establish the
cooperation between all the structure elements. The cross sections are never directly mutually joined.
This gives the façade element elasticity and freedom of deformation.

Figure 5. Scale model with three layers.
Figure 6. Cross section of cables and rigid pipes.
A.B. Suma
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Figure 7 shows a two dimensional translation of a structural mechanism which meets the structural
behavior of human skin. When this cross section is pulled at both sides, the gray arrows will keep the
red horizontal bars in place. Horizontal deformation is possible by the elastic properties of the blue
cables. When the deformation becomes so large that the red curved cables are stretched, the system
has reached its finite strain. Finally these elements are translated into structural materials at a makable
scale. The red dots indicate the same cross sections which are woven at right angles through the cross
section in figure 7. In this way a three dimensional system exists.

Figure 7. Literal translation of the structural properties of human skin.
To give the façade element properties comparable to human skin; inflatable tubes, steel cables, rigid
pipes and springs are used. The inflatable tubes represent the properties of the extracellular matrix by
their resistance in pressure. The steel cables, rigid pipes and springs represent the structural behavior
of the cooperation of the collagen and elastin fibers. Figures 8 gives the pattern of a cross section.
The red beams are rigid pipes and the diagonal cables are steel cables. The rigid pipes are hollow so
the steel cables can slide through them. In the geometry of figure 8, six cables are used. Four cables in
the body and two cables on the outside. The cables on the outside are straight. The cables in the body
are woven like for example the blue cable starting left under through the rigid pipe and going upward
through the second rigid pipes and going downward through the next rigid pipe and so on. This
weaving pattern gives the façade element much more freedom of deformation. At the end supports
each cables is hold by a spring. The spring limits the ability to deform. When the cross section gets
deformed, the tension caused by the spring will become higher for geometrically non linear behavior.
The structural mechanism must be pretensioned by the springs or it will become kinematically
undeterminated. The behavior of the façade element now meets the structural behavior of human skin
as shown in figure 3.

Figure 8. Translation to a constructional pattern .
Figure 9. Springs in the end supports give the cables elastic behavoir.
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Study the geometry of the façade element, a scale model has been produced. As seen on figure 10 and
11, the cross sections are woven at right angle through each other. A complex system exists as seen
on figure 10, but the top view of figure 11 shows a regular pattern of cross sections. Figure 12 shows
the hollow corridors through the cross sections. These hollow corridors give the opportunity to place
the inflatable tubes in right angle per layer over one another as seen in figure 13. This way local
surface loads can be absorbed three dimensionally and distributed through the façade element.

Figure 10. 3D scale model of the cross sections of cables and rigid pipes.
Figure 11. Top view of the 3D structure of cables and rigid pipes.

Figure 12. The hollow cylindrical corridors through the 3D scale model of the façade element.
Figure 13. Isolation tubes as inflatable tubes in the 3D scale model of the façade element.
3 3D Adaptable Building Skin
The above mentioned structure can be deformed into convex and concave surfaces by varying the
tension in the cables or pressure in the inflatable tubes. Using an extra cable which is woven through
the cross sections, the façade element is also capable of local deformations. Many deformations can
be manipulated depending on the geometry and woven pattern of the extra cable. The most obvious
configuration is shown in figure 14. The red cable causes an upward deformation as shown in figure
15 and the blue cable causes a downward deformation. When extra cables are used in a 3D system,
many deformations become possible. Deformations are always curved and never higher than the
façade elements thickness.
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Figure 14. Extra cables (blue and red) to cause deformations.

Figure 15. Scale model of a 2D cross section with upward deformation.
Figure 16. Scale model of a 2D cross section with downward deformation.
4 Research of structural behavior
Research project carries out to investigate the structural behavior of a two dimensional cross section.
To meet the commercial market, the sectional geometry is set to 318 mm thickness and a span of 1950
mm in two orthogonal surface directions. Structural elements like inflatable tubes, steel cables and
springs will be investigated and adjusted to the desirable behavior.

5 Architectural advantages
Since years many designers have been searching for a façade element whose shape can be
manipulated. Elements with adaptable shape promise great freedom in architectural design. This
becomes possible with this façade element. Using this façade element which can be used for large
surfaces and can deform into many different shapes, a building can express itself in many ways. The
building is thus able to adapt to its surroundings, or express different characters both inwards and
outwards. Possible shapes on the façade are 2D and 3D waves, walking bulges, logos of firms,
pictures, expression of scenes and faces, texts and names etc. The façade of a building constructed
with this element, can even become a living organism, literally comparable with human skin. Even
rooms and halls can grow or shrink and adapt to its internal circumstances. These spaces can be
differently used and experienced. On the outside the deformations are also experienced and may
result in a totally different meaning of the building. The outward deformations have a direct relation
to the inside experiences. The freedom of shape is not the only advantage. By the great thickness of
inflatable tubes, the façade consists almost entirely of stagnant air; the best isolator. Also the choice
of the top layer is free. The best solution would be an elastic fabric which can deform with the
underlying façade element. This fabric may or may not be transparent or colored. The possibilities are
endless.
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Figure 17. A corridor can adapt to passing people. The width of the corridor with a plan width of two
meters expands from 1.40 meter to 2.60 meters.

Figure 18. Inside experience of the corridor.
Figure 19. Several possible 3D deformations for façade elements.
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Introduction
The term ‘transformable architecture’ as used in this paper describes a distinct class of structures that
can change their geometry and shape when required. They have the great advantage of speed and ease
of erection and dismantling compared to conventional building forms. Buildings that incorporate these
structures can not only benefit from the advantages gained by deployability but also from the unique
quality and flexibility of the spaces created.
This paper mainly deals with transformable roof structures, which have begun to dominate other
structural types for multi-functional and large-scale buildings in recent years. Considerable literature
regarding the history, structural concepts, analysis, and calculation of transformable structures exists,
but there is little on their architectural application and evaluation. An important factor for architects in
the early design stage is to choose the structure that most closely responds to the requirements of their
proposal. Architects need to know what type of transformable structural principles can meet their
design requirements and most precisely integrate with their architectural ambitions. This is a
significant design challenge, especially when a flexible, adaptable and multi-functional space is
expected. Better information on this aspect of transformable structural design could result in a more
informed choice of system.
This paper reviews recent developments in the area of transformable roofs and explores their
architectural potential. It examines some significant examples of transformable structures in order to
study their architectural characteristics and the opportunities that they bring to the design of adaptable
architecture. The objective of this research is to create a holistic understanding of the major types of
transformation systems and their potential architectural applications.
Transformable Roof Structure Systems
Transformable roofs use a type of structure that is attached to a fixed or mobile building, which
includes moveable or transformable parts to convert completely, or partially, an indoor into an
outdoor space. Transformable roofs allow the redefinition of the enclosure of buildings in order to
respond to architectural or structural requirements, or to adapt to disparate environmental situations.
The design of transformable roof structures requires special techniques and considerations including
construction techniques, materials, structural performance, which make their design more difficult and
complex in comparison with conventional static architecture. In recent years major advancements in
these areas have made it possible to design more lightweight optimised transformable roofs. Tensile,
tensegrity, pneumatic and spatial hinged bars and plates systems have been applied to transformable
roof structures using sliding, rotating, linear, scissor and non-configurable mechanisms to allow for
the various degree of coverage and exposure of space. This paper examines the principal examples of
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transformable tensile, tensegrity and spatial bar roof structures so that their degree of success can be
evaluated in architectural terms.
There are two major categories of transformable structures: self-supported and non-self-supported
structures. The latter category includes structures, which require additional elements, or a secondary
supporting structure to ensure their stability and rigidity in the deployed configuration, while the
former includes structures that are self-supported in open configurations. Both these types can be used
either as a whole building or to be attached to permanent or temporary architecture. Tensegrity and
tensile principles are inherently capable of being self-supported structures due to the integration of
tensile materials in their designs. Spatial bar systems usually have a finite mechanism though they can
also use a mechanical arrangement to lock the structure in a variety of states.
Transformable tensile structures
The application of tensile and tensegrity principles in transformable structures can result in structures
which are self-supported in the fully deployed state, which nevertheless can be readily folded when
necessary. Fabric tensile membrane structures rely on pre-stress for stability and adequate stiffness.
Due to their lightness, high level of compactability, and ease of transportation, the popularity of these
structures in temporary and mobile applications has hugely increased in recent years. The success of
this type of structure in more ambitious transformable applications depends on the advancement of
tensile materials, construction techniques and mechanisms used during their folding process.
Olympic Stadium, Montreal: The retractable roof over the 1987 Olympic Stadium by Roger Taillibert
(Fig. 1) covered an elliptical area of c.19,000m² [Ishii 1999] and is an important early example of
transformable architectural design [Asefi & Kronenburg 2005]. The membrane was tensioned and
controlled by cables from a tower and was connected to the building’s concrete roof at its periphery.
Although the membrane gains its stability and rigidity by pre-tensioning forces, it is sustained by the
supporting concrete structure when fully deployed. The PVC retractable membrane roof remained in
operation for ten years before being replaced by a fixed Teflon-coated Fibreglass structure.

Figure 1. Olympic Stadium, Montreal.

Figure 2. Allianz Arena in Munich

Allianz Arena Suspended Ceiling, Munich: The most recent important example of a transformable
tensile roof structure is the suspended ceiling for the new stadium by Herzog de Meuron, the Allianz
Arena, host to the opening match of the World Cup in 2006 (Fig. 2). Its suspended retractable ceiling
permits natural light to enter the building. Radially placed retractable membranes are supported by
steel beams constructed under the transparent air-inflated roof of the stadium and are retracted by
cables. The retractable membrane in this remarkable stadium allows the turf pitch to grow but also to
control the building’s visual and climactic environment.
Transformable Tensegrity Roofs
Tensegrity structural strategies utilise both tensile and compressive elements to reduce the overall
weight of the roof and they can also be folded into a very small bundle making them a good
alternative for transportable buildings. Analytical studies have proven that with a small change in
energy, tensegrity structures can change their shape substantially increasing their potential for
application in flexible and adaptable architecture [Skelton et al 2001].
The typical definition of a tensegrity structure is a system in a stable self-equilibrium state comprising
a discontinuous set of compressed components inside a continuum of tensioned components.
An Architectural Evaluation of Transfomable Roof Structures/ Maziar Asefi and Robert Kronenburg
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However, the majority of tensegrity ‘type’ structures that are currently in use for large-scale buildings
are supported by secondary structures, and although many of them employ discontinuous compression
components and continuous tension components, they are not self-stabilised. During recent years
much research has been carried out regarding the possible application of tensegrity structures in
architecture but there are still only a few buildings in existence. It can be argued that one of the most
complicated issues in the design of transformable tensegrity structures is the creation of a suitable
transformation mechanism to control the process of folding and deployment. This challenge can be
resolved more easily in temporary small-scale buildings - in large-scale repeated transformation roofs
it is still under investigation, however, examples of fixed and immobile strut-cable roofs may provide
clues to future development in this area.
Phoenix Central Library: The tensegrity roof over architect Will Bruder’s Phoenix Central Library,
Arizona, USA is an impressive example of the application of a cable-truss system in architecture. The
roof covers the 11.6m high vloume of the main reading room (Fig. 3). It is supported on tensile cables
anchored into the steel caps bolted to the tapered columns, and are braced by steel struts. Twenty-two
circular skylights and a strip of glazing set into the roof perimeter give it the sense of a floating
structure. The tensegrity roof is an important feature of the reading room that integrates structural,
architectural and monumental functions. Although the roof is not transformable its impressive
features suggest that tensegrity principles could be an exciting alternative for long-span transformable
spaces in which massive structural elements can be avoided.

Figure 3. Phoenix Central Library.

Georgia Dome
Georgia Dome, Atlanta: The Georgia Dome (Fig. 4) is a milestone in the development of tensegrity
structures. The cable-dome structure is supported by an outer concrete ring placed on fifty-two
columns at twenty-six attachment points. The Teflon-coated fabric membrane roof includes an upper
triangulated network of cables, which is connected to three tension hoops located 20.7m, 47m and
76m from the outer beam by means of compression posts [Ishii 1999]. The flying posts are tied
together by cable hoops and are held back by diagonal cables.

Figure 4. Georgia Dome, Atlanta.

The Georgia Dome is the largest dome in the world and consequently indicates the great potential of
tensegrity structures for large multi-purpose buildings. The integration of the structural elements, the
translucent membrane covering, monumental features of the building (especially at night), and most
importantly, convertibility of the building from a football stadium to other uses is a turning point in
the development of tensegrity principles for architectural applications. Another important feature of
An Architectural Evaluation of Transfomable Roof Structures/ Maziar Asefi and Robert Kronenburg

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

6-88

this building was its short design and construction period of just thirty months principally resulting
from prefabrication of the structural elements.
Spatial bar structures
Pantographic and scissor principles are one of the earliest structural systems applied for transformable
architecture. The Yurta transportable nomad dwelling is an exemplar of the flexible benefits of scissor
mechanism design [Kronenburg 2003]. These lattice expandable structures consist of bars linked
together by scissor hinges allowing them to be folded into a compact bundle. Although many
impressive architectural applications for these mechanisms have been proposed (Calatrava, Hoberman
and Escrig are the most important experts in this area), due to the mechanical complexity of their
systems during the folding and deployment process few have been constructed at full-scale.
Iris Dome: A remarkable example of a transformable roof employing scissor-like mechanism is Chuck
Hoberman’s Iris Dome. In 1998, he was invited to construct an architectural scale example at the
Expo 2000 in Hanover, Germany, symbolizing the destruction and rebuilding of the Frauenkirche
Cathedral [Hoberman 2005] (Fig. 5). The dome utilised a set of pantographs connected together
around a hemisphere, powered by means of four computer-controlled hydraulic pistons situated on its
perimeter. Hoberman employed these same structural principles in two-dimensional form for the
Mechanical Curtain, an award stage at the Winter Olympic Games, USA in 2002 (Fig. 6). The curtain
used a moveable semi-circular screen based within a fixed arch. This transforming screen had four
different shaped panels that were radially arranged and layered over each other. This structure is
perhaps the most innovative full-scale application of scissor-like elements for transformable structures
yet to be constructed.

Figures 5 and 6. Iris Dome and Mechanical Curtain.

Architectural Evaluation of Transformable Roofs
In evaluating transformable architecture it is important to judge to what extent different structural
principles can be used to meet design expectations. It is necessary to find evaluation criteria that not
only considers the general requirements of architecture such as form, function and respect for human
scale but also deals with specific requirements that inherently result from the structure’s
transformability, such as multi-functionality and adaptability in disparate environmental conditions.
There are four main issues that transformable architecture, and in particular transformable roof
structures, should respond to in order to be as effective as possible. These are: adaptability and
response to change; aesthetic issues; operational conditions; maintenance and management.
Transformable roof structures should be adaptable not only to local environmental changes but also to
user requirements as functions change. Consideration of the different types of transformable
structures introduced here reveals that their success in this regard is directly related to the degree of
integration of structural elements, covering material, transformation mechanisms and the flexibility of
operation. It can be argued that the compatibility of these four factors determines the effectiveness
An Architectural Evaluation of Transfomable Roof Structures/ Maziar Asefi and Robert Kronenburg
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and success of transformable roof strategies, and also extends their application from simple closed to
open states, to a variety of other desired configurations achieved during the deployment process.
Transformable tensile roofs can respond to change due to two principal features in their design: the
use of lightweight, flexible materials and the integration between structural and architectural
components. They may also require additional tensile cables to ensure their pre-tension in deployed
configuration. These cables guarantee the stability of the membrane structure especially when it is
subject to external loads, but they also cause visual obstruction that may affect the performance of the
building.
Tensegrity roofs can be considered to have realistic potential for transformable roof structures due to
the lightness and the flexibility of the structural components, and their self-equilibrium geometry in
the deployed state. Flying struts, in combination with light, flexible cables are an elegant structural
combination for buildings that demand the sense of lightness with long unobstructed spans. However,
despite their great potential, the complexity of their deployment mechanisms has proved problematic.
Although the discontinuity of the compressive members makes a wide span structure capable of
stowage in a compact volume, it also makes it difficult to create a mechanism that will repeatedly
retract and deploy at large scale.
Transformable spatial bar structures in their simplest form consists of several modules of two bars
connected to each other through a hole equally placed in both bars. Different arrangements of the
modules result in a large range of structural possibilities including flat foldable space grids, domes
and spherical and cylindrical structures. The development of angulated scissor-element modules has
extended the application of this type of structure into more complex shapes. This type of structure
deploys easily and quickly though great care must be taken in detailed design and manufacture. These
structures have a finite mechanism and a very high degree of flexibility and their movements must be
limited by use of additional tensile cables or locking systems, which also make it possible to use
transformable spatial bar structures in various desired states achieved during the deployment process.
Conclusion
This paper has introduced the discrete types of roof structure that are capable of transformation. It is
evident that the evaluation of these structures is difficult due to the complexity of their designs and
functions. However, their architectural applications and features respond to the continuously
increasing demand for adaptability to changing user requirements. Transformation capabilities
provide the benefits of adaptability and multi-functionality, but do not impede the monumental and
visual aspects of design synonymous with expanding architectural ambition. Close collaboration
between architects, structural and mechanical engineers, and specialist designers in research, practice
and education is important to develop further the potential of this increasingly necessary form of
architectural design.
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1 Introduction
The European countries, the economy of which is based on export of industrial products and services
and completely dependent on imports of fossil fuels, systematically support the improvement of
energy efficiency of buildings. They do it in two basic ways:
−

−

Normatively and legislatively, using restrictions in order to ensure the basic quality of
buildings from the viewpoint of energy effectiveness, e.g. by requiring more and more
improved and detailed investigation of the future energy demand for heating and hot water
preparation and by suitable systems of criteria,
Motivating, using various state and communal programs, usually the aim of which is the
effective use of energy from fossil fuels and the development of alternative and ecological
energy sources (solar radiation, water, wind).

These two basic instruments focus almost entirely on building performance after its assembly on the
building site. Explained in terms of the life cycle of a building, the mentioned policy does not take
into consideration the energy needed either for production of the building materials or for assembly of
a building or for its dismantling. The main argument for this exclusive concentration on the service
life of a building is that 40% of the total energy consumption is caused by operation of the buildings.
The remaining 60% fall on industry and transportation, whereas 20% out these 60% are supposed to
be caused by production of building materials, building processes, renovation and dismantling of the
buildings. The following case study wants to show that this argumentation is no longer valid for
buildings built in compliance with existing standards or even in a low-energy way. As the energy
supply needed for the operation of such buildings is quite low, a significant rise of the building
industry portion within this imaginary scheme should be a consequence. In this context several
questions occur, e.g. whether the so-called low-energy design is justified in relation to energy inputs
and CO2-emissions.
2 Problems
The crucial problem of the presented comparison of CO2-emissions due to the expected building
operation on the one side and due to the built-in energy on the other side was the way of gathering at
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least a little reliable data regarding the CO2-emissions due to the production of building materials.
Usually, the building industry does not record information on kilograms or tons of CO2-emissions per
building product, e.g. brick or window. Under circumstances these values could be derived from the
annual reports of single companies, if they would have been at our disposal and would have included
the CO2-emissions and the number of products per year. Unfortunately this was not the case.
Therefore, some research in the libraries and on the internet was necessary. This effort yielded two
works that might be a serious source of information. The first one was the MIPS concept developed
by Professor F. Schmidt-Bleek and the theory of MIPS calculation elaborated by M. Ritthoff, H. Rohn
and Ch. Liedtke from Wuppertal Institute for Climate, Environment and Energy. The notion MIPS
stands for Material Input Pro Service Unit and represents an indicator of the precautionary protection
of the environment. The second source was the GEMIS software (Global Emission Model for
Integrated Systems) developed by the ECO-Institute. In this paper particularly the use of process
based CO2-emissions calculated by GEMIS was made.
The calculated energy demand of the case-study building was converted into CO2-emissions using the
conversion table published in “Der österreichische Gebäude-Energieausweis – Energiepassport”
written by Professor Panzhauser et all. Of course, only the fossil-fuels-based CO2-emissions were
traced.
3 Case study
The construction of family houses (up to 120 m2) and apartment buildings (having flats with up to 80
m2) is in Slovakia often supported by the State Fund of Housing Development. The basic conditions
are the minimum age of 18 years, the regular income of the applicant, the planning permission, which
implies the fulfillment of the Slovak building standards, and a detailed and neutral assessment of the
future construction costs. The latter is a base for calculation of the amount of the state mortgage that
offers considerably lower interests than commercial banks. In the presented case the assessed future
construction cost are in a range of approximately 80.000,- €. The figs. 1, 2, 3 and 4 show the floor
plans, cross section and the elevations of the family house in consideration. The GEMIS software
indicates under the item building construction the equivalent CO2-emissions per monetary unit as
0,46708 kg CO2 / €. This corresponds to 37.366,-kg of equivalent CO2-emissions due to the
production of the building materials and the assembly of the case-study family house (built-in energy).
The Fig. 5 compares these built-in energy based CO2-emissions with the ones based on the expected
building operation (energy demand for heating and warm water preparation) in relation to the building
service life. In addition to this, the CO2-emissions due to the production of some building materials
are introduced in the table 1 (source: GEMIS software).
The Fig. 6 shows the position of the Slovak heat demand requirements converted into CO2-emissions
within the classification of the CO2-emissions due to heating and warm water preparation described in
“Der österreichische Gebäude-Energieausweis – Energiepassport”. The black cross indicates the
position of the investigated family house.

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

Figure 1. Floor plans of the investigated family house.

Figure 2. Front elevation.

Figure 3. Lateral elevation.

Material / Unit
Bricks [kg]
PUR Hard-foam [kg]
PVC
Window-frame
(manufacture)

CO2-emissions [kg]
0,93
3,67
2,37

Table 1. The CO2-emissions due to the production
of some building materials (source: Gemis software)
Figure 4. Cross-section.
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Figure 5. Comparison of the built-in energy based CO2-emissions with the ones based on the
expected building operation in relation to the building service life

Figure 6. Slovak heat demand requirements converted into CO2-emissions within the
classification of the CO2-emissions due to heating and warm water preparation described in
Panzhauser et all. The black cross indicates the position of the investigated family house. Its
characteristic length is 1,43 m and the amount of CO2-emissions slightly above 15 kg/(m2.year).

4 Conclusions
It is obvious that the initial (built-in) energy needed for the assembly of building and its
manufacturing is inadequate in comparison with the energy needed for the building operation. The
current exclusive focusing on the energy efficiency of the building operation leads to heavy insulated
building envelopes and to the use of alternative energy sources on a decentralized basis. The family
houses often turn to small power plants even selling the surplus energy to public grids. One might
claim that this superfluous energy over the time possibly equalizes the initial CO2 intensiveness of the
building assembly and manufacturing.
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However, the CO2-emissions are already in the atmosphere and this process is irreversible. If except
of the energy efficiency also the reduction of the CO2-emissions is our common goal, then the
imaginary triangle “initial emissions – quality of the building envelope – building operation” should
be shifted from asymmetric form towards more symmetric one in favour of the reduction of the initial
CO2-emissions.
In order to achieve this a detailed methodology for recording the CO2-emissions due to the building
assembly and manufacturing should be developed. While we are able to assess the future CO2emissions caused by building operation, e.g. the Dutch standard NEN 5128 (2004) offers an
informative annex regarding the calculation of CO2-emissions, a reliable methodology for recording
the initial CO2-emissions is still missing. A good attitude might be the MIPS methodology described
in the work of M. Ritthoff, H. Rohn and Ch. Liedtke and applied on building industry.
In addition to this, in the course of the planning permission process or at least in case of buildings
subsidized by the state respective certificates from the building industry regarding the quality of its
products, e.g. kg of CO2-emissions per unit of produced material, should be required, as well as
calculation of the overall CO2-emissions. According to the opinion of the author this would represent
a system approach that would force the building industry to look more intensively for clean energy
solutions that would reduce the CO2-emissions. Perhaps, as a consequence, a new architectural style
based on less insulated buildings supplied from central green power plants could originate.
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1 Introduction
We present the preliminary design of a living unit that can be quickly displaced and erected for either
a permanent or a temporary/emergency settlement. We choose a tensegrity unit to exploit the formfinding property, an important feature that is peculiar of tensegrity systems.
Tensegrity systems were first popularized by R. Buckminster Fuller following sculptures by K.
Snelson. Basically, they are pin-jointed spatial trusses composed by struts and cables, such that: (a)
the collection of cables appears as a connected set; (b) the struts are never connected to each other; (c)
there are infinitesimal mechanisms stabilized by a self-stress state. The form-finding property is
strictly related to point (c) and it can be stated as follows: “Given an n-element tensegrity system, if
the lengths of (n-1) elements are fixed, then a stable equilibrium configuration obtains when the last
cable (strut) has minimal (maximal) length”. This property represents also the condition to be satisfied
in order to have a tensegrity system.
The form-finding property of tensegrity systems suggests to use them when it is desirable to have
deployable structures. However, these systems are complex and their stiffness is generally low,
making civil-engineering applications problematic. Complexity is due to the particular geometry, the
special design required for nodes, the mechanic behaviour. Low stiffness is mainly due to the
presence of infinitesimal mechanisms and the absence of strut-to-strut connexions.
Our study aims to establish basic criteria for the applicability of the tensegrity concept to a
deployable/movable construction. Figure 1 shows three images of the unit during construction: two
floors, the roof and the lateral enclosure are added to the tensegrity structure.

Figure 1. Three steps in the erection process of the living unit. From left to right: the tensegrity
main structure; the structure with two floors and a roof; the enclosed unit.
In the next section we present the conception of the tensegrity system, describing its geometry and
analysing both its ability to be deployed and the stiffening method. In the third section we give a
description of the construction method and of the modes of employ of the unit.
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2 Conception
We choose one of the simplest tensegrity systems, often called T4 module, to be the main structure of
the unit. This system is composed by four struts and twelve cables; four cables compose the upper
(lower) square, four cables and four struts connect the upper and lower nodes in an alternate zigzag
way (Fig. 1, left). The system possesses a four-fold cyclic symmetry about a vertical axis passing
through the centers of the square bases. For symmetric configurations, the geometry is determined by
three parameters: the sides of the lower and upper square, la and lb, and the height h, that is the
distance between the two horizontal squares. From a top view, the upper square appears rotated with
respect to the lower square by an angle f=π/4. This value represents the form-finding condition of the
module under the symmetry assumption, independently of the value of la, lb and h.
If we call lp and lv respectively the lengths of the struts and the lateral cables, then we can re-express
the form-finding condition as
_
(1)
lp2 = lv2 +√ 2 la lb .
In our design, the three parameters, la, lb, h, have all the same value, equal to 7.2m. These dimensions
correspond to the lengths lp = 11.85m and lv = 8.18m.
Any tensegrity system can be folded simply by shortening struts (lengthening cables). Let us suppose
that all the cables have fixed length, if we have
_
(2)
lp2 < lv2 +√ 2 la lb ,
then the struts have not maximal length. This means that the system cannot be prestressed; the
assembly has slack cables and no stiffness. It is easy to see that if lp ≤ lv then it is possible to fold the
assembly into a bundle of elements; in this case, telescopic or foldable struts are needed.
The same result can be achieved by lengthening lateral cables only, having fixed all the other lengths,
until they reach the length of the struts.
We here propose to use continuous cables that can slip through some of the nodes, maintaining struts
of constant length.

Figure 2. (a) Diagram showing the position of the continuous cable. (b) The system with
continuous cables in a slack configuration.
Let us consider Fig. 2a, showing a continuous cable that is anchored on an upper node, passes freely
through the upper node next to it, in the same way passes through the corresponding lower node and it
is anchored at the lower node next to it; other three continuous cables are placed in a symmetric way.
The length of the continuous cable is the sum lc of the lengths of the corresponding elements in the
deployed state, we can write:
lc = lv + la + lb .

(3)
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Figure 3 shows the graph of (1) and (3) for ( la , lb , lv ) ∈ R3+, assuming lp = const =1.

Figure 3. Graphs for the form-finding condition and the continuous-cable constraint.
A point above the hyperbolic paraboloid (1) represents a slack configuration, because the lengths of
the cables exceed the lengths they must have under the form-finding condition. A point below the
plane (3) means that the distances between nodes connected by the continuous cable sum up to a value
lower than the total length lc. Then, the points between the two graphs in the upper left corner of the
figure represent the feasible configurations for a symmetric system, realized with the continuous
cables as described above. We note that the lateral cables cannot be shortened below a minimum
value, corresponding to the lower point on the intersection curve. As demonstrated by a reduced scale
physical model, when the system is close to the deployed configuration, external forces like gravity
push the configuration toward this point. However, the symmetric configuration of this model
represents a very special case and the system can have many non-symmetric configurations.
We then considered a different system, which has less degrees of freedom with respect to the previous
one and it is more suitable for deployment applications. In this system, the continuous cable passes
through one node only, the upper one, constituting the upper and the lateral cables; the lower cables
have fixed length. Now, we can represent the feasible configurations in the plane {lb , lv}, as shown in
Fig. 4. As before, the vertical loads can push the system to the deployed configuration, which
corresponds to the cusp of the feasible region.

Figure 4. Feasible configurations for a continuous-cable system.
In the deployed state, the prestress state is proportional to the vector
_
t = ( tp , tv , tb ) ∝ ( -lp , lv , lb /√ 2 ) ∝ ( -1, 0.691, 0.430 ).

(4)
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The prestress level has to be designed to produce a tension in cables that is higher than the
compressive effects caused by external loads.
The prestress stabilizes the mechanism of the system but large deflexions can still occur under the
external loads. It is then necessary to stiffen the system against its mechanism by means of additional
elements. In our design, the second floor is pin-jointed to struts and it constitutes the additional
constraint to the structure: the relative displacement of struts, allowed by the mechanism, is blocked.
Clearly, we lose an important property of tensegrity systems. When the system is loaded, the floor
exerts forces in the middle of struts and a bending moment has to be considered in the design of these
elements. For example, four vertical forces, P, acting to the upper nodes will generate an horizontal
force Q = P la / (2 h cos(π/8)) = 0.54 P, applied orthogonally to the midpoint of each strut. We can
imagine different solutions for stiffening the system but this one appears to be more appropriate for its
simplicity.
3 Construction
The folded bundle of elements can be lifted with the aid of auxiliary cables. The lower nodes are
placed on temporary sliding supports on the ground and the structure is deployed by the action of its
own weight. The nodes and cables need to be equipped with clamping and tensioning devices, in
order to block the continuous cable in a prescribed point and to apply the prestress to the system.

Figure 5. Internal view.
After the supporting tensegrity structure is anchored to the ground, it is completed by:
- horizontal enclosures (first and second floor, roof);
- lateral enclosures (these can be opaque or transparent);
- internal functional elements (kitchen, bathroom, air-conditioning, etc.);
- vertical connection system (stairs, or elevator if any);
- furniture.
Some of these elements can be deployable as well. The sizes of all elements are designed to be within
the allowable transportation limits.
Figures 5 and Figure 6 show respectively an internal view and the plans of the two floors.

Tensegrity Units for a Movable Settlement - Stucchi, De Laurentis, Micheletti, Santangelo, Totaro

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

6-99

Figure 6. Plans of the two floors.
We distinguish two different usages for the units: that of an emergency settlement and that of a
permanent one.
An emergency settlement can be realized by transporting on site only the main structure of the units
and their first floor and the enclosures. To block the mechanism, two horizontal bars are pin-jointed to
struts in a cross shape at the level of the second floor. Each ‘package’ includes some simple furniture
and a minimal electricity system. At this stage, the emergency settlement is composed by a number of
autonomous units that constitute the basis for forthcoming improvements and the internal functional
elements can be substituted by collective equipments. The water system and the energy systems can
then be installed in successive times. The second floor and the internal stairs can also be added
successively.
For a permanent settlement, the units are transported and shipped altogether with complete equipment
and furniture. In this case, it is possible to aggregate the units vertically by integrating them with a
common vertical connection system. Within an aggregation, the arrangement of the units can be
modified with little effort. The whole aggregation can be easily disassembled and transported to
another location.

Figure 7. Modular aggregation.
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Introduction
This Article is about the promotion of the independent living of seniors in relation with adaptations of
and in the house.
According to demographic forecasts, ageing will become a big international issue in the future
decades. The part of the population aged 60 and over will increase from 6.9% in 1900 up to 28.1%
in 2100 (Figure 1). Also the average life expectancy increases from 44 years in 1950 up to 77 in 2050.
In 2020 almost 50% of the European population will be over 50.

Figure 1. Three centuries of world population ageing [Population Division, UN]
In the Netherlands the increasing number of population over 60 years old is growing faster than in any
other European country.
The baby boomers of the 1950’s, who are also called the grey wave, are the seniors of the coming
decades. It is evident that the housing stock for seniors in the future will turn out to be insufficient to
facilitate this ‘grey tsunami’. A big rising need for adaptable houses for the elderly is expected in the
near future. In the Netherlands one is aware of the approaching problem concerning housing of
seniors.
Today’s senior wants to continue to live independently and participates more actively in society and if
necessary, he will stipulate the way of care and services. The market has discovered this growing
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target group with its great purchasing-power. It’s a booming business. This target group is very
heterogeneous with regard to age, health, level of education, lifestyle and financial capacity. With
regard to age we can distinguish between younger seniors (50-65 years), the seniors (65-75 years) and
the older seniors (more than 75). However behaviour, ideas etc don’t depend on age, thus prudence is
in order.

Figure 2. Active ageing; mature seniors
The government policy aims at the substitution of intramural care by extramural care. This means that
housing, care and services are separated.
Independent living is stimulated by the government and is in fact also the desire of the present
emancipated senior. This can be accomplished if the conditions are met. The key factors are the
quality (adaptability) of the house and the availability of necessary healthcare in the close
surroundings.
Independent living of the seniors is part of a complicated social problem in which many fields are
involved, such as the gerontology, demography, the government policy, the health care and the
construction sector. The result is stipulated by the interaction and cooperation between these actors.
Unfortunately, as the Dutch proverb applies, ‘a chain is as strong as the weakest link’.

Figure 3. Independent living of the seniors is part of a complicated social problem in which
many fields are involved.
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Construction sector
The construction sector will face in one hand; a big desire for adaptable housing, suitable for various
ways of living, and in the other hand; the changed levels of quality demanded by the modern seniors.
The construction sector can help to improve the senior’s level of being independent. New forms of
housing and new types of houses need to be developed. The construction sector is tasked with
innovation but this sector doesn’t anticipate the coming housing demand.
The current construction process has been lagging far behind the other social developments with
regard to its technique, process and organisation. The construction process is traditional and is not
open to innovation. The only form of innovation it uses is addition. The construction sector is
continuing along the lines of well-accepted concepts. The transition from a supply-led market to a
demand-oriented market, in which the mature user can make his personal demands, happens only
incidentally.
Housing conditions and affordability
There are big differences in desire of different housing conditions, varying in preference for
independent living, communal housing, sheltered housing or move to a ‘seniors-city’ in their own or a
foreign country.
Also there are big differences in the attitude of seniors towards sophisticated technologies as Internet
and home automation. There has to be careful indexation of the wishes, needs - and satisfaction
research with regard to living of seniors. However, prudence has to be ordered with regard to the
solutions. There must be distinction between the complaint/wish and the solution. The complaint ‘few
sockets’ doesn’t automatically mean ‘installation of more sockets’. There are also other possible
solutions, like using wireless systems.
The elderly often have no notion of new technical possibilities and they only mention what they are
familiar with. In this situation expertise is necessary.
The ‘satisfaction’ of the occupant is created by several motives and criteria. It is a mix of factors. At
satisfaction research the ‘end score’ isn’t the most important item for the researcher, but the analysis
of basic motives and criteria.
Seniors have built up their own lifestyle throughout the years of their life. This lifestyle can be
recognized by several features: home furnishing and - decoration, clothes, daily habits, traditions,
social contacts, the use of certain values and ethics, etc. Lifestyle is a value to everyone, not only to
the elderly. The lifestyle can be violated by serious changes as moving to a new house or the
installation of home automation in the house. This can result in a refusal of change. The lifestyle (life
- or living pattern) of the senior must be known and respected. Nowadays the mature senior demands
personal requirements with regard to living and care attribution. The conceptions of the government
and social housing corporations, concerning ‘suitability’ of the housing for the elderly, have changed
through the years. It appears that sometimes occupants have a different opinion than the experts. 25%
of the housing stock in the Netherlands is ‘suitable’ if one chooses ‘no thresholds’ as a standard. But
when one uses ‘accessible for wheelchair’ as a standard, only 0.9% is ‘suitable’. Thus ‘suitability’ of
the houses for the elderly depends on the used ‘standard’. Opposed to this ‘objective thinking’ is the
opinion of the occupant himself: does he want move or stay? It is more realistic to begin with the
occupants themselves. This means that the solution of the seniors’ difficulty in finding new premises
has to be specifically looked for in adaptation of the existing houses. Furthermore the construction of
new housing types for the elderly, which anticipate on new housing desires and new modes of living,
is important.
For the construction sector there are many changes in this field and the sector should make use of the
possibilities that are available at the moment. The construction sector is supposed to follow the
developments in the field of sustainability, energy and ICT. Vital in this purpose is the innovation of
the construction method. For instance using the method ‘Slimbouwen’, the application of new
materials and techniques, and the use of technology transfers by applying ICT in the house.
The government describes the housing market as a ‘typical market’ with a dynamic demand and a
relatively inflexible housing offer.
Masi Mohammadi MSc
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Home automation
A more or less new feature which can enhance the independent living of seniors is home-automation
or domotica. It is the integration of technology and services within the house. It contributes to the
level of independence, security and comfort of its occupants. Home automation can offer a solution to
the inconveniences of general daily life restrictions experienced by seniors. It exists already for about
25 years (e.g. Xanadu, the USA). Technologically it has been developed, but it has not yet been
applied on a large scale. Home automation has not dominated the market while the possibilities are
almost unlimited. Obviously there is stagnation on the route from developer to consumer. By home
automation the whole process, from technological development to implementation of the user, is
concerned.
Independent living depends on the houses and the living environment that is available. One aspect of
the living environment that is of crucial importance to independent living, is the availability of
associated care and services for the elderly.
Comment
A point of attention is the ‘image’ of home automation.
The application of domotica can be stigmatising for the elderly. They do not want to be labelled as ‘in
need of healthcare’. The ways of living and communication by elderly, as well as their feelings
towards technology in their own house, will be critical in their willingness to accept domotica.
Domotica must be freed from the label ‘for the elderly’. At the moment the market of home
automation is underdeveloped; the prices will decrease if the consuming market grows.
It is recommended to aim the marketing of domotica at the relatively more young seniors and young
people; the ones who like ‘luxuriously’ and ‘comfort’ and are open for technology in the house.
Young seniors are more open towards ICT and generally have financial possibilities.
The application ‘comfort’ seems to be specifically suited. The improvement of comfort can be a
possible strategy to get acquainted with home automation. They will gradually get used to it. By this,
they will be more open towards future applications like security. For this reason the image will
improve if products and services (houses, home automation and services) have been offered to
everyone and not just to the elderly. Moreover the technological developments in home automation
area are still subject to change, and therefore they can be directed towards the lifestyle of the target
group.
Satisfaction researches have stated that also the ‘usability’ of home automation must be improved.
There is a gap between the elderly and the many possibilities home automation has to offer. Lots of
applications are still too complicated for the users. Furthermore there needs to be checked whether the
application of home automation is necessary, useful, wished or superfluous. It isn’t just about
technical possibilities; the point is satisfying the senior’s demand. Home automation has to be
integrated in the patterns senior’ of the daily life. There is clearly a need for further research on the
possibilities which can help to close this gap.
The so-called ‘virtual distance care’ can lead to loneliness and social isolation. One must realise that
it is a surrogate human contact. On one hand there is the security aspect, and on the other hand the big
brother effect. However people must keep the situation under the control concerning intelligent
systems. Research has shown that there is a psychological border whenever people are prepared to
delegate tasks to a machine. The senior who lives independently must be able to control his own life
for as long as possible. Control possibilities must be remained for the user at any time.
In the near future we will be confronted with new applications, new control systems, new
arrangements with care institutions, teleservices, wireless connections, fibre glass cable, etc. The
danger is that the elderly will be floaded by these technological developments.
New technologies have, certainly for seniors, the disadvantage to be very expressively present in the
house. Home automation is still a ‘strange element’ in the life of the elderly and this can sometimes
lead to ‘rejection phenomena’.
Masi Mohammadi MSc
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The research for appropriate home automation to the elderly people
By the research method ‘User Centred design’ study has been done into human behaviour and the
patterns of the daily life. User Centred design speaks about ‘ambient Intelligence’: the invisible
presence of intelligent technologies in house. Home automation lacks this. Further research has to
been done into how the elderly experience ‘home’, and how the interaction is among senior and
technology. Home automation needs to link up with this method. A foresaid method seems very
suitable to study the needs and the usage of home automation by seniors. It’s all about the clarity of
interface between human and technology. The designer of intelligent systems has to incorporate both
technical knowledge, and information about the user and his environment in his solution. Domotica
applications need to be a synthesis of technology, healthcare, residential construction, environment
and the user himself.
For advancing into domotica which is ‘user-centred’, further research and development has to be
done.
Other points of attention are the architectural aspects. During the construction of the house it is
important to make architectural arrangements which will enable the immediate or future application
of domotica. In the course of time the possibility should exist to incorporate applications in different
rooms, which serve an increase of security, communication and comfort. This implies a flexible floorplan; many of the technical systems will be added when the house is in use.
Finally
Many seniors want to continue to live independent in their house for as long as possible. Because of
this the adaptation of existing houses to fit their needs, is an important alternative to new
construction. The quality of independent living can be improved considerably by home automation,
provided home automation is more customized to the wishes, characteristics and lifestyle of the
elderly. Quality improvement of existing home automation supply is more important than its
extension. More differentiation and flexibility in adaptable housing is needed with regard to
infrastructure and installation methods.
The adapted house gives the senior ‘empowerment’ by which he is able to continue to live
independently for longer.
The aim is to preserve the ‘quality of life’ for seniors. Independent living is a factor that promotes the
quality of life of the senior.
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Jamaica is a country with a considerable population of poor people. There are men with just one tool:
a saw or a hammer; they wander around with that single tool in the tenacious hope that people will
call out to them from the pleasant shadows of a veranda or from a gap in the endless wall of rusty
corrugated iron to have them do a job. Their name at that moment is derived from the tool they carry
with them: “ Ey ‘ammerman, com ‘ere nuh?” of “Eeh! Sawman! Com an ‘elp me...” Arriving on the
veranda it is perfectly possible that they will not need that particular tool to perform the task that has
been set them but that is beside the point. The tool performs an important function: on the one hand it
is an instrument that can be used by the man who is attached to it, on the other it is a nomadic billboard.1
Use
In the current article I want to think about the curious metamorphosis that our relationship with our
environment undergoes when the environment starts adapting itself to us, instead of the other way
around. This essay forms part of my current research project into the ontology of use. Ontology is a
discipline that questions the existence of a thing by attempting to describe it as a part of the world.
The purpose of my research project is to describe the place that use assumes in the arena of our doing
and thinking and to then mobilise this description in the construction of an aesthetics of use, the
ultimate goal of which is a satisfactory attitude to design in architecture.
In order to make this more concrete we could take a (very) short detour to the aesthetics of
functionalism, where, after all, the idea of use appears to take up a central place. Shards and
fragments of this way of thinking are still traceable in the design studio. The interesting aspect of
functionalism, the dogma in which function and particularly the functions of a building’s programme
take pride of place in the configuration of design priorities, is that it can be said to have failed in a
curious way.2 It is a luxurious and happy failure that can boast such fantastic buildings. In that sense
its failing has to be seen in a rather narrow and miserable light. Functionalism, as far as designers and
1

2

http://www.voorthuis.net/Caribbean2/Name.htm

A lot has been written about functionalism, I do not want to repeat it all here. See for example: Horatio Greenough, Form and Function:
Remarks on art, Design and Architecture, (1947) oorspronkelijk 1852; Frederick Kiesler, Pseudo-Functionalism in Modern Architecture,
Partisan Review (July, 1949):32 Edward de Zurko, Origins of the Functionalist Theory, (1957); Reyner Banham, Theory and Design in the
First Machine Age (1960); Theodor Adorno, “Functionalismus heute,” (1965) translated as “Functionalism today” in Neil Leach ed.,
Rethinking Arhcitecture (1997); Peter Collins, Changing Ideals in Modern Architecture 1750 - 1950 (1965); Peter Eisenman, “PostFunctionalism” in Oppositions (1976) nr. 6; Brent Brolin, The Failure of Modern Architecture, 1976; Peter Blake, Form Follows Fiasco;
Why Modern Architecture hasn’t worked, (1977) Stan Anderson, “The Fiction of Function” in Assemblage (1987) nr. 2 pp. 18-31; Hilde
Heynen, Architecture and Modernity, A Critique, (1999) “Het Functionalisme en zijn Schaduw”, in Hilde Heynen et.al., Dat is
Architectuur, (2001) pp. 699 ff.
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architects consciously pursued such an aesthetic was not at all loyal to its own premises and rules of
engagement. In fact it couldn’t be. No doubt most architects who felt a sympathy for functionalism,
knew that the extraordinary force and cogency of the slogan “form follows function”, coined by an
inspired Louis Sullivan [Sullivan 1896] took up a rather curious place in their own design thinking. It
formed part of the wild and Dionysian exploration of the enormous energy latent in a new language of
form, a new attitude to modern materials, ornament, the social role of architecture and, most
particularly, the fresh beauty of the healthy human body. This focus, however wide, was not inclusive.
A number of traditional functions of architecture were consciously suppressed and deliberately left
out of the picture. It was mobilised for a small and select number of the total number of possible
functions of architecture; functions that were felt to be socially relevant at the time. From that
perspective the famous slogan should really have sounded more like: “form follows only those
functions that I find important right now and only in the way that I want them to” In this way a
misplaced pseudo-objectivity would have been revealed for what it was and replaced by the
responsibility and choice of the acting subject; admittedly, it sounds awful. No doubt they also knew
that form is not very obedient. The functionalists heartily ignored the fact that a sentence such as form
follows function gives a much too simplistic view of the causality it tries to make explicit. Form never
follows function; or vice verse. The model of causality that lies at the basis of this slogan is simply
bad philosophy.3 The slogan was not so much a description of an existing relationship as a command
for impossible things to be so. Functionalists were people who practiced a radical politics through
their personal aesthetics. That, by itself, is hardly remarkable. In fact it is hard to do anything without
an aesthetics of desirable goals and qualities prioritised into a political agenda. The only thing that
stands out is the gap between the compelling nature of the slogan and its philosophical inadequacy.
Form and function cannot in fact be seen as separate entities. Literature discovered this a long time
ago. The form is the function and the other way around; the medium the message [Marshall McLuhan
1964, Chapt. 1]. Form fits function, is philosophically more adequate. Much literature is so hard to
translate because what happens is secondary to the way it is told. In terms of form and function in
design we could think, for example, of a stick or a protein in the human body.4 Without exactly that
form, there is no function. Having said that, some functions allow a greater margin of variations in
form and vice verse. Of course the stick or the protein may not be used, in which case the function is
purely virtual. But it does not mean the function disappears, it merely means it is not actualised, or
mobilised. A thing may thus carry an infinity of virtual functions without becoming any heavier to
wield. Form encourages functions that were not intended by the user or by the thing itself. But all this
still does not mean that they can be seen as separate. Form and function are ways of looking at a
thing, ways of colonising it. Form and function are predicative aspects of a thing whereby we take
possession of a thing both physically and psychologically. A thing has, from a practical point of view
many different qualities. These are each bound to a particular scale and are extracted from or
actualised in the object by the subject making use of them at that particular scale. Things are
described at a specific scale as an intentional form, even though the intention may have been
discovered by accident. This description does not come from the thing itself. It is objectified by
describing one of its possible functions and the form it has at a particular scale. The stick has its own
inscrutable raison d’être, and we do not know how it would describe itself. In that sense we have not
gone very far beyond Kant. After all a stick speaks no known language, it does not even speak the
language of its own possible uses. We describe it as long and hard as those are qualities that pertain to
it as being useful to us, for hitting people, or building things. When we make use of something, that
use should be seen in a peculiar way independent of the thing used. That is what an object is, a thing
from which only its use is extracted, leaving the thing as a thing, cold, distant and unknowable. We
objectify the stick by selecting its univocal use to us. We make the stick into an object and refuse it
the right to be seen as a subject: that would after all be absurd, a stick does not live. But actually this
refusal to subjectify the stick is crucial to the metaphysical blip we are subject to in approaching our
3

That was pointed out in de 18th century by David Hume in his Treatise of Human Nature (1739)
Mad cow disease was purported to be caused by a protein folding in the wrong way so that its
destination couldn’t receive it and thus kept calling for proteins to be produced while the
place of production never stopped making badly folding proteins. This overabundance of
uselessness eventually caused the madness.
4
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world. When we speak of the function of a thing, we speak of what we do with it, we speak of the
shape which is peculiarly suited to that kind of doing, but we leave, in conformance with Kant, the
ding an sich out of the picture, we only take its relationship to us and our world seriously; we are
exclusively concerned with the way the thing is directed to our attention. That is natural. And this
also applies to the stick we were just discussing. I have been able to use that stick as an abstract
machine without it even existing as a stick! This argument can also be applied to a work of art or
architecture. As soon as we describe something, the description lays down the conditions of its use to
us, no more, and no less: we shape it from its usefulness, at the scale at which we distinguish the thing
as a thing. Thus we re-create the thing in our image, as a prosthesis of our body or at the very least a
thing in an intimate dialogue with our body. That re-creation is the foundation of our use of the thing,
even if we only use it as parable or abstract machine in our thinking. [c.f. Deleuze & Guattari, 1983].
Use begins at the moment we start wondering as to what we have here in front of us, it continues with
each thought, and intensifies from the virtual to the actual with each action and ends with killing,
manslaughter or murder.
If use narrow things to objects and if an object is not so much a thing as a thing-narrowed-to-itsplace-in-our-consciousness, perhaps then it is necessary to look again at how the concept of use
should be viewed in that process of toing and froing of thought and action we call design. That is not
difficult. After all, use lies at the very foundation of all our thinking and doing. In using something we
fit our body, (very literally) back into the environment after we have calibrated its relationship to us
through consciousness. Using is a fitting. Consciousness, as it is described by Sartre, is where man
creates a core of nothingness by stepping outside himself, to be able to look back at himself critically
in his environment. In this sense, we have to claim our existential responsibility for our own
prioritisation and the selection of functions that we find important. We must be aware and try to be
explicit about the fact that we are always politically active when determining our priorities and
making our selections, and we must try to become aware of what we are excluding from our attention.
That is what makes design so exciting and so messy. Any form of systematisation in the design task
bears the risk of objectifying the user. However, it is physically impossible to be very thorough or
complete. That is after all what politics is about. Not everything is possible at the same time, that is
what makes prioritisation in everything we do so essential. As I said, if the functionalists had simply
acted not from a misguided and ultimately false sense of objectivity through which they offloaded
their personal responsibility through words like natural and organic and other words like it, but had
taken an honest Nietzschean stance, which declares its political attitude in terms of place and
occasion, there would have been no philosophical issue, no “failure” but simply an existential choice.
But this really only raises further questions: what is a good prioritisation of design issues? How do we
arrive at such a good prioritisation? And how do we deal with what we consider less important, or
what we know we are ignoring and all the stuff we can be sure we don’t know at all? This is where
the issue of use becomes interesting.
Adaptable man
Of course the “sawman” or the “hammerman” is much more than just a machine that can perform a
trick. That fact is important, even crucial. He is also a man, with everything that this implies. In fact,
he is a man caught in a network of social and natural relations. He is a man-in-the-world. To reduce
him to his hammer or his saw, denies him his multiplicity, his manifold. That mistake has been made
over and over again in the past and is still being made. It was made during slavery and before the full
emancipation of the woman; social processes we are still struggling with.5 Hammerman’s potential
use takes priority over the rest of his many abilities and gives him his name as he walks there. But
during the evening he is no doubt “lover-bwuoy” or even more glorious, “dancehall king” To achieve
these names he has exchanged his hard-earned cash for some bling-bling attributes in order to be able
to make the right impression. He becomes what he uses his body for, and this he communicates to the
world and to himself through the relevant and most effective attributes. That these attributes do not
5
The Caribbean philosopher Frantz Fanon argued in 1956 that the truly awful aspect of slavery
was that the slave owner objectified the slave-person to an object with a univocal use. [See
Fanon, 1995]
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always have the desired or intended effect makes the operative territory of use more interesting, less
predictable, but no less fundamental to his being. Not only is he adaptable from his own perspective
on the world around him, but also from the point of view of the network of relations that he is part of
within his environment. The use of his body by him and by others, intentional or contingent, gives
him his substance in the form of a direction, that is, his emergent being in terms of a name. It is
important to emphasize that use is extremely unstable. Descriptions, such as names always narrow a
thing and thereby give it a direction, just as a corridor suggests a clear direction by virtue of its
narrowness. His body, as Deleuze and Guattari conceived it, is constantly being territorialized
[Deleuze & Guattari, 1983, especially “The Process” and “The Territorial Machine; see also Deleuze
& Guattari, 1987 esp. “1837, Of the Refrain”]. That is, it is constantly being de-territorialised by uses
that have abandoned the body, or been abandoned by it and it is constantly reterritorialised by uses
which it accepts or which are being forced on to it; uses which master his body. Many uses deploy
themselves simultaneously, are master over the body in a coordinated way, other need to wait their
turn for full effect. It is this multiplicity whereby man transcends the status of object to make him into
a human being and determines the care we take in approaching him as a human being, observing the
right codes of conduct.
What is equally important is that the body does not receive these functions passively. It is subject to
evolution and involution. It reacts to uses. The gests, movements and postures of the body change. A
hammerman does not walk like a dance-hall king. In the long term the response can be even more
radical. The body changes itself. It can change through involution, which essentially means that it
learns to do something increasingly well, effectively and efficiently [c.f. Bergson, 2004].6 And the
body changes through evolution: the hand that began as a foot, or vice verse. What applies to the body
as object also applies to every other kind of object: an object as distinguished from its background by
our consciousness is much more than the narrowing it has undergone.
An aesthetics of generosity
In order to avoid the problem of narrowing that objectification necessarily entails, we could take a
look at what the word generosity could mean within a design situation. To be generous, means that,
despite a clear prioritisation for which one is prepared to accept responsibility explicitly, one makes a
conscious effort not to lose sight of the whole.7 To be generous means that during the prioritisation of
aesthetic, that is, desirable qualities, one does not go too far in pursuing an artificial seclusion and
cleansing of values by treating them as exclusive. In fact the qualities that one is pursuing can only
flourish in an inclusive context, in which they take up their position as priority and are not asked to
subsist in an environment in which they appear vacuum-packed. This requires an undermining of the
traditional subject-object dualism that still persists in practical philosophy. Every discourse between a
body and its environment should be a negotiation between two subjects. To reduce something to an
object is full of risk. To narrows its existence to a monocultural function, it narrows a thing down to
our use of it at that moment, while every thing is so much more than that. In other words, without
becoming silly and full of mystique, the discourse of design would benefit if it were to, somewhat in
the spirit of Louis Kahn and Team 10, approach every thing, not as an object but as a subject.
Essentially this entails treating the design task of say, a house, as the negative of the human beings
that use it, in whatever way. In this way a house is approached as a subject.
Adaptable, adj.
The word adaptable plays an important role here. The word not only means flexible, supple, pliable,
and compliant but also adjustable. The word adaptable stands, from an evolutionary and
involutionary point of view, for the success of man in his environment. Intelligence is after all another
6
Involution is the word that stands for the increasing sophistication of our movements as we
grow, mature and practice our movements. The walk of a baby and the walk of a babe on the
catwalk 18 years later is a fitting example.
7
Compare the admirable definition of democracy which is a system of government which
expressly avoids the temptation to become a dictatorship of the majority, as this would
inevitably lead to an antidemocratic system, but pursues a form of government in which the
power of the majority is explicitly geared to protecting the rights and duties of the
minorities it is entrusted with. That is in fact the only condition in which a democracy is
possible at all.
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word for adaptable. Intelligent people see a situation, make a salient assessment of it and develop
effective attitudes and strategies to deal with it. And if they do not, then they find other things more
important. The attitudes, gestures, movement and communications territorialise the body for the
purposes of use at that moment. They become whatever purpose they lend their body-mind for. What
is so remarkable is that in evolutionary and involutionary terms we always speak about our ability to
adapt to our environment. Within that equation it would appear that the environment is seen as a
given. The environment is where we find ourselves as mobile creatures. With current technological
innovations, that is what is being changed around.
Adaptable, noun.
For this reason we have to shift our attention from the adjective to the noun. The adaptable is not just
a thing, an object, it is a machine that produces a quality, a quality we find desirable. But in contrast
to a simple machine which can be switched on or off during or after the production process, the
adaptable is more complex. It does not just serve, like an object does, it has acquired a character. With
this I mean that it is capable of movements whereby it is able to switch between various uses, or is
able to serve the user of the adaptable under varying circumstances with respect to the same set of
functions. It adapts itself to us. But that is not all. When things adapt themselves to us, we do not
remain passive. This makes the complexity of our relationship with the adaptable grow exponentially
and creates a conflict. In that conflict something happens which looks like magic. To illustrate this we
merely need to replace the adaptable with a person. After all, what is a person sitting opposite you,
other than a machine whose predictability causes you to proceed with care? The person you deal with
is an adaptable and dealing with things that live require strategies of human intercourse: two machines
(of which one is your body-mind) constantly adapting themselves to each other, opposite each other,
or rather, as extensions of each other... The adaptable is a first step (actually there are prior steps, but
we will leave them out for the moment) in the necessary personalisation or subjectification of the
environment. The intersubjective is not just a privilege that should be accorded to other people, but, if
we want to interact with our environment at the level of complexity we seem to be steering at, the
subjectification of the environment is a strategy that makes that complexity manageable. The
complexity that emerges in the confrontation between two adaptables, can only be managed if we
begin to see and approach the adaptable environment as living [Dennet, 1994]. Living means to be an
adaptable: partially predictable, with an own will and useable as well as interesting. As soon as two
adaptables meet and begin negotiations, the strategy of man is to treat the other as a subject. He
endows it with a virtual life in order to make negotiations easier. Only the passive can remain an
object and be used as an object.
All the adaptables designed by students I have helped supervise are concerned with
redefining the role of man-in-his-environment. This is done in such a radical way that the
conventional attitudes with regard to life and death, living and non-living can no longer be taken for
granted.
Two representative examples
Karel Kamman began from the following premise: Cities are filling up, there is far less space that we
can claim for ourselves. What a shame that so much of the space available in any one house is used so
little during the course of a normal day. Described like this it has a similar point of departure as the
magisterial “Drive-in House project” by Michael Webb of Archigram.8 But after this he goes his own
way. ‘What if we were to reduce the absolute useable surface area of a house plan to just a little more
than a serviceable living room and then install walls that can move, so that, when we wish to sleep,
the bedroom can claim most space and when we go to the kitchen, the kitchen unfolds itself, etc. etc?’
In this way he has managed to separate the useable surface area of a house from the absolute surface
area, keeping the latter relatively small and increasing the former by no less than 40%. But the real
8
Michael Webb, Drive-in House project, 1963. The idea was that you should see your house and
your car as a combinatorial whole, whereby the car could unfold into a house and be combined
with other house-cars so that people could easily adopt a nomadic life and create large or
small spaces as the occasion demanded, thus reducing the permanent space consumption of
cities.
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challenge in the project was not so much the simple mechanics of movement; it was rather finding
answers to the urgent problems that then arise: How do we deal with walls that move? What happens
to the usual collection of things lying around on the floor? What happens with pictures and posters?
What happens when two people want to be in different spaces? Is he designing a nightmare? The
solution can only be found in one particular place. We shall have to re-centre ourselves with respect
to a building that has taken over our evolutionary capacity for adaptation. But things are not quite as
simple as that. The building’s ability to adapt to us will not mean that we can sit back and become
lazy. In fact it will demand an agility on our part: We in turn will have to invoke an extra adaptive
capacity in order to deal with the adaptive capacity of the house. Adaptability on the part of our
environment will demand more adaptability from us: a layered adaptability. The question as to what
this will yield is the challenge that a project such as this will need to accept. The emblem of Cedric
Price’s Generator offers itself.9 The building is in a position to show subversive behaviour. It will
begin to live and will demand from us that we approach it as a living being. Philips is in fact
experimenting within the area of domotica with a house as a personality, the particular one I have in
mind is called “Dimmy” (nomen est omen) who behaves like a good servant and regulates the light
and various other electronic functions in the house. In this example we can still communicate with our
machines as if they are slaves, but that will start to change, live beings, with an ability to adapt are
more than slaves. And, peculiar as it may sound, most of us don’t want slaves around the house.
Alex Suma is trying to design a facade which can billow, heave and undulate like the impressive
thighs of a skating athlete. That is, it will be able to move as the muscular tissue and sketetal structure
under our skin can move His product will result in a designed pavilion that will not attract us through
sexy pictures and colourful advertisements projected onto its façade, but rather through a convincing
simulation of the ease and elegance of intentional human movement [c.f. Bergson 2001]. For this he
has done research into the working of human tissue, and on the basis of a convincing analogy
designed a system which conjures up the possibility of a building in direct competition with an
attractive man or woman. Imagine James Bond walking through the street and meeting a lady and a
building simultaneously as two equal arguments.10 Who will he favour with his winning backward
glance? The answer is no longer quite so predictable. In a fantastic novel set in Jamaica the
protagonist is the “crazy” Aloysius who in a scene remarkable for its passion and resonance makes
love to mother earth [Winkler, 1987]. It is beyond all dispute: man desires more life around him and
his ability to distinguish between machine and man is being tested. He has already become a cyborg, a
creature in which technology and biology are finely enmeshed. He fights his loneliness and his
boredom on every front. In the name of Apollonian order and science he creates with Dionysian
rapture. Alberti saw ornament as the first step in the great chain of being of matter spiritualising itself
into mind, ornament as the first step towards character, a concept implying life [Alberti 1485, e.g. the
preface and book 6, chapt 2 and book 9, chapt. 5]. Now man has proceeded further still and is in a
position to make buildings move and talk. Use creeps where it will and creates, wildly. Use always
lays at the basis of our actions. Not because we know what we are doing or what we want, but
because we don’t: we dole through this world like naive children as if it is still able to perform
miracles. And it can. And as our environment becomes livelier, it will be useful to us to enter into
discourse with it as if it were a subject. Generous architecture will no longer be a metaphorical
epithet. Manners and behaviour in buildings will become in an absurd way, essential to our dialogue
with our creatures.
I would like to thank prof. dr. Bernard Colenbrander and dr. ir. Gijs Wallis de Vries for their criticism
of earlier versions of my research plan.

9
Cedric Price, The Generator, a project dating from 1976 in which people could program a
computer to implement temporary changes to their house in a small development in Florida.
However, if people did not make use of the computer sufficiently, it would “wake them up” by
“thinking” of alterations itself and take revenge for its neglect as a possibility. These
alterations would be made when the inhabitants would be at work and would surprise them on
their return.
10
For the image of two equal arguments I am indebted to the great futurist Marinetti
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Abstract
The architectural design process is a complex process which consists mainly of information. Many,
often vaque and interrelated, design criteria shape the initial idea into the resulting form. The choice
of these criteria and the guidance of this process is mainly done by the naturally limited short term
memory of the architect. In this sense it might seem strange that the use of computers in this process is
still limited. In this master thesis research has been conducted to the reason why the use of computers
in the architectural design process is so limited. The conclusions of this research have been
implemented in the computational process of designing a hotel in Barcelona.
2 Computational design
According to Alexander (1966) every design problem begins with an effort to achieve fitness between
two entities: the form and its context. The form is the solution to the problem, whereas the context
defines it. But because of the impossibility to describe the context flawlessly, it is also impossible to
describe the design criteria which will achieve a fitting form. This is why architects construct thought
models which try to answer the context as much as possible. The strength of a good thought model is
its flexibility during the design process. A computer model consists of fixed scripts which need
predefined and concrete information, which makes the computer model less flexible in accomodating
new information. Designing is in computer terms a multi objective optimalisation problem. Several
objectives have to be met at the same time. This is a process in which the computer with its enormous
computational power can become very helpful. It even becomes possible to search for optimal
solutions for the given input by using Genetic Algorithms. The difficulty of composing computer
scripts is to decide which information will become important during the design process and how this
information should be translated in computer scripts. To function reallisticly a computer model needs
much information, information which is not always available or concrete (yet). Because of the
complexity of both the context itself and the architectural design thought model it will be very
difficult to programm a computer model which will design an actual building.
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3 The design of a hotel in Barcelona
The design task of this master thesis is the design of a hotel in Barcelona which consists besides
hotelrooms also of public functions like a cinema, an exhibition area and a restaurant. The initial idea
was to let these functions react on the urban context of Barcelona. Because it was impossible to
translate all design criteria into computer scripts, a selection of criteria has been made. The design
criteria are visibility, proximity and morphology of the chosen site. The visibility concerns a number
of (prominent) urban elements in Barcelona, which should be visible from certain functions.
Proximity concerns the distances based on considerations of functional relations among them, which
makes proximity desirable. The morphology concerns the specific form of the location, which limits
the area of possible positions of the functions.
In the computerprogram Virtools a model has been developed which generates by applying the design
criteria mentioned above a real-time and interactive 3D functional scheme. The computational method
employed in this thesis is parallel local search, also known as Swarming Algorithms. Although this
method is computationally effective and its implementation straight-forward, it has significant
drawbacks in finding the optimal solution. Due to the nature of Swarming Algorithms, where each
parameter autonomously is improving its condition rather than being guided by a proces which takes
the total performance of the composition into account, this method tries to find optimal solutions, but
it also finds less optimal solutions. These are called local optima. It means that it is possible to find
different solutions for the same input and that there is uncertainty about the degree of optimality.
Genetic Algorithms are able to find the optimal solution, but the implementation of this method into
this master thesis was beyond the scope of this project.
4 Conclusions
The result of this proces is a 3D functional scheme which is formed by three design criteria. Because
other (for example spatial, constructive or economical) criteria have not been implemented in the
model an untranslated representation of the result into an actual building is impossible. Also in
Virtools a mesh is generated around the 3D functional scheme which forms the skin of the building.
Both generated forms (the 3D functional scheme and the skin of the building) are the result of formfinding processes, in which the architect does not design the form itself but the process which
generates this form.

Figure 1. The Virtools interface. In this computerprogram the scripts (below) can be applied to
elements (in this case the hotel functions) in the 3D world (above). The scripts will generate 3D
functional schemes for the hotel in Barcelona.
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1 The present ball form is not ideal
Nowadays soccer balls usually have an outer skin of synthetic leather (a polyurethane coating on
polyester fabric) and a flexible inner bladder which after inflation gives the ball its final spherical
shape. The skin is generally composed of 12 equilateral pentagons and 20 hexagons, sewn together
according a special pattern. This principle is used by many firms.

a

b

c

d

Figure 1. Subdivision pattern based on the Truncated Icosahedron.
The components are cut from a flat sheet of material and as long as they are flat, they form the faces of
a mathematical solid, known as the Truncated Icosahedron. This shape is obtained by cutting off
(‘truncating’) small pyramidal caps at the twelve vertices of the regular Icosahedron, that itself is
composed of twenty regular triangles.

M

M

Figure 2. The principle of truncation of an Icosahedron at the distance z5 and z3, were the latter
is similar to the distance of the triangles from the polyhedron centre M.
All vertices of this new form have the same distance from the centre M of the solid. This distance, R1
in Fig. 2, is called the radius of the circum-scribed sphere. The ball must receive its final round form
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by the inflation of an elastic internal bladder. In order to obtain the FIFA specification “Approved”,
which is the highest quality standard, the ball must have a radius of 110 mm with a maximum
deviation in the total sphericity of 1.5%. However, the mid-points of the faces lie in their flat state
substantially under this radius at distances varying from 6.7 mm or 6.1% (pentagons) to 9.4 mm or
8.5% (hexagons). The inner air pressure and the elasticity of the skin material must equalise that
difference, but this is not automatically guaranteed. It often results in inaccuracies in the form and in
an uneven stress distribution in the material. It is therefore difficult to meet the official requirements.
The behaviour in flight after a kick or in subtle ball handlings may also become less predictable than
desired. This is aggravated by the fact that the hexagon is 1.5 times (50%) larger in area than the
pentagon, so that they will react differently.
There are four possible approaches for the solution of this problem:
1. Choose a basic form, that has a surface area that is closer to that of the circumscribed sphere.
2. Choose a basic form, which has a volume that is closer to that of this sphere.
3. Change the form of the original basic mathematical figure, so that all faces get the same distance
from the centre (become isodistant) and that all have the same surface area.
4. Find a form, where the faces have the largest possible distance from the centre: less different from
the radius.

2 The Isodistant version of the Truncated Icosahedron
The truncation is normally done at one third of the Icosahedron faces. This reduces the
triangles to equilateral hexagons. The cutting planes are regular pentagons and these are in
their original flat state considerably farther away from the centre of the ball than the hexagons
(103.3 mm vs 100.6 mm) and all are at a quite great distance from the circumscribed sphere.
It is nevertheless possible to get the pentagons and the hexagonal faces at the same distance
from the centre, if the truncation is done at the same distance from the solid centre as that of
the triangles. In this case the hexagons will get a slightly irregular form and have two different
side lengths A and B (see Fig. 3c). All panels will then have a distance from the centre of
101.5 mm (where R1 = 110mm). The ratio of the sides: f1 = B : A = sin 24o : sin 36o = 0.69198171.
The pentagons are slightly larger than in the standard ball. This can be seen from Fig. 3.

B
A
a

b

c

d

Figure 3. Derivation of the Isodistant version of the Truncated Icosahedron
A few years ago the firm NIKE introduced a new ball under the mark name Geodesign [Ref. 1]. They
claim that this is isodistant, but the ratio of the sides of the hexagons, that was adopted in this case, is
0.84 and therefore the distances of the faces from the centre are not all alike: 102.4 mm of the
pentagons and 101.1 mm of the hexagons (Fig. 4). Even if this truncation is done properly, the
Isodistant Truncated Icosahedron still has the disadvantage that the face centres are relatively far away
from the sphere surface (8.5 mm), so that the faces have to be stretched considerably in order to
become sphere caps.
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d

Figure 4. a) The faces of the Isodistant Truncated Icosahedron in their circumscribed circle
(B/A = 0.69). b,c,d) The Geodesign ball of NIKE with B/A = 0.84.
3 More faces give a better approximation of the sphere!
Within the group of polyhedrons with regular faces, the so-called Archimedean solids, the Snub
Dodecahedron is the one with the greatest number of faces. A Dodecahedron itself is a regular figure,
that consists of 12 pentagons. “Snubbing” means in a mathematical sense that all corners and
connection lines of this Dodecahedron are chamfered. The snub version consists of 12 pentagons and
80 triangles, 92 equilateral faces in total [Ref. 3]. The fact that it has many more faces than the
Truncated Icosahedron (32), shows already that it is closer to the circumscribed sphere. In order to
reduce the number of composing parts, for production reasons four triangles at a time can be combined
into one triangle of the double side length, so that the final form can be composed of 12 pentagons and
20 large triangles: again 32 in total. G. Obermann applied for a German patent on this idea [Ref. 2].

4 The Isodistant Snub Dodecahedron
Although this Snub Dodecahedron approximates the circumscribed sphere more closely than the
Truncated Icosahedron, it implicates great difference in the central distances of the triangles (106.0
mm) and of the pentagons (101.1mm). But it is again possible to develop an isodistant version. In this
case A : B : C = sin 84o : sin 36o : sin 30o (see Figs. 5c and 5d). The ratio between the side length of
the pentagon and that of the large triangle is normally 0.5 but, if for this ratio the factor f2 = A : (A+B)
= 0.37147355 is chosen, a situation is created where the pentagons and all small triangular parts are at
exactly the same distance from the centre (all at 104.2 mm).

a

b

c

d

Figure 5. The inflated versions of the Archimedean and the isodistant Snub Dodecahedron
(all faces fit in one circumscribed circle)
It consists of 12 regular pentagons and 20 larger, regular triangles. A few prototypes of the Isodistant
Snub Dodecahedron have been made (Ref. 4). Fig.6b shows one of these. This form has however two
drawbacks: the stitching length is larger than that of the standard ball (4596 mm in stead of 3995 mm)
and the meeting of the sharp (60o) angle of the triangles against the straight side of its adjacent triangle
appeared a bit difficult to make. It also has two different orientations, right-handed and left-handed,
which fact might influence the behaviour of the ball. This version was tested but disapproved in the
end.
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b
Figure 6. Layout and prototype of the ‘Isodistant Snub Dodecahedron’

5 The Isodistant Rhombicosidodecahedron: a simplifation!
A better solution is found, if the Isodistant Truncated Icosahedron of Figs. 3c and 7b is truncated once
more at the same distance from the centre as the other faces, but this time parallel to the edges. A
figure is found which can be called: Isodistant Bistruncated Icosahedron (Fig. 7e). It can also be
considered as an isodistant version of the Rhombicosidocahedron, which is an Archimedean solid,
consisting of 12 pentagons, 20 triangles and 30 squares, all regular (see Fig. 7a).

a

b

c

d

C
A B

e

f

g

Figure 7. The Isodistant Rhombicosidodecahedron, composed of 3 kinds of elements
The new solid has 12 pentagons, chamfered at their corners (distorted decagons so to say), 20
chamfered triangles (or hexagons) and 30 rectangles (see Fig. 8). This figure has quite similar
characteristics to those of the previously described ball type. Its geometric properties are also given in
the table 1, where it can be compared with the other ball concepts. All its 62 faces are at the same
distance from the ball centre, which is virtually the same as that of the previous ball type, 104.2 mm,
and the centres of these faces thus are 5.8 mm distant from the sphere surface. It approximates the
sphere more closely than the other balls in the table. It can be calculated, that the ratios of the sides are
equal to C : D : E = sin 57o : sin 36o : sin 3o (Fig. 8). Although this ball type is not difficult to make,
because of the chamfered vertices (E) of the hexagons and pentagons, it still has the disadvantage, that
the total stitching length is comparably long: 5814 mm versus 3995 mm of the standard ball.
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Figure 8. Relative dimensions of the three different faces
This can be overcome by cutting the rectangles appropriately in four parts: into two isosceles triangles
that have the short sides of the rectangle as their bases and into two trapezoids with the longest sides
as their bases (Fig. 9). If five of the triangles are coupled with their basis to every pentagon and three
trapezoids with their longest side to the hexagons, then 12 larger ‘pentagons’ are obtained with slightly
bent sides and 20 ‘hexagons’ with alternate bent and straight sides (ref. 5).



‘hexagon’

‘pentagon’

Figure 9. The new types of faces, formed by the combination of parts from the rectangle with the
original chamfered triangles and pentagons.
Thus a construction method is found, which is quite well comparable to that of the standard ball, but
now with a number of apparent advantages. As already indicated in the foregoing, all original 62 face
parts are at the same distance from the centre and they too are more close to the circumscribed sphere.
But the new ‘pentagons’ and ‘hexagons’ are also mutually almost identical: in the flat situation they
both have the same inscribed and circumscribed circle (see Fig. 11d). Furthermore their surface areas
are very similar: the ratio hexagon/pentagon is 1.05 (in stead of 1.51 in the case of the standard ball).
The difference now is only 5.2%. The circumference of the two panel types is almost identical: only
3.7 mm difference. All faces can have the same number of stitches (see the paper model in Fig. 10a).

a

b
Figure 10. Paper model and layout of new construction.
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This implies that both panel types in this ball by the inflation of the bladder are stretched to the same
amount and that the stress distribution in the material is more uniform then in all other cases. The
required deformation to become spherical is identical and smaller than in other balls. When any of
these faces are kicked, they will feel and act similarly, so that the behaviour of the ball will therefore
be more predictable. The meeting of three faces in the vertices is flat (360o), which means that the ball
will presumably feel softer when headed than the standard ball, where this meeting has the form of a
shallow pyramid. This might reduce the danger of head injuries. As the sides of most panels are
slightly bent, the seams will follow the curvature of the ball. The total seam length is similar to that of
the standard ball.

b

a

c

d

Figure 11. The new construction method with 12 ‘pentagons’ and 20 ‘hexagons’:
a) The panels in the flat state, b) The inflated situation, c) prototype, called Hyperball,
d) A printing pattern of 32 equal circles in densest packing (inscribed circles of panels)
Possibilities for the production of this new ball are being studied. The relevant data of the various ball
types, discussed in this context, are given in the accompanying table 1 in Fig 13.



a

b



c



d

Figure 12. A similar principle can be followed for the Truncated Coboctahedron, consisting of 6
octagons, 8 hexagons and 12 squares. This number of 26 panels can be reduced to 14 by the
redistribution of the rectangles (blue lines in d).
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1

2

3

4

Truncated
Icosahedron

1st Isodistant
truncation of
Icosahedron

Isodistant
Snub
Dodecahedron

2nd Isodistant
truncation of
Icosahedron

Table 1

Distances of
faces to centre
in mm

5)
103.3
6)
100.6
Ave) 101.6

Area of
polygons
in mm2
Ratio
Max./Min. Area
Difference
Max./Min. Area
Total Area
in mm2
Total Volume
in mm3
Volumetot/
Volumetheor.
Circumference
of polygons
in mm
Total seam
length in mm
Difference of
circumference
in mm
Inscribed circles
in mm

Theoretical values:

5)
6)

All) 101.5

3390
5119

5)
6)

4281
4576

All)
3.1)
3.2)
5)

104.2
1619
1262
2963

All)

104.2

5)
6)

4369
4595

1.510

1.069

2.348

1.052

51%

6.9%

134.8%

5.2%

143072

142887

143636

144338

4836076

4833688

4988076

5012655

0.867

0.867

0.896

0.899

5)
6)

5)
6)

5)
6)

221.9
266.3

249.4
253.2

3*(3.1+3.2) =1068.9
5) 351.1

5)
6)

247.6
251.3

3995

4029

4596

3998

44.4

3.8

717.8

3.7

30.5490
38.4431

5)
6)

34.3288
38.7643

5) 8.5529
3 Large) 96.7474

All) 35.2419

Radius = 110mm
Areatheor . = 4π R 2 = 152053mm 2
Volumetheor . =

4
π R 3 = 5575280mm 3
3

Figure 13. Comparison of 4 ball concepts all transformed to a radius of 110 mm,
both in flat and in inflated situation
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ABSTRACT

A new-style machine that can measure the mechanical character of membrane material is
introduced. In order to solve the bottleneck problem in the field of membrane
material-measurement of the mechanical character of membrane material, it develops this
machine. The background, theory, structure, function and characteristic of the testing machine
are expounded. The testing result by an example is also expounded.
PAPER

1. Research background
From the beginning of the Shanghai stadium, there has been about ten years in China of
modern membrane structure. Because of its modern article expressive force and the different
mechanical performance to traditional structure, research and application of membrane
structure has been recognized by architectures and researchers. Theories including analysis of
forming, load and clipping has been developed to a comparative level. The designing software
of membrane structure also has been applied in extensive field. The modern membrane
material is made of grass roots, coats and surface layer. The grass roots, which decide the
mechanical characters of membrane material, are weaved by textile fibers. Coats and surface
layer, which can clean there selves, resist pollution and are perdurable, protect grass roots. By
the development of membrane structure, the lack of research of mechanical characters of
membrane material has been one of the factors that restrict the development of membrane
structure in China. Nowadays in China, there are not testing standard for test mechanical
characters of membrane material and the international testing standard include Germany,
American, British and Japanese standard. So the development of research of testing method
and testing machine for membrane material has been a bottleneck of the development of
membrane structure domain. The civil engineering school of Tong ji University of Shanghai
China progress the basically testing research of modern membrane material and impolder the
biaxial testing machine. This testing machine can test the stretching strenth, elongation,
avulsional strength, modulus of elasticity for single axis and biaxis and other mechanical
characters.
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2. Testing theories of biaxial testing machine
2.1 The stretching strength and elongation
2.1.1 Testing method
The stretching strength, elongation and load-displacement curve can be gained by using
single axis test.
L − L0
εb = b
%
L
0
Elongation can be expressed as:
(1)
Lb
—measured length when membrane crack
L0 —availability length
2.1.2 Size of specimen
The specimen is oblong, whose total length L>300mm, breadth is about 50mm, the length
of middle part of specimen L0>200mm. The shape of testing sample was showed in figure 1 and the
testing standard for single-axis testing of membrane material was showed in table 1.
Clipping part

Clipping part

B
d

sample

B

L0
L

Clipping part

B-10mm

d

L

Figure 1. The shape of testing sample for the measurements of tensile strength and extending ratio
Testing
standard
Dimension of
clipping
part(mm)
Width of
sample(mm)
Loading
speed(mm/min)
Testing
target

BS 3424

DIN 53354

ASTM 4851

JISL1096

ISO 1421

200 ± 1

200

75 ± 1

200

200 ± 1

50

50

25.4

30

50

100 ± 10

100 ± 10

50 ± 3

200 ± 10

100 ± 10

Pf

(N/5cm)

ε f (%)

Pf

(N/5cm)

ε f (%)

Pf

(N/2.5cm)

ε f (%)

Pf

(N/3cm)

ε f (%)

Pf

(N/5cm)

ε f (%)

Table 1. The testing standard for single-axis testing of membrane material

2.2 Tear strength
2.2.1 Testing method
Presently, the measurement of tearing strength includes the methods as single tongue tear test,
double tongue tear test and trapezoidal tear test.
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2.2.2 Size of specimen
The shape of testing sample was showed in figure 2.

25
Marking

60 20

line

80

Clipping

20
20

10

line

50

100

Clipping

Clipping

line

line

25

100
150

75

25

200
single tongue tear test
trapezoidal tear test
Figure 2. The shape of testing sample of test for tearing strength

2.3 Modulus of elasticity and possion ration
2.3.1 Testing method
The membrane materials usually are in the state of biaxial stress, so the correct method to
test the modulus of elasticity is to use biaxial tensile testing machine. This material is not
elastic material, but a kind of composite material, which possesses high unlinearity. This
material’s modulus of elasticity is effected by exterior condition, and the testing result is very
discrete. So the testing modulus of elasticity static value that aimed at the true stress state of
the membrane material. It use X style sample and loading on warp and weft direction at the same time
with different load ratio (warp: weft=2:1, 1:1,1:2, 1:0, 0:1). And at the same time gather the strain value at
the centre of specimen in warp and weft direction. So we can gain the stress-strain curve and compute the

material’s modulus of elasticity

EX

、

EY

ν X 、ν Y .

and possion ration.

2.3.2 Size of specimen
The shape of testing sample was showed in figure 3.
The interval is more than 48cm
The width is of arm is more than 16cm
The length of arm is more than 16cm

Interval
between
clips
Cillping
position
Width of arm

Length of arm

Figure 3. The shape of testing sample for the biaxial testing
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2.3.3 Shear modulus
EX

ν

E

ν

E

、 Y and possion ration. X 、 Y and 45 , which is
the modulus that warp and tension is 45°, we can compute the shear modulus by using the
formula advised by IASS:

By using the material’s modulus of elasticity

1
4
1
1 2ν X
=
−
−
+
G E45 E X EY E X

(2)

3. Introduction of biaxial tensile testing machine.
The biaxial tensile testing machine was prepared by Tongji University. It is a new type of

machine that can measure many mechanic characteristics mentioned before. The machine is
showed in figure 4.

Figure 4. Biaxial tensile testing machine

3.1 Introduction of theory of machine
The biaxial tensile machine is for the use of testing the modulus of elasticity, stress strength and other
mechanical properties of membrane material. By using the electrical machine to bring to bear tensile load
to the specimen and using sensor to measure the value of tensile in the course of test, and at the same time
using displacement sensor to measure the displacement of specimen, this machine can carry out
load-displacement curve at the state of single axis and biaxial from which we can compute the modulus of
elasticity, stress strength and other mechanical properties of membrane material. Specimen is X style,
which is fixed in the center of the testing machine. The four boundary of specimen are fixed by the clipper
and the displacement sensor is fixed in the center of specimen. As equipment that applying load, the servo
electrical machine is fixed at the bottom of leading screw, and at the same time, the value of load is
recorded by sensor. There is a displacement sensor at the center of specimen which can transfer the value of
displacement. Using these data, the software can protract load-displacement curve. Because the two servo
electrical machines are fixed in two direction (warp and weft) and can work at the same time, this
biaxial tensile machine can make biaxial test and to-and-pro test.

3.2 Performance of machine
3.2.1 Performance in the mass
Power supply: 380v AC drive power.
Scope of measurement: tensile load (0~10000)kN
Speed of test: displacement (6~50)mm/s
Ration of test: 1:1, 1:2, 1:3, 1:4
3.2.2 Read and write of data
Control software: windows 2000, MCGS software
Output of data: the testing curve is outputted on the screen of computer
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3.3 structure of machine
The structure of each part is showed in figure 5 .

(a) view from front
(b) view from upward
Figure 5. Structure of mechanical part
1-leading screw, 2-fixing unit for leading screw, 3-clip for membrane, 4-fixing plate, 5-displacement
sensor, 6-tensile load sensor, 7-installation for load, 8-main frame

3.4 Purpose of machine
As mentioned above, the biaxial tensile machine is for the use of testing the modulus of elasticity,
stress strength and other mechanical properties of membrane material in the state of single axis and biaxial.
It can make a to-and-fro test and give the to-and-fro load-displacement curve. Some examples about the
testing results by using this machine are showed in figure 6.

(a)

(b)
(c)
Figure 6. Examples about the testing results
(a) Load-displacement curve of single-axis tensile process, (b) Load-displacement curve of
single-axis loading-unloading process, (c) Load-displacement curve of biaxial tensile process

4. Epilogue
As mentioned above, the lack of research of mechanical characters of membrane material
has been one of the factors that restrict the development of membrane structure. The biaxial
tensile machine provide a necessary testing instrument.
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ABSTRACT

The measurement of the tensile cable is an important problem in the field of civil engineering. This
paper introduces the theory and application of some method such as hydraulic pressure method,
pressure sensor method, frequency method, vibrating method, three points bending method and
elsto-megnetic method.
PAPER
1. Background of research
It can be proved that the cable structure has developed for long time. Theory about analysis and calculation
for this kind of structures had been developed to a very advanced level. However, the theory and methods
of checking and measuring the tension of cable should have been developed.
Nowadays, there are sume methods for measuring value of tension of cable as hydraulic pressure
method, pressure sensor method, frequency method, three points bending method and elsto-megnetic
methods. However, each method has its own advantage and shortcoming . So, how to select the right
method in different statement has become an very important problem. These methods will be
introduced one by one in this passage and advantage, shortcoming and applicable field of methods also
will be expressed here.

2. The theory and application of these methods
1) hydraulic pressure method
At present, tensile cable is drawed by jack, so the cable tension can be measured by use some meter to
measure the hydraulic pressure of jack.
2)pressure sensor method
By using a pressure that installed at jack, the tension of cable can be measured.
3) frequency method
Figure 1 shows the model of tensiled cable. If beated, the cable’s wave can be calculated with the
theory of vibration. Formula 1 shows the method that can caculate tension of cable.
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T = ρv 2 =

—
—

（1）

q 2
v = 0.102qv 2
g

ρ density of cable
v speed of vibration
Figure 1.

model of tensiled cable

4) three points bending method
Figure 2 shows the part-deformation at three point in the cable. Formula 2 shows the method that can
caculate tension of cable.

P = 2T sin(α / 2)
δ = Pl / 4T

(2)

Figure 2. model of three points bending method
5) elsto-megnetic method
Figure 3 shows the basic theory of this method. The direct current is imported into the primary coil.
According to Faraday’s law, at the same time, because there is cable in the center of this system, instaneous
current would be present in the second coil. So we can mesure the instaneous voltage. This voltage is
depended on the magnetic permeability of cable. Therefore the magnetic permeability is also depended on
the cable’s stress. So the tensile stress of cable can be known by measuring the instaneous voltage of
second coil.

Figure 3. model of elsto-megnetic method
3. Advantage, shortcoming and applicable field of different methods
Advantage, shortcoming and applicable field of methods mentioned before are showed in table 1.
method

hydraulic pressure
method

advantage
Mature and being used
in a large field

shortcoming
Only being used in the
stage of drawing. Can
not be get used in the
stage of application.
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pressure sensor method

Mature and being used
in a large field

Only being used in the
stage of drawing. Can
not be get used in the
stage of application.

stage of drawing

frequency method

Mature and being used
in a large field. High
accuracy
Easy operating

Needs high accuracy of
boundary.

stage of drawing and
application

Unmature and needs to
be developed

stage of drawing and
application

Unmature and needs to
be developed

stage of drawing and
application

three points bending
method
elsto-megnetic method

Easy operating, High
accuracy

Table 1. Advantage, shortcoming and applicable field of different methods
4. Concluding remarks
The measurement of the tensile cable is an important problem in the field of civil engineering. This
paper introduces the theory and application of some method such as hydraulic pressure method,
pressure sensor method, frequency method, vibrating method, three points bending method and
elsto-megnetic method. As we know, some steel cables that used in bridge are fitted in plastics. So,
some methods such as hydraulic pressure method and pressure sensor method are not suitible for
measure value of tension in cable-bridge. The frequency method is used in the middle of cable, so
some uncertain factors such as the length, area and etc. will lead some mistakes of measuring result.
So, as mentioned above, selecting a crrect method and even researching a new theory and method has
became the neck-bottle in the field of cable-structure. There is a long way to go.
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Abstract
The use of Nurbs curves and surfaces is quite extended in many industrial and computer aided design
applications to cover aesthetics or functional aspects of product design. The aim of this paper is to use
NURBS (Non Uniform Rational B-Splines) fitting techniques to represent tensile membrane
structures. These equilibrium shapes with double curvature are easy to represent using parametric
surfaces. The proposed method combines structural techniques (formfinding) with geometry
techniques (NURBS) to obtain the final shape of a tensile structure. The main benefit of this method
is that the time required to achieve any shape is clearly reduced. It allows designers the possibility of
manipulating and obtaining easily different equilibrium shapes in real time.
1. Computer based tools for the design of Tensile Structures
A diagram representing the Tensile Structure Design Process is shown in ‘Figure 1’. Some stages
need to be completed, from the conception of the structure to its realization. Computer based tools are
used to help designers and engineers at each stage of the process. These tools can be divided in:
 Conception Tools: equilibrium shapes can be obtained using formfinding techniques.
 Analysis: used for the stress validation of the obtained equilibrium shapes under applied loads.
 Cutting Pattern: the cutting patterns of the membrane are automatically generated.

Figure 1. Tensile Structure Design Process.
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The aim of this paper is to propose a method for the representation of equilibrium shapes of tensile
structures in real time, to be used in the conception stage of the design process. There are some
commercial computer-based tools that can be used to obtain equilibrium shapes but there is a general
lack of functionality in all these tools, which makes it difficult to generate shapes in an easy and fast
way.
The main functionalities required for a conception tool to be useful in the design of tensile structures
are indicated as follow:







Easy interface: a user-friendly interface is needed to interact dynamically with the model
using the mouse. Dynamic zoom, rotation, translation and edit functions should be included to
generate the initial geometry of the structure and to apply the necessary boundary conditions
and loads easily.
Real time manipulation: the user should be able to modify the obtained equilibrium shape in
real time in order to generate different equilibrium shapes easily.
Surroundings representation: it is necessary to visualize the surroundings of the structure
(buildings, trees or any other object) to dimension and scale the tensile structure
appropriately.
Structural Parameters: the parameters of the structural net and the formfinding should be
editable by the user.
Import & export data: it is necessary to import and export the results to neutral file formats
(dxf, dwg, igs, etc) to be used later in other CAD applications.

2. Proposed Method for the Representation of Tensile Structures in Real Time using NURBS
In order to comply with the indicated functionalities, the proposed method (‘Figure 2’) combines
structural (formfinding) and geometric (NURBS fitting) techniques to obtain the equilibrium shape of
a tensile structure in real time.



Structural: The first step of the method consists on calculating the equilibrium shape using
the Force Density Method [Scheck 1974] as formfinding technique. The net size used for the
analysis makes possible to reduce considerably the time required to complete the analysis.
Geometric: Once the equilibrium shape is obtained, NURBS Fitting techniques [Roger & Fog
1989; Piegl, LA. & Tiller,W. 1995] are used to represent a smooth parametric surface that
passes through the points obtained in the previous formfinding step.

The main advantage of the proposed method is that the equilibrium shapes are obtained in real time,
using a structural net with very few nodes and elements in the formfinding stage. From the calculated
equilibrium net, a mathematical function of a surface (NURBS) that fits the net is obtained.

Figure 2. Proposed method for the representation of tensile membrane structures.
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Figure 2 shows the necessary steps to complete the proposal method for the representation of tensile
structures in real time, which are described as follow:
 Grid Generation: An initial grid (Figure 2a) is created to be used later in the formfinding step.
This structural net has the minimum nodes and elements needed to obtain the double
curvature of the membrane.
 Form-Finding: The Force Density Method is used (Figure 2b) as formfinding technique to
obtain the equilibrium shape of the membrane using the previous structural net.
 Surface Fitting: A surface fitting technique is used to find the NURBS surface that fits the
points of the equilibrium shape (Figure 2c).
 Surface Trim: The surface is trimmed using the boundary curves of the membrane (Figure
2d).
 Render. The final shape of the tensile structure is represented in render mode (Figure 2e).
The proposal method is the kernel of an application that has been implemented, used for the design of
tensile structures.

3. Results
The application built has been used to test many algorithms and to adjust the proposed method for the
representation of tensile structures in real time. In this section are shown some results of equilibrium
shapes and computation times are given.
The main advantage of this method is that the time required to obtain the shape of a structure is
clearly reduced. ‘Figure 3’ shows an example of a tensile structure with 9 fixed vertices. The
equilibrium shape has been reached and the results are analyzed from the structural and the geometric
point of view:


Structural: Different net sizes have been used at the formfinding stage in the example.
‘Figure 3a’ uses a net with 41 nodes to calculate the equilibrium shape. ‘Figure 3b’ uses 81
nodes and ‘Figure 3c’ uses 181 nodes. Although the render view seems quite similar in the
three examples, the required time to calculate the equilibrium shape varies significantly.
According to Table 1, the time needed for calculating the shape of ‘Figure 3a’ is 0.006
seconds, being the time for ‘Figure 3c’ of 0.246 seconds, which is 40 times greater.



Geometric The required time to obtain the fitted surface does not depend on the number of
nodes of the equilibrium shape. This time depends on the size of the mesh control used to
represent the surface, which is the same for the three models.

Table 1 shows the computational time needed for each step of the proposed method and the total time.
It can be seen that the total time needed to represent the model given on ‘Figure 3a’ (0.038 seconds) is
ten times less that the time required to obtain the model shown in ‘Figure 3c’, which is 0.326 seconds.
The render shape of the membrane is practically the same in both models, which is appropriate for the
representation of tensile structures during the conceptual design process.
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Figure 3. Example of tensile structure with different net sizes.
N of Nodes

Grid

FormFinding

Surface Fit

Surface Trim & Render

Total time (seconds)

41
81
181

0.009
0.017
0.051

0.006
0.031
0.246

0.002
0.004
0.008

0.021
0.021
0.021

0.038
0.075
0.326

Table 1. Computation times (given in seconds) for different net sizes.

4. Computer implementation and examples of the proposed method
‘Figure 4’ shows some snapshots of the application built, which allow users to generate tensile
structure shapes and manipulate them in real time according to the method proposed in section 2.
Users can interact directly with the model by picking any vertex of the structure and dragging it with
the mouse. The shape of the structure is modified in real time by the user until the desired position is
reached.

Figure 4. Snapshots of the application for the representation of tensile structures.
The application has been implemented to test many algorithms and to adjust the proposed method.
The net size and orientation used for the structural analysis can be modified. It is also possible to
modify the fitting parameters of the generated NURBS surfaces, as the size of the mesh control or the
values of the smooth parameters which control the smoothness of the obtained surface.
The values of the Force Density parameters and the applied forces may also be changed, obtaining
different equilibrium shapes in real time as shown in ‘Figure 5’.

Figure 5. Equilibrium shapes generated under different external forces in real time.
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The equilibrium shapes can be easily exported to a neutral format, to complete the model using other
CAD systems. Figure 6a Figure 6b show different views of a project to cover three tennis courts using
a tensile structure. The equilibrium shapes of the structure have been calculated using the proposed
method and then exported to a CAD system to complete the needed details, as beams, cables or
supports. A scale model built using Rapid Prototyping techniques is shown in Figure 6c Figure 6d.

(a)

(b)

(c)

(d)

Figure 6. Tensile structure to cover three tennis courts. (a)&(b)Equilibrium shapes obtained
using the proposed method. (c)&(d) Scale model built using Rapid Prototyping.

5. Conclusions
The proposed method complies with the requirements given for the tensile structure design process.
The required time to represent tensile membranes has been significantly reduced, offering the
designer the possibility to obtain different design alternatives in short time in an easy way.
A computer application has been built to test the different algorithms and to study their efficiency. It
is quite simple to generate and modify shapes in real time, assign material, loads or modify the
boundary conditions of the model. A designer can get accustomed to the application in very little
time.
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Abstract
This paper introduces a unique solution for rapid deploy requirement, Deployable Tension-Strut
Structure (DTSS), which is proposed to be as rigid as conventional lattice structures and can be built
as quickly as constructing deployable space frame due to its deployability. Four types of DTSS with
different span lengths are proposed as the bases. They are analyzed and found comparable to
equivalent lattice structures in terms of structural efficiency. In addition, these non-linear analyses
show that the optimum design parameters such as Span/Depth ratio are similar to that of conventional
space frame. Prototypes are built in various materials such as plastic, aluminium, and steel to assure
that the concept of deployability actually works. Although prototypes may not provide analitical
assessment but they provides good information about manufacturability and constructability, which
cannot be found from numerical modelling. The physical models offer good experience for building
DTSS in industrial practice.
1. Introduction
Various designs of space frame have been proposed to accommodate social demand for structural
integrity, lightweight, aesthetics and creativity, or rapid construction and removable. The most
dominant concept must be named as the double-layer space frame, tensegrity described by Motro
[2003], and deployable space frame introduced by Gantes [2001]. However, these structural concepts
are not to cover combination of demands which are listed above.
This paper introduces Deployable Tension-Strut Structures (DTSS), which can be as structurally
effective as conventional double layer space frame and can be deployed as fast as previously proposed
deployable structures.
This structural concept can be implemented with many different structural forms. However, within the
limited space of this paper, the key structural forms are studied and compared to conventional space
frame.
2. Design concept
Four systems of DTSS are introduced in this paper: Pyramid-On-Pyramid, Pyramid-In-Pyramid,
Pyramid-Pantograph-Cable, and Pyramid-Pantograph-Pyramid.
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Top
“Pyramid”

Locked by
add-in cable
Bottom
"Pyramid"

Passive cables
To restrain deployment

Figure 1. Deployment of Pyramid-On-Pyramid structure
Passive cables
restrain

Central
joint slide
up

Inner
“Pyramid”
on top
Add-in locking
component
Outer
“Pyramid”

Pyramid-On-Pyramid structure is
composed of two pyramids attached to
each other at their base as shown in
Fig. 1. The “Pyramid” consists of four
struts, connected in the center by a
pinned joint, to which a detachable
strut is attached.
Pyramid-In-Pyramid
structure
is
composed of two pyramids attached at
the base but within each other. The
“Pyramids” are formed by four pinned
connected struts as in the POP
structure. The deployment of PIP is
achieved by sliding the central
joint along the central rod and
locking in its final configuration as
shown in Fig. 2.

Figure 2. Deployment of Pyramid-In-Pyramid structure.

Middle cable

"Pyramid" on
top

Locked by
add-in
cable

Pantograph
System

A new class of structures combing
in scissor-like elements (SLE) and
pyramidal elements is proposed.
These interlinked SLE forms
a kinetic chain which
increases the depth and
facilitates deployment of the
structure.
PyramidPantograph-Cable
is
stabilized into the deployed
state by attaching the locking
cables to the top pivot as
shown in Fig. 3.

Bottom cable

Figure 3. Deployment of Pyramid-Pantograph-Cable structure.
Cables
restraint the
deployment

"Pyramid" on
top

Pyramid-PantographPyramid structure (PPP) is
another SLE-based system. A
"Pyramid" is placed under
the SLE system as shown in
Fig. 4. The structure is
deployed and stabilized by
attaching and pre-stressing
the central locking cable.
3.
Optimum
Parameters

Locked by
add-in cable

Pantograph
System
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"Pyramid"
underneath

Figure 4. Deployment of Pyramid-Pantograph-Pyramid structure.
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compare
the
structural performance of
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different DTSS. Non-linear analysis is used to analyze the DTSS.
The studying structures are designed and analyzed by an iterative process where the optimal sections
are chosen from Handbook of structural steelwork, 2002 to satisfy the codes limit state criterion (BS
5950. Part 1: Structural use of steel works in building, 2000). One section size is chosen for each type
of structural member e.g. diagonals, top struts. The struts are made of circular hollow sections with
yield strength of 275 N/mm2 and the high-tensile cables are made of steel with breaking stress of 1089
N/mm2. The Young modulus of the steel is taken to be 210x103 N/mm2 and the Young modulus of the
high strength steel cable is 145x103 N/mm2.
The imposed live load of 0.75 kN/m2 is applied on all structures, which is common for heavily loaded
roof. The load is assumed to be distributed at the bottom nodes of the structures. Spans ranging 24 m,
36 m, 48 m and 60m made of 8x8, 10x10 and 12x12 modules with span to gross height ratio of 8, 10
and 12 is considered. All boundary nodes are restrained against displacements. The serviceability
deflection limit is taken as 1/200 the span of the structure as prescribed by BS 5950:2000, Part 1.
Structural efficiency of structures is evaluated by structural efficiency index SEI as defined in Vu et
al (2006).
3.0

Pyramid-Pantograph-Pyramid Structure

2.5

SEI

2.0

Double-layered Space Frame

1.5
1.0
0.5
0.0
0

5

10
Configuration label

15

(left to right: span length 60 m – 36 m)

Figure 5. Structural Efficiency of Pyramid-Pantograph-Pyramid and Space Frame
It was found out that the structural efficiency of the proposed Pyramid-Pantograph-Pyramid structure
is comparable to that of conventional double-layer space frame as shown in Fig. 5.
High SEI can be observed with the number of modules of 6x6 to 10x10 for any DTSS with any span
length. Higher number of modules will cause higher self-weight while lower number of modules may
reduce stiffness of the structure and both cases would lead to reduction in SEI.
The optimum Span/Height ratio is 8 to 10. The optimum configuration is corresponding to the highest
SEI. When the Span/Height ratio is higher than the optimum range, the stiffness of the structure is
much lower and the structural behaviour is closer to membrane. When the Span/Height ratio is lower
than the optimum range, the diagonals are long and slender, and the self-weight of structures is higher.
The structural behaviour in this case is closer to short beams. The word “Height” is used in stead of
conventional word “Structural Depth” because the structural depth of DTSS is different from its
height due to the inclination of top struts.
Combining the optimum parameters Number of modules (6 to 10), Span/Height (8 to 10), the
optimum shape of a structural module can be determined as follows: Span/Module Width = 6 – 10,
Span/Module Height = 8 – 10,
 Module Height/Module Width = 0.6 – 1.2.
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4. Prototypes and Testing
Prototypes are built to verify the concept of deployment and structural stiffness. Figs. 6 to 8 shows the
deployment of prototypes of Pyramid-On-Pyramid structure, Pyramid-Pantograph-Cable structure, and
Pyramid-Pantograph-Pyramid structure.

Figure 6. Prototype Deployment of Pyramid-On-Pyramid structure.

a. Fully folded

b. During deployment

c. Fully deployed and stabilised

Figure 7. Prototype Deployment of Pyramid-Pantograph-Cable structure.
Lifting
force

a. Fully folded

b. During deployment

c. Fully deployed and stabilized

Figure 8. Prototype Deployment of Pyramid-Pantograph-Pyramid structure.
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5. Applications
Deployable strut-tensioned structures are potential to be the supports for membrane structures,
resulting in a system of light-weight and rapidly erected enclosures. Figure 9 shows the use of
Pyramid-Pantograph-Pyramid structure as a rigid supporting arch for a novel membrane structure
named as Butterfly-wing structure proposed by Tran and Liew [2005].

a. Two-wing

b. Three-wing

c. Four-wing

Fig. 9. Butterfly-wing structures

Table 1. Amount of slackened cables for 3 threewing butterfly structure, 12 modules arch
L/h
Total alongSlack alongSlack
arch cables
arch cables
Total
15
20
25

144
144
144

6. Conclusions

66
60
60

0.46
0.42
0.42

Total weight (kg/m 2)

The arches are allowed to be rotateable about the hinge support and kept in inclination position by
membrane and fans of anchor cables. Various striking butterfly-wing forms with anticlastic membrane
surface are created as shown in Fig. 9. Membrane tensioning is attributed a part to the self-weight of
the arches, reducing erection time and cost. Innovative DSTS supporting make Butterfly structure able
to enclose large clear space very rapidly. However, the inefficiency of the deployable strut-tensioned
system lies in the cable layers along the arches which subject to compression under applied loads.
Table 1 shows that about half amount of along-arch cables of a three-wing butterfly structure are
slackened under wind uplift of 0.45kN/m2. Structural efficiency of the system can be improved by
using struts to replace those along-arch cables, resulting in about 20% total weight reduced (Fig. 10),
at the expense of more time consumed for strut assembling. However, the strut assemblage can be
done very simply and rapidly (bolt connection) when the arches are in fully deployed configuration.
15
14
13

Unmodified
Modified

12
11
10
10

15

20

25

30

L/h ratio

Fig. 10. Total weight improved by modified arch

Four forms of Deployable Tension-Strut Structures are introduced to be structurally effective and can
be deployed rapidly as verified by prototyping. Numerical studies show that the optimum shape of
module should satisfy the condition Module Height/Module Width = 0.6 – 1.2. A potential application
of the proposed system for Butterfly-wing structure is discussed.
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Abstract
This paper presents an alternative deployable shelter system which is constituted of deployable space
truss and an anticlastic stressed membrane. By employing an innovative deployable supporting
system, the shelter has the capability of enclosing large span space while being able to be erected
rapidly and transported easily. The use of lightweight stressed anticlastic membrane helps to reduce
the secondary structural components. In addition, by replacing conventional vertical arches with
inclination arches, the structure achieves lateral stability without bracing and the membrane achieves
more advantageous curvature surface. Moreover, this inclination arrangement facilitates the entire
structure to be deployable, resulting in further rapid and effective erection on site. Parametric studies
are carried out to determine the effective geometrical properties for the deployable shelter. Large
scale prototypes of the proposed shelter systems have been carried out. The deployable shelter system
has been developed for military applications such as temporary aircraft hangars, or emergency
shelters.
1. Introduction
Lightweight shelter systems are used in many industry and military applications. The shelter system
normally has modular design and they are made of lightweight materials for the ease of transportation
and erection. Various ranges of different scales and sizes of space enclosure using lightweight
membrane have been developed [Hatton 1979]. In general, the shelter systems can be categorized into
three generic types:
•
•
•

Unstressed membrane shelter
Stressed membrane shelter
Anticlastic membrane shelter

Unstressed membrane shelter systems are tent-like. They comprise series of rigid supporting frames
with an unstressed fabric membrane placed loosely over. The membrane thus needs to be heavy to
prevent the fabric from fluttering. These shelter systems have the advantages of simple erection and
low cost. However, the supporting frame is heavy and bulky due to secondary structural components
and bracings. Therefore, they often take time for installation and removal, as well as more manpower
involved. These shelter systems thus are not used for large span applications but often aimed at
camping tents like the Modular general tent system [Eureka tent].
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Stressed membrane shelter systems are characterized by the membrane fabric panel stretched between
extruded/grooved rigid supporting frames (often using hydraulic jack [Drew 1979]). Unlike
unstressed membrane which acts merely as roofing material, the prestressed membrane is acting as
tensioned structural component to resist loads, resulting in lighter supporting frames. However,
secondary members as purlins are required to maintain the membrane stress between rigid frames.
Therefore, the system is lighter than unstressed membrane shelter but suffering the same problem of
high erection and strike times due to bulky frames and complicated jacking works [Drew 1979].
Anticlastic membrane shelter systems consist of saddle form membrane hung and stressed between
series of vertical supporting frames. The membrane is stressed in double curvatures by patterning into
number of discrete sections. This allows a lighter fabric, partially eliminates secondary bracing.
Furthermore, as the membrane is point-connected to the supporting frames, it is convenient to use
space truss for large span frame with higher structural efficiency as frame members are placed in
direct compression and tension without the requirement to resist bending forces.
Recently, deployable shelter systems have been developed to improve further their capability of rapid
erection and easy transportation. The advantages of deployable structures are the compact
configuration in transportation and rapid erection on site. Shipping and construction cost therefore can
be reduced significantly. The strike time is also faster and simple due to their collapsibility, thus they
are very suitable for temporary shelter systems. However, deployable structures often possess weak
stiffness as mentioned by Gantes [2000], therefore their applications are limited.
This paper introduces a new deployable shelter system using anticlastic membrane supported by
expandable space truss of high structural efficiency. Conceptual design and its versatility are
discussed. Parametric studies are carried out to determine optimum geometrical paratemeters of the
proposed shelter.
2. Design concept
Two key principles in the design of the shelter are:
•
•

The use of a lightweight stressed anticlastic membrane
A deployable supporting frame of large span capability

In order to accommodate these design principles,
a deployable tension-strut system is proposed for
the supporting frame. This innovative deployable
structure which was first proposed by Vu et al.
[2006] has the capability of rapid erection and
transportation on site yet having equivalent
weight and structural efficiency as of doublelayer space truss. On the other hand, the
membrane is patterned to form double curved
panel stressed between vertical supporting
frames. This stressed anticlastic membrane
surface helps to partially eliminate secondary and
bracing structures between supporting frames.
Furthermore, the membrane fabric can be thinner
and lighter as it will not have to resist
degradation and stressing induced by fluttering.
Configurations of a deployable tension-strut
module in folded and deployed states are

Cables
layers

Scissor-like
elements

Pyramid
struts

Add-in
cable

Figure 1. Module configuration - deployment
(Vu et al. 2006) and prototype
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illustrated in Fig. 1. It is constructed from two pyramid struts and four scissor-like element struts
which are all pin-connected. With this arrangement, the module can be folded and deployed
efficiently. The deployment of each module is constrained by the length of two layers of cables. The
final configuration of the module after deployment is stabilized by attaching and pre-stressing the
central add-in cable as shown in Fig. 1. The supporting frame is constituted from series of identical
modules connected together, forming a deployable space truss with an arch shape. Deployment of the
truss arch is relied on deployment of modules. When the truss arch is deployed, all modules are
deployed simultaneously due to joint constraint. The deployment process of the deployable truss arch
is illustrated in Fig. 2.

Figure 2. Deployment of a deployable truss arch
Fabric membrane is connected to the
arches once they are deployed and placed
in position. With membrane attached, the
arches are laterally braced along there
length. The membrane is allocated in a
single panel to be stretched in between
each pair of arches. Pre-tension is applied
on membrane by means of turnbuckle at
connecting points. Anticlastic shape helps
to tension the fabric evenly, prevents it
from flapping and allows the use of lighter
material.

Figure 3. External supporting shelter

Figure 4. Internal supporting shelter
The fabric membrane can be attached to
the arches either at bottom joints to
expose the supporting trusses (Fig. 3) or at
top joints to cover the whole structure
(Fig. 4). The point connection ensures that
the truss members are subjected pure
compression or tension. An alternative
Figure 5. Alternate external supporting shelter
option is illustrated in Fig. 5 where the
membrane is attached to the arches at
lower middle joints. The void at each arch location can be enclosed by a curved transparent plastic
attached underneath each arch. This can serve as both drainage gutter and skylight to provide daylight.
4. Deployable shelter
Based on the design concept of
stressed anticlastic membrane and
deployable supporting truss but with a
different arrangement of the arches, the
whole shelter can be made deployable
to facilitate fast-track erection. Here
the supporting truss arches are not
arranged vertically as normal but in
inclination position as shown in Fig 6.

Anchor
cables

Trolley

Ground beam

Anchor
points

Safety strut

Figure 6. Deployable shelter using inclined arches
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Each arch is inclined to the adjacent arch so that their peaks meet at a tangent and are connected
together. This design provides the lateral stability for the whole structure without the need of bracing.
Furthermore, with the use of ground beam, the whole structure can be pulled and deployed easily so
that the construction time and cost can
be reduced.
Deployment of the shelter is
performed in the manner as of an
accordion as shown in Fig. 7. The
(a) Arches are installed upright
joint at peaks of the two connecting
arches are designed to allow them to
rotate perpendicular to their plane.
The arches are supported on the
trolleys which can slide along the
(b) Arches are slided along ground beam
guide track during the deployment.
When the trolleys of the two end
arches are pulled outward, the whole
structure
will
be
deployed
simultaneously. At the initial stage,
(c) Membrane is stretched to final configuration
the deployment of the shelter is
facilitated by the self-weight of the
Figure 7. Deployment process of the deployable shelter
arches. Temporary masts are required
to control the gradually movement of the arches. The deployment also helps to open and tension the
membrane efficiently without the need of turn-buckles or hydraulic jack. When the self-weight of the
arches is in balance with the tension force in membrane, two fans of cables at each end arch are
applied tension forces against the anchor points until achieving the final configuration of the shelter.
Each cable fan has a safety strut designed to resist self-weight of the arch to prevent structure collapse
due to accidental damage happens to membrane (Fig. 6). When the shelter is in deployed
configuration, all arches are fixed to the ground beams.
5. Shape efficiency of deployable shelter

Saddle membrane

The membrane shape of the deployable shelter is
characterized by the saddle surface between two inclined
arches. There are two major parameters control the membrane
shape of the deployable shelter which are the inclination angle
α and the rise/span (H/L) ratio. The inclination angle α, the
rise H, the span L and the radius R of the arch are illustrated
in Fig. 8. The relationship between H, L and R can be defined
as:

4 H 2 + L2
R=
8H

Truss arch

H
L

(1)

R
O

It is possible to adjust the inclination angle α and the rise/span
Figure 8. Front view and elevation
(H/L) ratio of the arch in order for the saddle membrane to
resist load more effectively. Assuming that the shelter is
view of the arches
2
subjected to a wind pressure of 0.3kN/m applied normal to
the membrane surface (both uplift and down ward directions) and supporting arches are rigid.
Prestress in membrane is set at level of 4kN/m in both warp and weft directions. Table 1 shows the
maximum membrane stresses subjected to downward and uplift wind pressure. The results are plotted
accordingly in Fig. 9. It can be observed from Fig. 9 that the maximum membrane stress tends to
decrease when the H/L ratio increases. The reason is that an increasing H/L ratio results in the
increase of the altitude difference between the higher points and lower points of the saddle membrane,
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thus providing more curvature surface. The more curvature the smaller the forces that will develop as
the result of applied loads. Smaller forces results in lighter structures. When H/L ratio is smaller than
1/3, the maximum membrane stress increases suddenly as the membrane becomes too flat.
H/L

Wind downward pressure
α = 45° α = 60°
12.73
13.69
20.55
11.33
13.4
23.72
12.35
13.5
21.08
14.88
18.78
30.83
22.94
29.36
40.21

α = 30°

0.5
0.375
0.333
0.25
0.167

(a) α = 30°

(b) α = 45°
Wind downward
Wind uplift

0.1

0.2

0.3

0.4

H/L ratio

0.5

0.6

40
35
30
25
20
15
10

Max stress (kN/m)
.

35
30
25
20
15
10
5

Wind uplift pressure
α = 45°
α = 60°°
15.46
16.42
22.53
14.47
17.44
26.62
18.12
17.96
26.12
24.00
25.61
36.43
28.61
35.28
44.82

α = 30°

Table 1. Maximum membrane stresses (kN/m) subjected to wind pressure
Max stress (kN/m) .

Max stress (kN/m) .

On the other hand,
maximum
membrane
stress
also
increases
significantly
when
inclination angle α
is
increased up to 60°. This
is because the angle
between two the inclined
arches become too small.

50

Wind downward

(c) α = 60°
Wind downward

40

Wind uplift

Wind uplift

30
20
10

0

0.1

0.2

0.3

0.4

0.5

0.6

0.1

H/L ratio

0.2

0.3
0.4
H/L ratio

Figure 9. Maximum membrane stress vs. H/L ratio for different α
Therefore, it can be concluded that the membrane shape of shelter is effective when H/L ratio is larger
than 1/3 and the inclination angle α smaller than 60°.
6. Conclusion
A new type of deployable shelter system based on the use of lightweight stressed anticlastic
membrane and deployable arched frame has been proposed. Innovative deployable truss arch enables
the shelter system to enclose large span space in a short time. The anticlastic fabric membrane helps
to reduce the requirement for secondary and bracing structure. Different forms of the shelter system
using either vertical arches or inclined arches have been introduced. Inclined arch arrangement
facilitates fast-track deployment of the whole shelter and helps to tension the membrane efficiently.
The erection time and cost therefore can be reduced. Shape efficiency studies have been carried out to
determine the most optimum design parameters for the proposed deployable shelter. A full scale
prototype of 17.8m shelter for container covering is being built. By the time of the Conference, more
details and information on this prototype will be given.
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Abstract
In this paper, we present a numerical algorithm for tracing the equilibrium paths of simultaneously
statically and kinematically indeterminate structures. The method is suitable for analysing reticulated
deployable structures, and enables monitoring their evolution during the setting up. The main features
of the method are illustrated through a simple example relative to a crank gear model.
1 Introduction
Deployable structures are a fascinating class of mechanical systems. In their original configuration
they are unable to sustain applied loads, due to their kinematical indeterminacy. They become
statically efficient just at a quite different final configuration where they acquire a relevant stiffness
and load bearing capacity. A similar behaviour is shared with tensegretic structures, inflatable
membranes, and many other innovative structures, whose use is intensively growing in modern
buildings and civil constructions.
These structures propose unusual structural problems, whose solution demands new analysis tools and
non-conventional solution methods. In particular, static and kinematic indeterminacy, usually treated
separately, must be taken into account simultaneously. The earliest studies on this argument are due to
Kuznetsov [1975], Tarnai [1980] and Pellegrino & Calladine [1986], while more recent contributions
are quoted in the paper by Kumar and Pellegrino [2000].
The above systems come out from an ‘assemblage’ of some elementary components, which in the
original configuration is characterised by one or more degrees of freedom. In the deployed
configuration these are lost and the structure as a whole is unloaded, while the composing elements
usually are in a state of pre-stress [Smaili & Motro 2005]. The equilibrium configurations assumed by
a mechanical system can be plotted in the space of the generalised loads and displacements as a set of
curves called the ‘equilibrium path’ [Crisfield 1991]. The paths of deployable structures are
characterised by kinematic branches, which represent their deployment mechanism.
The Authors [1999, 2002] have proposed a path-tracing method which has proved to be effective and
computationally efficient also in severe circumstances. In this paper, the method is modified in order
to analyse the equilibrium paths of reticulated deployable structures. Particular attention is devoted to
the detection of critical points and to the determination of kinematic branches.
The main features of the algorithm are illustrated through the study of a simple crank gear model.
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2 The equilibrium path
The configurations assumed by a structure subjected to proportional loading are described by a vector
of nodal displacements, q, which is solution of the non-linear equilibrium equation set

f (λ ; q) = D(q) q − λp = 0,

(1)

where D(q) is the secant stiffness matrix of the structure, λ is the load multiplier and p is the
reference load vector. The solutions of equations (1) can be plotted as a set of curves in the (n+1)dimensional space spanned by λ and by the components of q, called the equilibrium path of the
structure. By convention, the curve passing through the origin, t0 = [ 0; 0 ], is called primary branch,
while curves intersecting it, if any, are called secondary branches.
In the present work, equations (1) are solved by means of a predictor-corrector scheme of the ‘arclength’ family, based on the Newton-Raphson method [Ligarò & Valvo 1999]. The equilibrium path
is obtained as a broken line of chords whose endpoints correspond to increasing values of the
curvilinear abscissa, s. At a point, t ( s ) = [λ ( s ); q( s )] , the unit tangent vector to the path, t& = [λ&; q& ] ,
is determined by solving the equation set

K (q) q& − λ&p = 0 ,
 &2
T
λ + q& q& = 1,

(2)

where K(q) = ∂[D(q)q]/∂q is the tangent stiffness matrix of the structure.
Equations (2) are solved by diagonalising the tangent stiffness matrix through the Jacobi algorithm. In
fact, since K is a symmetric and real-valued matrix, n mutually orthogonal eigenvectors exist, a1, a2,
…, an, such that

Ka i = ωiai , i = 1, 2, K, n ,

(3)

relative to n real eigenvalues, ω 1, ω 2, …, ω n.
By expressing q& with respect to the eigenvector basis,

q& = ∑i =1 u&i a i ,
n

(4)

where u&i = q& T ai , i = 1, 2, K n , system (2) can be put in the following form

ωi u&i − λ& p Tai = 0, i = 1, 2, K, n,
n
 &2
2
λ + ∑i =1 u&i = 1.

(5)

3 Point classification

At a regular point, all eigenvalues are non-zero. Thus, the unit tangent vector can be determined by
solving first system (5) as follows

λ& = ±[1 + ∑ n (p Tai / ωi ) 2 ]−1 / 2 ,
i =1

u&i = λ& p Ta i / ωi , i = 1, 2, K, n,

(6)

and then making use of equations (4) to deduce q& (the sign denotes the direction along the path).
At a simple critical point, one eigenvalue is zero. Without loss of generality, we suppose that ω 1 = 0,
while ω i ≠ 0 for i > 1. Solution of system (5) requires three cases to be considered:
a) if pT a1 ≠ 0 then the critical point is a limit point, the tangent to the path is unique and is given by

λ& = 0,

u&1 = ±1,
u& = 0, i = 2, K, n ;
 i
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b) if pT a1 = 0 and ω&1 ≠ 0 then the critical point is a bifurcation point, and two distinct tangents to
the path are present

λ& = ±[1 + (p T A a& 1 / ω&1 ) 2 + ∑ n (p T ai / ωi ) 2 ]−1 / 2 ,
i =2

T
&
&
&
&
u1 = λ p A a1 / ω1 ,
u& = λ& p Ta / ω , i = 2, K, n,
i
i
 i
where A =

∑

and

λ& = 0,

u&1 = ±1,
u& = 0, i = 2, K, n,
 i

(8a,b)

n
T
i =1 i i

a a , while ω&1 and a& 1 are the derivatives of the zero eigenvalue and of its

related eigenvector with respect to the curvilinear abscissa, s;
c) if pT a1 = 0 and ω&1 = 0 then the critical point actually is a regular point of a kinematic branch, and
the tangent to the path is again given by eqns. (7).
At a double critical point, two eigenvalues are zero, say ω 1 = 0 and ω 2 = 0, while ω i ≠ 0 for i > 2.
Among all the possibilities, here we restrict our attention to the case of a hill-top branching point,
namely a compound critical point which is simultaneously a limit and a bifurcation point. In this case,
two tangents to the path are present, and their expressions are

λ& = 0,

T
u&1 = λ&& p a1 / ω&1 ,

&& T
u&2 = λ p a 2 / ω& 2 ,
u&i = 0, i = 3, K, n,

and

λ& = 0,

u&1 = sin α ,

u&2 = cos α ,
u&i = 0, i = 3, K, n,

(9a,b)

where λ&& = ± ω&1 ω& 2 [(ω&1 p Ta 2 ) 2 + (ω& 2 p Ta1 ) 2 ]−1 / 2 and α = arctan(−p T a 2 / p T a1 ) .
4 Application

As a representative example of a deployable structure, we examine the mechanical behaviour of the
simple crank gear depicted in Figure 1a. In the original (undeployed) configuration the two bars are
superimposed, while in the final (deployed) configuration the bars are collinear. The load, λp, may
increase only starting from the latter situation, which will be assumed as the reference configuration.

u1

2

S1

v2
O

L
y, v

3

u2

L

K2

EA
x, u

S2

K1

1

λp

a)
b)
Figure 1. Crank gear model: a) structural scheme (L = 100 cm, EA = 105 kN, p = –100 kN);
b) the equilibrium path in the u1-u2-v2 space.
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Despite the apparent simplicity of the system, its equilibrium path (Figure 1b) exhibits a high degree
of complexity. The path is composed of four branches: two static branches, S1 and S2, and two
kinematic ones, K1 and K2. By convention, S1 is the primary branch because it passes through the
origin, O. K1 and S2 are secondary branches intersecting the primary one. K2 can be classified as a
tertiary branch, since it intersects both the secondary branches but not the primary one.
300
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L2 ≡ L3

200

HT1
S2

B3

S1

B1 ≡ O

0

100

λ

B1 ≡ O

B2
0

K2
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HT1
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-200
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Figure 2. Plane views of the equilibrium path: a) on the u1-λ plane; b) on the u1-u2 plane.

Figure 2a and 2b show two plane views of the equilibrium path as furnished by our algorithm. All the
considered types of critical points are present. In particular, the primary branch S1 intersects the
kinematic branch K1 at the bifurcation points B1 ≡ O and B2, and the static branch S2 at the hill-top
points HT1 and HT2. The secondary branch S2 possesses four limit points denoted by L1, L2, L3, and L4.
The tertiary branch K2 intersects the static branch S2 at the bifurcation points B3 and B4, and the
kinematic branch K1 at the bifurcation points B5 and B6.

a)

b)

d)
c)
Figure 3. A deployable truss: a) original configuration; b)-c) intermediate configurations;
d) final (deployed) configuration.
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The points of the kinematic branches are all characterised by the conditions λ = λ& = 0 and
ω1 = ω&1 = 0 . Each of them represents a finite mechanism of the structure. In particular, K1
corresponds to the proper crank gear mechanism, where joint-1 moves freely back and forth along the
x-axis, while joint-2 describes a circle of radius L. K2 corresponds to a mechanism where joint-1 is
fixed together with joint-3 at the origin, while joint-2 again describes a circle of radius L.
The many different mechanical responses of this example may put in serious difficulty most
commercial codes for structural analysis, especially when the detection and description of the
kinematic branches are required. Therefore, we believe that the above model may represent a valid
benchmark test for any algorithm of non-linear structural analysis.
The considered model can also be seen as an elementary component of more complex deployable
structures, such as the truss schematised in Figure 3. The figure represents some of the shapes
assumed by the system during its deployment. In particular, Figure 3a shows the original
(undeployed) configuration, Figures 3b and 3c are relative to two intermediate states, and Figure 3d
shows the final (deployed) configuration. Apart from the complexity stemming out from the increased
number of degrees of freedom, the study of such structures does not differ conceptually from the
simpler previously examined case.
5 Conclusions

In this paper, a numerical algorithm for tracing the equilibrium paths of simultaneously statically and
kinematically indeterminate structures was presented. The algorithm is capable of determining the
response of reticulated deployable structures, and of monitoring their evolution during the setting up.
The effectiveness of the method was tested through the analysis of a simple crank gear model, whose
equilibrium path features both static and kinematic branches, variously intersecting each other, and a
wide gamut of critical points. More complex cases of reticulated deployable structures are under
consideration.
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All-weather swimming pool with mobile ETFE-air cushion roofs

Introduction
The all-weather swimming pools should be usable and cosy regardless of weather conditions – and
during good weather it should be transformed into an open air bath quickly and during bad weather it
should be transformed into an indoor bath just as quick.
Even with closed hall the bathers should feel the stimulative solar radiation on their skin. Therefor the
cover has to be transparent, translucent, and permeable for UV-A and UV-B radiation. Especially
because of the cosiness but also because of the energy costs and the fulfilling of the energy-saving
standard the hall will be heat insulated and has warm surfaces.
The life of the all-weather swimming pool is 25 years, so the technical equiment for the drive and the
control has to be functional and as simple as possible.
On the example of the „Zeitbäder“ Neuss, Emden und Senden the development of our all-weather
swimming pools are shown. The focus of the report is on the subjects wheel block, drive, drainage,
pneumatic sealing, mobile power supply, synchronised drive control, the influence of wind and snow,
accerlating and braking loads, breakdown szenarios as well as the cover with heat insulated ETFEcushions.

1 Historical owerview
Europe was the precursor for convertible roof structures with the Magrodome type and the Tournesol
set.
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1.1 Magrodome und Tournesol, source Gerd Schmid [3]
Since 1991 Mitsubishi Heavy Industries [2] in Japan advanced this type of building and instead of
GFK or trapezoïdal sheet metal, huge steel structures were covered with two layers of membrane.

2 “Zeitbad 21”
In cooperation with the specialist for baths, the architect Dr. Krieger from Velbert, we have developed
roof modules for the “Zeitbad 21”-bath systems which can be opened. After one year of preparation
three roofs in different sizes have been designed and are under construction.
2.1 First ideas
In the past we gained experience from the beautiful but sensitive retractable membrane roofs in
Regenburg, Bad Hersfeld, Düsseldorf-Flingern and Tecklenburg.

2.1.1 Flingern, source archive formTL
Heat insulated membranes tend to stiffen, therefor they can not be reefed in a single point. As a start
we have analysed two prinziples: mobile frames with heat-insulated cushion in between, which can be
reefed parallel and mobile supporting grid with multi layer ETFE-cushion cover, which is moved in
one piece. We decided in favour of the mobile supporting grid, which showed out to be more
functional and adaptable.

2.1.2 Mobile steel-membrane structure, source Sven Haag [1]
2.2 Concept
The „Zeitbad 21“ consists of several bath modules, for instance a sauna module, a changing room
module, a restaurant module etc. and a central swimming hall with a roof and façades which can be
opened. The advantages of the modules is the compatibility of all modules and the possibility to
„Zeitbad 21“ Mobile roofs; Gerd Schmid
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calculate the firm building costs in a very short time. Nowadays there are many ramshackle indoor
swimming pools and open air baths, so the „Zeitbad 21“ concept offers the town councils the
possiblity to make one bath out of two with the qualities of both. This has also a positive impact on a
towns finances.
2.3 Way of motion
The most simple way to move something is a straight-line adjustment. We therefor have selected this
principle. In open status the roof ist parked above the the adjoining buildings and areas.

2.3.1 “Zeitbad” in Neuss, left: in Winter, right: in Summer
2.4 Travel wheel system, drive
The mobile roof is seated on eight wheel blocks with a roll diameter of 315 mm of which four are
driven. The drives have integrated disc brakes and fix the roof in this parking position.
2.5 Synchronised drive control and operation
Absolute value transmitter are installed on both sides of the roof which are independant of the drives
and which take over the fine-tuning of the four drive wheels, so the roof does not cant. The opening
and closing is initiated with a mobile remote control by the bath attendant.

2.4.1 left: wheel block with drive, formTL;
2.9.1 middle:horizontal guide rollers and storm safety device of formTL
2.5.1 right: mobile remote control
2.6 Pneumatic sealing
The horizonal joint between mobile roof and swimming hall façade has to be air tight and rain save –
and should not break down during the driving. The rubber lips known from the baths done by DSD in
„Zeitbad 21“ Mobile roofs; Gerd Schmid
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the 70ths were damaged during the driving and were not totally tight. Thus we used pneumatic
sealings from the reactor construction which rise by vacuum if necessary and therefor do not grind on
the trails during the driving. During extrem wheather conditions they even can be inflated by
overpressure. The about 10 cm sized profiles bypass up to 40 mm joint movement.

2.6.1 pneumatic sealing by formTL

2.7.1 Supplier picture cable track

2.7 Moveable power supply
The drives, sensors and air cushions need moveable power and control cables. Shortlisted are trailing
cables and cable tracks.
2.8 Influence of wind and snow, starting and braking loads
For the dimensioning of the structure wind and snow forces are decisive, for the travel wheel system
the driving velocity and the weight of the roof. For the crane runway not the starting and braking
loads are decisive but the weight of the roof.
2.9 Breakdown scenarios
It is imaginable that a strom is coming up and the roofs does not close. In this case the roof can be
moved with a manual winch. In the worst case, claw devices at all wheels avoid, that the roof takes off
the rails. Hydraulic storm security devices prevent that the roof moves uncontrolled during strong
winds.
2.10 Drainage
The rain water is conducted to the border of the roof and is drained at several points to the lower roof
parts. In parking position the down pipe and the rain water funnel stand vis-à-vis.

3 Covers with ETFE-cushions
In direct comparison ETFE is superior to overhead glazing (span, weight, costs, security, cleanness,
permeability of radiation), that is why we are equipping roofs of baths and greenhouses with ETFE
cushions.

„Zeitbad 21“ Mobile roofs; Gerd Schmid
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3.2 Large-format ETFE-cushion Tropical Islands,
source formTL

Because of the missing reinforcement of the extruder foils the span of the pure foils is limited to a
few meters, but by means of supporting cable 5000 m² façades like Tropical Islands can be formed.

4 Building physics of the 3-layer large-format ETFE-cushion
The building physicians Dr.Mahler/IB Buchner calculated a seasonable variable U-value between
0,88 and 1,41 W/m²K. They used a ‚hygrothermical analysis’ [3] with Meteonorm-weather data for
the location Bingen-Ingelheim. The simulations for the heat insulation and for the vapour diffusion
give also the requirements for the air guidance within the cushion: the conditioned supporting air is
blown into the upper cushion chamber and is blown out at the lowest point of the inner foil. From the
inner room, air jets will dry condensate of the room side cushion foil for reason of precaution.

5 References
[1]
[2]
[3]
[4]
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1 Introduction
Due to their minimal weight and a very fast installation and dismanteling, pneumatic structures are
ideal for the use as temporary buildings and for travelling exhibitions. The formfinding of pneumatic
structures is influenced by strict rules. This leads to the basic principles, the air supported hall and the
cushion structure.
1.1 PTT-Spheres

1.2 Guthrie Pavillon

1.3 Festo Technologie Center

In the following the realisation of an extraordinary pneumatic exhibition building is presented, that
has been developped in an exemplary cooperation of scenograpy, architecture and stuctural
engineering.

2 Description
On the occasion of the 125. anniversary of the Gemünder Ersatzkasse (a German health insurance
company) a road show was planned which is going to travel through Germany from 14.05.03 up to
17.12.06. In each town the road show is built up in rented halls. Together with sponsors of the healthcare an exhibition was developed which shows a walking tour through the human organism. The
exhibition envelope covers an area of 366m² and encloses a volume of 1340m³. The architects are
Schienbein + Pier, Stuttgart.
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2.2 Formfinding model

Basic idea for the design was a modular concept, consisting of halls and hallways. Since the envelope
should be shaped organically, a pneumatic concept was appropriate.
Projections on the cover should be done from the outside. Therefor a highly translucent cover material
was selected which suited for this kind of projection.
3 Ballast
To keep the ballast as low as possible, a cross-section was selected, where the inner pressure is
coupled through the floor membrane in the circular areas. In the more shallow areas only low forces
could be coupled over the ground, so more ballast was necessary.
3.1 Principle sketches

Along the whole length of the transition of floor membrane and envelope, ballast weights of 20kg/m
along the hallways and 50kg/m along the rooms are provided to define the floor line of the exhibition
body. The ballast is fixed to the hall with an eyelet band with lacings.
3.2 Ballast

4 Formfinding
The shape of the structure differs clearly from conventional pneumatic structures. Therefore an active
influcence on the formfinding was necessary which meant to more or less predefine the form in many
sections.

GEK – Touring exhibition, Bernd Stimpfle
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4.2 Overview of the first exhibition situation

Since the exhibition has to be adapted to the variable situations at the different towns, all hallways
and rooms can be linked together in any variation.
At the junction between room and hallway a joint detail with a determined perimeter for all joints was
developed. The joints were executed as French lacing, with cover bands out off membrane material.
5 Entrance- and exit air locks
During the design it became obvious that standard solutions were out of the question. Together with
the membrane manufacturer and the architect we developed a pneumatic airlock through which the
visitors have to press themselves to get inside. Two air chambers press against each other and close
the entrance and exit. The pressure inside the chambers was selected in a way that the visitor can pass
through with as less effort as possible and the joint still is tight enough to minimise the air leakage.
Steel arches on the outside keep the airlocks in shape. For persons in wheel chairs and for push chairs
the air is sucked out of the cushions and the opening is free for a few seconds. The opening time has
to be kept as short as possible to minimize the decrease of pressure.
5.1 Air lock

6 Supporting air and security concept
The air supply was originally dimensioned for 2 x 2500 m³/h by 100 Pa. Because of the french lacing
of the halls and because of the use of pneumatic air locks the leakage of air was clearly higher, so that
another aggregate was necessary.
To avoid a total drop-down of the envelope during a breakdown of pressure, the envelope is fixed in
regular distances with safety cables to the hall ceiling. Emergency exits are worked into the envelope
and can be open by hook and loop fastener.

GEK – Touring exhibition, Bernd Stimpfle
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7 Single rooms
7.1 Entrance (navel)
On the outside of the exhibition building, an optical entrance is formed by a membrane funnel. The
membrane spans between two different sized steel arches. The front arch is 9 m high and consists of 5
segements with different radii. A two-axial form is created by a rotation within the joint. At the other
arch an even distribution with a radius of 3.2m is generated.
The stabilisation is carried out by joints between the arches as well as bracings of the big arch. To
realize an installation at all the exhibition places, the stability is created by ballast. At the four edges
there are boxes with steel plates with 2 to weight each.
7.1.1 Entrance

7.2 Skin room
In this room a spiral of transparent PVC is tensioned vertically between ceiling and floor. These
transparent dividing walls define the walking direction and areas for exponates (Hartmann dressing
material) are created.
7.3 Heart room and bypass
The heart room is related to the form of a heart. Between the two chambers of the heart a cable is
carried over the envelope. With a drive the cable length is shortened or extended. The ceiling is cut by
the cable and pulled downwards, the heart begins to beat.
7.3.1 Heart room

7.3.2 Bypass

In front of the entrance of the heart room the hallway narrows and so does the span. In this area a
bypass, a second smaller circular membrane tube with 1000mm diameter, is placed, which ends in the
heart room as well. The bypass is integrated in the envelope structure and gets its form also through
pressure within the exhibition.

GEK – Touring exhibition, Bernd Stimpfle
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7.4 Metabolism and balance room
In the middle of the metabolism room the membrane is pulled down to the ground. An inversion is
created which is used for exhibits.
7.4.1 Metabolism room
(Picture: www.balance-ausstellung.de)

7.4.1 Hall and Balance room

The hemisphere shaped balance room is interrupted by smoothly incoming hallways.
8 Pattern
For these complex geometries the existing patterning routines did not bring satisfying results. We had
to adapt our patterning software to the task.
8.1 Paper model for optical control of the heart room patterns

9 Installation
In the different halls the border line is calibrated and marked by a gauger.
9.1 View from outside during inflation

9.2 View from inside during inflation

The single parts are rolled out and aligned to the marks. With the French lacing rooms and hallways
are connected. When all rooms are connected and the air lock is installed, the envelope is inflated.

GEK – Touring exhibition, Bernd Stimpfle
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ABSTRACT
The authors retrospect simply the classical theory studied by Von Karman, Tsien and koiter. The
concept of buckling, buckling analytical theory based on geometric displacement analysis and tracing
of buckling path are presented. The numerial examples shows the buckling of reticulated structures
based on the given methods, which can be suitable for the practical design.
1. Introduction
Buckling is a kind of generalized stability, which is so-called instability. It has been 200 years since
the stability of the Euler column studied. Many scholars have dedicated themselves to it and made
quantity of work, which may trace back to 1940s. The studies on nonlinear analytical concepts and
theory of shells presented by Von Karman and Tsien and the researches of koiter on potential energy
function near critical point were on the basis of buckling theory from then on. Researches of
Nonlinear analytical theory of buckling analysis of Von Karman, Tsien and synchronously nonlinear
potential energy of koiter aim at explaining the difference between nonlinear analysis of buckling and
practical results. In short, it is necessary to retrospect the famous achievements of them [Bazant.
1991] to comprehend the basis of buckling analysis.
The simple but heuristic examples by Von Karman, Tsien et al gave an explanation that it lied in the
cubic polynomial of variables of potential energy, and then the nonlinear equilibrium equation were
obtained via the first-order variation of potential energy with quadratic values of displacements and
finally two bifurcation paths were obtained in term of direct solution. Synchronously, configuration of
potential energy near critical point was studied and the conclusions of two power rules and couple
effects of buckling modes were reached in the koiter’s dissertation. He developed nonlinear theory
and potential energy function. Without question, researches on potential energy function near critical
point are on the basis of nonlinear equation. More bifurcation paths would be obtained if the order of
displacements in the function was increased.
General speaking, the same characteristic of the researches by Von Karman, Tsien and koiter is the
nonlinearity of potential energy function, where generalized displacements are above the cubes
values. They explained that the different equilibrium paths would be in the different state of
equilibrium on the basis of nonlinear models, which was the reason why there exist a striking
dissimilarity in between critical loads under nonlinear analysis and ones under linear analysis. They
thought initial imperfection effect about structures attribute to the nonlinear effect, which was their
consistent conclusion on determining the nature of buckling, while koiter tried to study the influence
of structural initial imperfection on buckling on determining the quantify. His methods was mainly
that imperfect factors were added into potential energy function as one of generalized displacements
and then carried on the variation with elastoplastic displacements, sensitivity of imperfection could be
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gotten through analyzing these factors, a conclusion on determining the nature.
Buckling is an unstable state, while the researches of not only Von Karman, Tsien but also koiter all
lied in stable equilibrium and gotten bifurcation curves consisted of critical condition. The second
equilibrium path in the concept should not be called as post-buckling path. Classical buckling analysis
lies in the structural equilibrium state and so-called buckling analysis is still no buckling analysis,
where the rule of buckling had not studied yet and buckling boundary are depicted by buckling critical
points. In order to study the rule of buckling, the authors present buckling analytical theory and
methods based on geometric displacement analytical theory according to geometry softening from the
concept of buckling.
2 Buckling, equilibrium path and classical types of buckling
(1) Buckling
Buckling is not kind of elastic deformation. Elastic deformation, the process of material softening, is a
graduate process and structural deformation would be turned back when unloading while buckling is
the process of catastrophe of geometry shape, a catastrophe phenomenon, which is from a state to the
other one. That is a motion. In fact, buckling analysis have not been studied yet. Buckling analysis in
the traditional methods employs elastic mechanics, which directly causes the reason that postbuckling paths are still the analysis of stable equilibrium path and not buckling one.
According to the concept of geometry softening, geometric constraint is that there exists constraint
between particles (nodes) to restrict the relative displacements so if constraints are discarded, nodal
motions are not restricted and mechanism or geometric displacement will come into being. The
process of buckling is a one of geometric deformation, one of mechanism different to elastic or
elastoplastic deformation. As for structures whose configuration satisfies the necessary condition of
invariant geometry and abundant condition, geometry softening will occur because of geometric illcondition in term of elastic or elastoplastic deformation and DOFs softening in term of material
softening.
(2) Equilibrium path and classical types of buckling
Equilibrium path is the load-displacement curve through solving nonlinear equilibrium equation. Two
load-displacement curves could be gotten through direct solution of equation since there are higher
orders of displacements in the equilibrium equation. However, the traditional methods are that
nonlinear equations are linearized so the second curve could not be obtained through the linearly
approximate method.
Identifying to types of buckling is on the basis of structural second equilibrium path or post-buckling
path, that is, load-displacement characteristic. There are two types of buckling of perfect shells as
follows: limited point buckling and bifurcation point buckling. Bifurcation point buckling
encompasses asymmetric bifurcation buckling, stable symmetric one and unstable symmetric one
shown in fig.1. Asymmetric bifurcation buckling is more general than others. The second equilibrium
path has some slope so bifurcation buckling with some slope is asymmetric one. Different types of
buckling reflect the different sensitivity of imperfection [Bazant. 1991], [K.Huseyin,1975].

a. limited point buckling b. Asymmetric bifurcation buckling c. stable symmetric buckling
d. unstable symmetric buckling
Figure.1. classical types of buckling
3 Tracing of buckling path
Traditional buckling analysis is tracing of equilibrium path based on proportional loading [Qian,
R.J.Qian, Professor
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1991], where the automatically incremental process is employed. Equilibrium path is considered as
the total of stable equilibrium path in the analysis of structural stability, the curve OA shown in
figure.2, 3 and 4 and the buckling equilibrium path, the curve AB shown in figure.2 and
curve A −1 − 2Li in fig.4. Traditional tracing technique is that tracing of equilibrium path is divided
into three procedures as follows: the first one is, called as tracing of pre-buckling path, or the tracing
of the first equilibrium path, tracing which begins from the energy zero point till the critical point to
obtain pre-critical load, or upper critical load and predict the pre-critical point or upper critical point;
the second one is tracing the beginning of the secondary equilibrium path across the critical point; the
third one is tracing the post buckling path or secondary equilibrium path, which is to indicate and get
post-critical load or bottom critical load. The key of tracing of equilibrium path is to identify types of
buckling and trace the second equilibrium path. So this is a bifurcation matter.
¦Ë

¦ cËr

A
1
2
i

0

u

Figure 2. critical point; Figure 3. stable symmetrical bifurcation points; Figure 4. Asymmetric
bifurcation buckling
4 Buckling theory based on geometry softening and tracing methods of buckling path
(1) Buckling theory based on geometry softening
According to principle of virtual work, the basic equation under local coordinate system is
T

∫ δ∆ε δ∆εg  σ

T

σ g  dv = δ∆ue δ∆ue, g   ∆pe

∆pe, g 

(1)

V

Where,

∆ε denotes increment of elemental elastic or elastoplastic strain; ∆ε g denotes increment of
elemental geometric strain; σ denotes elemental elemental elastic or elastoplastic stress; σ g denotes
increment of elemental geometric stress; ∆ue denotes increment of nodal elastic or elastoplastic
displacement; ∆ue, g denotes increment of nodal geometric displacement; ∆pe denotes increment of
nodal load; ∆pe , g denotes increment of generalized nodal load.
Settling Eq.1 and obtaining equation as follows:

δ∆ε T σ δ∆ε T σ g 
 δ∆ueT ∆pe δ∆ueT ∆pe , g 
∫ δ∆εTg σ δ∆εTg σ g dv = δ∆ueT, g ∆pe δ∆ueT, g ∆pe, g 
V 




(2)

Four basic equations could be gotten according to Eq.2, in which

∫ δ∆ε

T

σdv = δ∆uT ∆pe

T
g

σ g dv = δ∆uTg ∆pe, g

(3)

V

∫ δ∆ε

(4)

V

are equivalent to equilibrium equations. They correspond to the state of elastic or elastoplastic
equilibrium and one of critical equilibrium respectively, where Eq.3 is just the basic equation of solid
or structures under elastic or elastoplastic deformation, which depicts the structural material softening
and its geometric relations and constitutive relations observe elastic or elastoplastic theory and
displacement methods or force methods in the traditional finite element methods could be employed
in.
Correspondingly, Eq.4 is equivalent to equilibrium equation under critical state. The equation is based
on the equilibrium state of the system but its roots are in unbalance. Its geometric relations could not
be based on elastic or elastoplastic theory under the critical state as a result of geometry softening of
the system but its constitutive relation could still be obtained from traditional theory. Physical
meaning of the equation is definite: work done by generalized nodal load vector on the nodal
R.J.Qian, Professor
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geometric displacement vector is equal to one by elemental geometric stress on the elemental
geometric strain, where there will exist geometric displacement and geometric stress. Geometric stress
is that though geometry softening occurs, geometric displacement could not satisfy necessarily
definite connecting condition which leads to the production of elastic deformation in the parts of
system and get so-called geometric stress. Geometric displacement corresponding to geometric stress
is infinitesimal value. Therefore, Eq.4 depicts the critical state from the balance to unbalance. The
systems cannot but satisfy necessarily definite connecting condition when geometry softening occurs
in parts of systems or total systems after the critical state. So Eq.4 is turned into Eq.5 under
unbalance. It has proved that geometric stress is the result of transferring of state of systems and the
critical stress of systems from no geometry softening to geometry softening. The development of
geometric displacement is the process of buckling so solving the problems connected with material
softening only depends on the equilibrium equation and solution of geometry softening are only
gained from the unbalance equation.
Eq.4 is a basic point of solving geometric displacement. As for the systems of geometry softening,
there will be no geometric strain and then no geometric stress since it satisfies necessary condition. So
Eq.4 is turned into:
δ∆ueT, g ∆pe , g = 0
(5)
It is the basic equation of solving geometric displacement that is buckling analysis. The control
equation under whole coordinate system through transferring coordinate is shown as follows:
∆U gT ∆Pg = 0
(6)
Eq.6 is a homogeneous equation, where generalized load is an effect or directional vector to geometric
displacement, and its meaning is also explicit: there is no work by any action on geometric
displacement under the state of unbalance. Eq.3, 4 and 6 are respectively equilibrium equation,
critical equilibrium equation and unbalance equation (buckling equation), which form a whole control
equation. Buckling path is not connected with the level of load but reflects the geometric
displacement under any perturbation of virtual load, which is the reason why it is unfavorable to use
the principle of elastic mechanics to trace of buckling path but employ Eq.6 to solve.
5. Factors influence types of buckling and its load
Membrane stress is the key of buckling of structure essentially, whether there is membrane stress
region in the structure is connected with geometrical configuration, boundary condition and type of
load, which are main factors of determination of type of buckling and bifurcation load, taking several
buckling analysis of structures as examples as follows. It is limit point buckling for K6 single-layer
reticulated shell under elastic support at 40m span shown in fig.5.
Influence of boundary condition: Boundary condition will influence directly whether there is
membrane stress in the structure or not. The strength of boundary constraint determines the ratio
between membrane and flexible stress. There are linear and rotational constraints in the boundary for
single layer reticulated shell. The numeral analysis shows that when linear and rotational constraints
are fixed, flexible stress is large, especially near the supports because constraints are too strong. When
normal spherical surface and tangent linear constrains is supported by elastic bearing and release
rotational constraints, which will obtain state of membrane stress. According to SAINT-VENANT
principle, boundary constraint will influence the whole system under small span at the same of
constraint, where flexible stress is major and it does not buckle, however, buckling will happen near
the top of shell far away from boundary at large span even under the strong constraints. In short, there
will maybe exist local buckling different from general buckling at large span structures.
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Figure 5.Model and load-deflection curve
It is asymmetrical unstable buckling shown in fig.6
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Figure 6.Model and load-deflection curve
There is no buckling shown in fig.7
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Figure. 7. Model and load-deflection curve
6. Conclusions
Koiter’ theory is the basis of buckling analysis of spatial reticulated structures. The membrane stress
is main reason that makes buckling of structure possible. When membrane stress is main stress in the
structure, buckling will maybe happen. Specific configuration, boundary constraint and type of load
influence the confirmation of membrane stress region. Structural buckling belongs to the generalized
stability; buckling path tracing based on the geometric displacement analysis can judge type of
buckling and obtain critical load and buckling modes. Assembly of modes is considered during the
buckling analysis for compatible geometry. And then attention is paid to the fact that there are multicritical points and overlap of critical points for a multi-DOF system and selection of control
parameters during the numeral solution. The method as above in the paper gives some references for
practical design.
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ABSTRACT
Spatial structures are modular designs made of members and nodes, joint together at the ends of the
members. Due to their light weight, easy transportation and assembly, as well as an almost unlimited
structural variety they are excellently suited for realisation of load bearing systems. With members of
varying length and individually shaped nodes, free-formed structures are buildable. The node is the
most crucial element. Its adjustment in space is of important significance to the local geometry and in
that respect to its shape, size and the effort for fabrication.
Form follows structure
Economically motivated considerations related to the application of industrialised fabrication
principles in architecture and the building industry caused the development of standardised, modular
spatial structures. Based on strict geometrical grids and topological hierarchies different structures
were developed. They subdivide the construction or cladding of relatively large dimensions into a
system of small elements, which can be prefabricated easily in industrial conditions. Mostly the
structures vary in the way of joining the members at the nodes. Well known is the MERO-System
patented by Max Mengeringhausen in 1942 [Mengeringhausen 1942].

Figure 1. Standardised Structure, MERO-System, Sports College Warendorf/Germany [Mero]
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Such structures can be characterised as standardised. They are structured like a modular system. That
means that it is possible to create a large structural variety based on a comparatively small number of
basic elements. The structural design of the nodes primarily defines the variation range. But
simultaneously it restrictes the spectrum of architectural design. Flat or regular curved structures are
buildable and were built many times (Fig. 1).
Structure follows form
During the past 15 years the geometry factor became inclreasingly important in architectural design.
Based on powerful hardware components and a new generation of CAD- respectively modellingsoftware tools, more and more amorphously formed buildings are being designed. Due to technical
problems related to the realisation of double curved surfaces and the usually unique character of
architectural design it is very sophisticated to build them. In this context spatial structures come to the
fore. They are adaptable to arbitrary double curved forms, if their members are of varying length.
Simultaneously they subdivide the envelope and generate a system of individualised, relatively small
sized elements. Meanwhile the above mentioned benefits of standardised spatial structures like the
ability to prefabrication, easy transportation and assembly still persists. But the relation between the
form of the building, designed by the architect, and the structure is reversed. All structural elements
look similar on the whole but become individual in detail. Such systems can be characterised as
parameterised structures (Fig. 2).

Figure 2. Parameterised Structure, New Trade Fair Milan /Italy [Schober et al. 2004]
The parametric node is the key
The node is the most important element of a spatial structure [Fischer 1999] [Klimke 1999]. It works
as an mediator between the members respectively their ends and allows to tie them positively.
Furthermore it is the medium which contains a substantial part of the local geometric information.
During the structural design process the following parameters have to be defined:
• the basic shape and
• the dimensions of the node.
Joining technology of the end of members and nodes by welding or by screwing primarily determine
the former, while the individual nodal dimensions depend on two different edge conditions. Firstly
they depend on the shape and size of the cross section of members, which where determined by the
way and the rate of loading. And secondly they depend on the local geometry of the surface mesh,
which is based on the way of meshing and the adjustment of the nodal axis, specified later on.
The geometry of an 'ideal', individual, three-dimensional node is as complex as the surface mesh.
Figure 3 shows on the left hand site an 'academical nodal model'. It is a result of intersecting equal
members with rectangular cross-section, but whitout any detail of joinig technology.
Due to considerations about fabrication and economy, geometrically simplified 'flat top (and
undersite) nodes' come to the fore [Sischka et al. 2001] [Stephan et al. 2004]. They can be
characterised as 2 ½-dimensional elements. Their form can be generated or is geometrically
Spatial Structures – From Standardisation to Parameterisation
Alexander Stahr, Jürgen Ruth, Christian Wolkowicz
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interpretable as a translation of a two-dimensional root element along a spatial vector (Fig. 3, right).
The latter is a very useful parameter of these nodes. It allows the well-defined adjustment of these 'flat
top nodes' in space and is an important auxiliary means to calculate additional local geometrical
parameters.

Figure 3. Academical nodal model / CAD-Model of 'British Museum Node'
The role of the nodal axis
The adjustment of the nodal axis in general defines the position of the node in space. Its definition is a
fundamental decision in the structural design process, as the local geometry exceedingly depends on
it. All the polar angles at the node, which were described by the author in much more detail
[Stahr 2005], and their spreading are influenced by its definition.
A particular property of free-formed spatial structures is, that no global or partial reference axis or
reference point exists for positioning of the nodes. So each one has to be aligned individually based
upon local geometrical parameters [Stephan et al. 2004].
There are two different approaches known to solve these problem. Both of them take the surface mesh
edges as vectors and use mathematical methods of vector algebra to calculate a unique nodal axis. The
first one ("Sum of edges") bases on the addition of scaled vectors intersecting at the node. It was used
by the realisation of the roof top the courtyard of the British Museum in London [Sischka et al. 2001].
The other principle ("Sum of normals") is to add the scaled normals of the meshes around the node.
Stephan et al. [2004] describes it in connection with his remarks concernig to the free-formed roofs of
the New Milan Trade Fair Project.
Both approaches generate nodal axes depending directly on local, geometrical parameters of the freeformed surface mesh. The undesired influence of varying dimensions of edges or meshes will be
eliminated by scaling them. Thus the way of meshing is of important significance for the adjustment
of the nodes.
A new approach
The 2 ½-dimensonal nodes preferrably used in practice represent a 'failure' in the three-dimesional
structure. The methods for generating a nodal axis briefly introduced above ignore this constructive
aspect. Thus only structures with a slight curvature, slight changes of curvature and a homogenous
surface mesh can be realised.
To carry out more complex geometries with a higher degree of curvature or more inhomogenous
meshed structures a new approach is required. The challenge is to homogenise the spreading of the
polar angles, which depend on the adjustment of the nodal axis. One of them, the 'nodal axis angle'
can be identified between the axis and the edge of the mesh. This and especially its spreading is of
important significance related to the usability of flat top nodes.
The new approach is to interpret all the 'nodal axis angles' at one node as a set of statistical
parameters. By using methods of descriptive statistics it is possible to identify additional indicators
for the nodal geometry. The standard deviation is one of them. It describes a rate for spreading of
random variables, in this case of the 'nodal axis angles', related to the average value. To generate
Spatial Structures – From Standardisation to Parameterisation
Alexander Stahr, Jürgen Ruth, Christian Wolkowicz
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another type of nodal axis based on geometrical and constructive parameters, the standard deviation
of the 'nodal axis angles' has to be minimised. Therefore it is necessary to use an simple mathematical
optimisation algorithm.
Project: MYLOMESH
To research all the geometrical connections between free-formed surface meshes and spatial
structures the above-named project was launched at the Bauhaus-Universität Weimar. It represents a
free-formed spatial structure in an academical scale. Inspired by the table lamp MYLONIT by IKEA,
its shape was digitally redesigned and meshed unter aesthetic viewpoints (Fig. 4).

Figure 4. MYLONIT table lamp / MYLOMESH surface mesh
The effects of the above described new approach for generating a nodal axis shall be demonstrated at
one node of the upper flange of the structure. The edges which are joined on it are marked by lines of
more thickness. Figure 5 shows the spreading of the nodal axis angles related to the three different
ways for generating a nodal axis, mentioned above. In the left and in the center picture the direct
influence of the meshing, especially of the diagonal edge, is clearly recognisable.

Figure 5. Different adjustment of nodal axis and related angles
All values of the angles are assorted in Table 1. The standard deviation values in the last column show
the geometrical effect in a numerical way. The spreading of the angles is significantly reduced. These
effect is considerably stonger at the flange nodes due to the one-sided orientation of the surface mesh.
In case of the other nodes (in the middle of the mesh) it is of virulence if the mesh is discontinous, for
instance at nodes where the mesh changes.
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Angle 1
[°]
Sum of edges
Sum of normals.
New Approach

Angle 2
[°]

Angle 3
[°]

Angle 4
[°]

104,4
94,5
153,2
161,0
102,5
116,5
89,8
96,7
108,2
110,6
105,3
114,1
Table 1. Nodal axis angles and their standard deviation
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Standard
deviation
[°]
29,2
9,8
3,2

Conclusions
The adjustment of the nodal axis has a direct influence on the usability of simplified 'flat top nodes' in
double curved structures, which are curved stronger or meshed more discontinously. Furthermore the
size of the node depends exceedingly on it. More information on this and other possibilities to
influence the construcive geometry of nodes in parametric free-formed spatial structures will be
published in [Stahr 2006].
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Paper
1 Convertible Structures – definition and principles
Architecture striving for the creation of lasting values can nevertheless generate ephemeral qualities.
Sensitive to contemporary architecture, fluctuation in the structural morphology can be performed
amongst conventional measures like change in utilization and conversion by the means of:
polyvalence, mobility, adaptability and convertibility. This paper will focus upon the convertibility
of architectural structures, which refers to the alteration in the structural form, adapting to different
functional requirements, weather conditions or even aesthetic expressions. This will be exemplified in
the following by two design proposals developed for retractable roofs.
As essential characteristic, movement will govern the principles of convertible structures [Otto 1972].
In a classification by stiffness a distinction is made between flexible systems and rigid mechanisms.
The low stiffness in a substantial part of flexible systems allows for a higher freedom of movement:
bending, rolling, folding and bunching. Rigid mechanisms are moved without deformation of their
elements, the movement being induced in discrete points: hinges, scissors, pulleys or gear wheels.
They adhere to more severe morphological principles and stricter motional sequences.

2 Design Proposals for Retractable Roofs
The following proposals were developed by the authors as part of a research project on convertible
structures at the Technical University Berlin, Institute of Architecture, Department of Structural
Design and Analysis. Representing first attempts based on the principles of convertible structures:
flexible system and rigid mechanism, they could be raised as paradigms for convertible structures.
Currently they are undergoing parametrical studies by the author with the objective to identify and
term their morphology, to qualify their structural behaviour and motional sequence, to optimize their
structural efficiency and to develop adequate detailing and actuating devices [Sill 2005].
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3 Retractable Membrane Roof
As an example of a flexible system this structure is based on the combination of the geometry of a
starwave tent with a radially transported and centrally folded membrane. Both principles were
developed separately by Frei Otto [Otto 1972], [Otto 1976] and the latter subsequently refined
[Schlaich et al. 2003], [Blaser 1999].
The retractable roof enables the convertibility through negligible bending stiffness in the membrane.
The new development of this proposal relies in the shifting of the structural system from a prestressed
radial strut-and-cable-system during the opened roof to a radial arrangement of prestressed cable
trusses while the roofing is closing, where the hangers are substituted by the membrane spanning
pointwise between the low restraining and high supporting ridges.

Figure 1. Perspective views of the retractable membrane roof: folded (left), tensioned (right)
and corresponding dual static system (below, sectional views): radial spoke-system
shifting towards radial cable trusses where the membrane acts as hangers

Figure 2. Actuator mechanism: winches pull trolleys carrying the membrane along the radial
stationary cables

On Convertible Structures, B. Sill / K. Rückert

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

7-174

Based on the precedent engineering research at the Technical University Berlin, this enhanced system
of a retractable membrane is currently adopted in a last year project from one of their architectural
students at the Technical University Berlin. There it plays a key role in a design proposal for a
retractable membrane roof to provide rain protection for an existing open air theatre [Klaus 2006].

Figure 3. Retractable membrane roof,
design proposal for an open air theatre in its environmental context
The critical analysis of the existing open air theatre and of its use concluded in the need for temporary
rain protection. The main challenges occurring with the application of this convertible system to the
theatre roofing consist in the definition of the architectural concept for the roof with its integration
into the context of the protected historic garden, the adaptation of the structural system to the existing
circular stage and the concentric auditorium, the structural design and detailing, the materialization
and dimensioning.

Figure 4. Retractable membrane roof, opening sequences
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4 Foldable Dome
The following system exemplifies the second type of convertible structures: the rigid mechanism.
Based on the principle of a foldable structure, the foldable dome can fold and unfold to provide
weather proofing.

Figure 5. Foldable dome in different deployment phases
The substantial innovation is the equidistant span between the pinned supports due to an elaborate
geometry integrating fold and counter fold and unlike the well-known foldable chinese paper lantern,
the triangular meshes remain planar without wrinkling during folding. The folding occurs through
rotation in the ball joints in the case of reticulated shell or in hinges in the case of plates. The degree
of freedom of the dome reduces to DOF = 1, simplifying the deployment. By retaining the single DOF
with the actuator device during folding and blocking it in fixed states, a controlled and stable folding
mechanism is obtained. With the triangulation of the reticulated shell this delivers structural stability
throughout the integral motional sequence. With isostatic support condition appropriate to shells,
triangulation of all meshes and all nodes being three-dimensional ball joints, the folding of the dome
will cause no strain and stress in the grid members. The cladding of the dome could be realized in
rigid panes fixed to the triangulated grid: e.g. transparent glass or translucent synthetic material
underlining the character of the rigid mechanism.
This convertible structure is based on the combination of two simple folding structures: ‘fold’ and
‘counterfold’ according to figure 6 and figure 7 and their additive repetition.
The unfolding of structure in figure 6 reacts with an increasing span AE to the opening of the variable
angle (CBD). In contrast to this an increasing opening angle (CJD) leads at the folding structure of
figure 7 to a larger span AE.
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Figure 6. Folding structure: the ‘fold’,
the span AE is decreasing whit an opening variable angle (CBD)
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Figure 7. Folding structure: the ‘counterfold',
the span AE is increasing while the variable angle (CJD) is opening
The changeable spans are of disadvantage in the use for the purpose of convertible domes. But
through a dexterous combination of both folding structures according to figure 6 and 7 in one more
complex folding system (figure 5) the antagonistic effects can neutralize each other.
The main characteristics of the new system are its foldability, the constant span for a certain range of
opening angles, the serial extensibility and a single degree of freedom.
The constant span allows for simpler and controlled support conditions in terms of load bearing and
manufacturing.
The folds of the systems are correlated in the global system in this special constellation by the means
of the hinges at their edges. Given the isostatic external support conditions of the structure according
to figure 5, the movement in the system can be reduced to one single degree of freedom. Therefore the
opening sequence of the retractable folding dome can be generated by a single actuator. The
convertibility could be activated by a linear drive e.g. a pneumatic or hydraulic cylinder connecting
two adjacent nodes. Alternatively a rope hoist can be employed.
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PAPER
Hexaframe is a lightweight aluminium framework structure witch can be used to realize double
curved forms. The product is the result of my graduation project, which targeted the development of a
flexible building system for temporary pavilions. Flexible here means the ability to adapt form to
function.
Social Context
The ability to adjust the actual function of a public or utilitarian building is not a new demand. But
nowadays these adjustments still are realized with high costs and large amounts of waist. Temporary
buildings (for example for one summer season) can, in this perspective, lead to improvements,
because they require well thought-through assembly and disassembly methods. A theoretical concept
of how to improve flexibility and reduce weight is the “Slim bouwen” concept of Prof. Dr. Ir. Jos
Lichtenberg (Eindhoven University).
As a result of our dynamic consuming society our buildings are more and more seen as consumer
products and consequently the devaluation period decreases enormously. Low cost utilitarian halls
and office units are more and more common. One of the characteristics of these temporary used
building structures is their lack in architectural appearance. In order to increase the architectural
possibilities for temporary structures the hexaframe system was developed.
Multidisciplinary
The interaction between architectural demands and building technological solutions was the main lead
in my graduation project. Target in the development of this system is to achieve a maximum variety
with a minimum of elements. In an architectural sense this means one system with unlimited
morphologic possibilities, and in a building technological sense this means one building joint with
unlimited connecting possibilities.

Architectural approach
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To achieve this maximum morphologic variety two extremes are combined in one structural system,
namely orthogonal and double curved forms. The combination of these extremes leads to exciting
concepts.
Free form design can be solitary, amorphous, without any scale, voluntary, fragmentized, engaging,
imaginative, dynamic, organic and so on, which makes it various and fascinating. But because spatial
orientation points that define inside/outside, up/down, horizontal/vertical, left and right become
blurred or even disappear, it is hard to realize clearly defined spaces related to a concept.
When we combine these free-formed shapes with the orthogonal, the spatial relationship between the
forms can be strengthened. To give an example of possible conceptual qualities of the system an
introvert Art Pavilion on the city square of Eindhoven and an extrovert Beach Pavilion on
Scheveningen beach were worked explored in my graduation project (www.fokkeypma.nl). An
impression is shown in Fig 1.

Figure 1 Beach pavilion

Technological aspects
Because free form design is relatively new in the building sector it still results in complicated
parametric design methods and very precise difficult realization processes. We can distinguish dry
assembled from hardened structures, prefabricated from in situ structures, and static from a few
pioneer dynamic structures. In this project all hardened free form structures are precluded because of
the demand for mobility and adjustability. An adjustable dry assembled demountable steel framework
made of bars and joints seems legitimate.
A very intelligent realization system for dry assembled double curved steel structures is the “File to
Factory” process developed by ONL (Oosterhuis_Lénárd). The system is used in recently opened
showroom Hessign, shown in Fig.2. A parametric 3D model of the designer connects directly to the
machines cutting, welding and bending the raw material.

Figure 2 Showroom Hessing by Kas Oosterhuis
Because all joints are unique and not adjustable this production method is not suitable for temporary
structures. The temporary structure should be adjustable and easy to assemble. Therefore the needed
realization accuracy of permanent double curved steel structures should be avoided.
The structure must me positioned and fixated at the building site with minimum effort. By combining
an adjustable bearing structure with an adjustable flexible skin, the system can, in spite of being
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inaccurately positioned still be waterproof and heat insulated. The structural strength should be
calculated in front taking these margins into account.

Architectural related product development
A building system demands standardization and as a result a working grid. To find an optimal
structure and to decrease the morphological limitations of this grid a pattern study has been done. The
result was the combination of orthogonal and curved forms in floor plan. These curved forms were
translated into a dynamic wall as shown in Fig. 3

Figure 3 Free form dynamic double-curved wall
Taking the flexibility demands into account the idea rose to construct a two-dimensional network ,
which can be transformed into an three-dimensional structure.
The basic element for constructional stabilization is the triangular form. When we divide a surface in
triangles each joint connects six bars. The bars and joints of double curved dynamic steel structure all
vary in length respectively angle. The variation in length of the bars can be easily made with a
telescopic element witch can be fixed at any length. The flexible joint is the major problem. After
studying different possibilities the solution came to light when we avoided the joint. The best joint
seemed no joint at all! Each triangle is separately made as shown in Fig 4.

Figure 4 Framework of separated triangles
With this approach the needed transformations are not realized in one joint, but by simple hinges.
These hinges are placed in the full length of the parallel bars and in the corners of the individual
triangles as shown in Fig 5.
Two parallel bars must also be able to slide alongside each other to realize independent angles
between the triangles (see also Fig 5). This is solved by making sliding movement possible in the long
hinges.
Hexaframe by F.P.W.Ypma
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Figure 5 Triangular bars are connected by simple hinges
The bars are triangular in section to make the hinge connections possible and to bear bigger bending
forces.
Once invented this system new morphologic possibilities came to light after form finding modelling.
We seemed able to realize free form dynamic double curved structures with limited span and form.
Spherical forms can be easily made but hollow shapes and larger spans are not possible. It’s a onelayer structure, which can only bear limited pressure forces. Again the basic frame is flat and can be
transformed at the building site. Figure 6 shows us how the two dimensional frame can be
transformed into an spherical construction.

Figure 6 Spherical hexaframe structure
The architectural demand for bigger spans and more load bearing form possibilities (the orthogonal
included) resulted in the search for an all round double layered adaptable. Figure 7 shows us how by
stretching the first layer and introducing a second layer a three-dimensional load bearing space frame
can be formed.

Figure 7 Triangular-hexagonal space frame
Realizing adaptability became very complicated with this structure and the joints now have to connect
twelve bars each. When we make use of the same approach to avoid the joint, hinge working between
twelve bars seemed impossible. Simplifying the double-layered structure resulted in prismatic
elements foreseeing constructional stability through collaborating.
Hexaframe by F.P.W.Ypma
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Figures 8, 9 and 10 show us respectively the prismatic elements and the adaptable double-layered
structure from above and inside. For the temporary pavilion the top layer is covered with a stretchable
waterproof material and the bottom layer is insulated with translucent aircushions.

Figure 8 Triangular-hexagonal space frame

Figure 9 Double layered spherical structure

Figure 10 Inside view
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1 Introduction
Membrane structures are receiving more and more attention in the field of architecture because of
some special properties, such as transparency, light-weight, easy transportability and installation and
low cost. However, the unsatisfied thermal insulation, which plays an important role in the building
energy consumption, limits their use in building envelopes. The construction of multi-layer membrane
structure (MMS) can be used to overcome this drawback. By constructing multi-layer pneumatic
pillow structures using e.g. Ethylene-Tetrafluorethylene (ETFE) foils the thermal resistance can reach
a U-value of 2.49 W/m2K at 2-layer and 1.18 W/m2K at 5-layer structures [Tritthardt 1999]. With the
filling of opac insulation materials the membrane structure can have a U-value of down to 0.2 W/m2K
[Baier 1999]. In addition to these practices many studies based on advanced technologies have been
proposed to improve the thermal performance, such as the use of Phase Change Material (PCM)
[Pause 1997] or the so-called “media-filling” with gases, liquids or particulates [Schulz 1997] as the
middle layer to be composed in membrane structures.
Among the new concepts, the integration of transparent insulating (TI) materials in membrane
structures is considered to be advantageous in the current study [Moritz 2003, Gengnagel 2005]. It
could be a solution to extend the use of membrane structures for building envelopes to realise energy
saving and to provide comfortable indoor spaces according to the passive use of solar energy. Based
on this concept, a systematic study concerning the two important properties, i.e. thermal insulation
and optic tranparency, by using TI-material in MMS is carried out for the first time at the Chair of
Building Technology at the Technische Universität München. The recent study results are briefly
summarised in this paper.
2 Multi-layer membrane structure for building envelope
The study focuses on the improvement of the functional performance of MMS with regard to the
application in builidng envelopes, which act as the filter between the outdoor and indoor
environments and play a very important role in energy consumption of the building [Herzog et al.
2000]. To construct an MMS with optimised thermal and optical as well as mechanical properties,
different aspects of the requirements of building evelopes have to be considered. As illustrated in Fig.
1, the expected functions of MMS could be achieved by
Transparent Thermal Insulating Multi-Layer Membrane Structure for Building Envelope, Lingyun
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improving the thermal resistance using suitable TI-materials,
thermal energy collection through receiving direct solar radiation in winter,
sufficient shading to avoid overheating in hot summer,
direct use of natural light to reduce the energy consumption for lighting and improve indoor
comfort, and
suitable refraction and diffusion of the natural light to improve the indoor lighting quality.

Heat
Solar
radiation
Light

Thermal
insulation

Heat
gaining

Multi-layer Membrane Structure
Light
Daylighting
transmission
optimization

Gain of
solare energy
Use of
daylighting

Figure 1. Schematic analysis of the role of the transparent MMS to improve energy saving and
indoor comfort as a part of building envelope.
A MMS is basically composed of outer membran layers, TI-materials and a frame structure. During
the development of a MMS, its function, construction, and esthetic and ecological aspects have to be
considered according to the building envelope requirements with the combination of the major
features of the constituting elements. The aspects to be inspected for the selection of the appropriate
materials are summarised in Fig. 2.
Inspection categories of
the building envelope

Inspection categories
of building materials
Mechanical property

Function

Construction

Property
categories
for material
choosing

Resistance

Building physics
Presentation
Form and surface
Ecology

Ecological aspects

Inspected
parameter
weight
tensile strength
break resistance
…
UV light resistance
fire resistance
resistance to chemicals
self-cleaning property
durability
…
thermal property
light translucency
acoustic property
…
colors
printability
…
resource consumption
recyclability
…

Figure 2. Categories of the properites to choose the components for MMS according to different
requirements of building envelope.
In the involved area of this study, the suitable light permeable components, namely the foils and TImaterials, have to be selected, and their interconnection has to be investigated with respect to the
requirements of functional building elements as shown in Table 1.
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Interior TImaterial

Rainfall / snowfall
+
–
Wind
+
–
Humidity
+
–
Reduction of thermal transfer
–
+
Protective
Prevention of solar radiation
o
o
functions
Acoustic insulation
–
+
Mechanical resistance
o
o
Entry of solar radiation
+
o
Natural lighting
+
+
Regulatory Daylight use
Glare protection
o
+
functions
Visual protection
o
o
Visual contact
Transparency
+
+
Table 1. Single functional requirements of membrane outer layers and interior TI-material.
Protection of
atmospheric
conditions
Thermal protection
Solar protection
Noise protection
Safety / security
Gain of solar energy

3 Build-up of the component
Based on thorough investigation of the existing materials, ETFE foils and honeycomb plates are
determined as outer membrane layers and interior TI-materials, respectively, to construct the proposed
MMS with expected thermal and optical properties.
Compared with other membrane materials for building, ETFE-foils demonstrate good light
transparency, long life and outstanding mechanical resistance as the suface material. Three kinds of
ETFE-foils with different optical properties, i.e. transparent, white and silver fleck printed, are used in
this study. They have a common thickness of 0.2 mm.

Foil
TI
Foil
(A)

(B)

Figure 3. Honeycomb-structured TI-material (A) [Wachotech 2005] and the structure
of MMS (B) using this TI-material.
The structure of the transparent honeycomb TI-material is shown in Fig. 3-(A), which demonstrates a
mechanical flexibility in three dimensions. The TI-material is folded and bonded using 0.05 mm thick
cellulose acetate (CA) foils to form separated honeycomb cells with the size of 9 mm by 9 mm
[Wallner 2000, Wacotech 2005]. The thickness of the honeycomb plate can be selected based on the
thermal requirement. This material is sandwiched between two ETFE-foils, as shown in Fig. 3-(B), to
build up the MMS.
Since both the ETFE-foils and the honeycomb present flexibility of mechanical property, special
design is required to provide sufficient mechanical stability of the whole MMS building component.
This problem is solved by applying a negative pressure inside the whole structure between the two
outer ETFE-foils. The outside atmosphere pressure thus presses the ETFE-foils tightly against the
Transparent Thermal Insulating Multi-Layer Membrane Structure for Building Envelope
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ridges of the honeycomb structure. Thanks to the friction between the foils and the ridges, the
honeycomb structure is “bound” with the ETFE-foils and is kept stable. This principle is visually
illustrated in Fig. 4 through a simplified experiment with thin plastic foils, which is even much softer
than the ETFE-foils.

Figure 4. Simplified experiment showing the improvement of mechanical stability with a
negative pressure inside the MMS using honeycomb TI-material.
4 Optic and thermal properties
Because the tiny thickness of the outer foils of the proposed MMS they provide very poor thermal
insulation. The thermal insulation performance of the complete MMS is therefore almost only
contributed by the TI-material, whose U-values are available in the product datasheets provided by
the manufacturer. Using the honeycomb plates with the thickness between 90 and 150 mm, the
complete MMS could provide U-values from 1.15 down to 0.80 W/m2K [Wacotech 2005],
comparable or better than multi-layer insulating glass systems.

Diffuse light transmission rate τdiff

The light transmission of the prototype was tested in the artificial sky of the Technical Center at
Technische Universität München. During the tests, the MMS samples with the area of 1.0 m by 1.0 m
were mounted on one face of a test box, of which the inside faces were in black painted. A luxmeter
was mounted in the box with a distance of 150 mm to the sample surface to measure the transmitted
light. The transmission rates of the diffuse light through the samples are given in Fig. 5.
1.0
T: transparent ETFE foil
W: white ETFE foil
D: printed ETFE foil
(printed area approx. 56%)

0.8
0.6

Thickness of
TI-material:
150 mm

0.4

90 mm
0 mm

0.2
0

T+T

W+T

D+T

D+W

W+W

D+D

Figure 5. Diffuse light transmission rate depending on the configuration of the membrane
structure.
The measured transmission rates imply that enough light could pass through the MMSs to provide
sufficient indoor illumination under natural lighting conditions. The transmitted light can be adjusted
by selecting different outer membrane materials and the thickness of the TI-material. Figure 6 shows
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the photographic study using false color rendering of the MMS samples assembled on an model room,
which proves an improved light spreading in the indoor area using the proposed MMS. The lighting
1
(bright)

(dark)
0

(A)
(B)
(C)
condition in the artificial sky is simulated as the daylight on the south façade at 14:00 on 21st, August
in Munich, Germany (Azimuth deviation= 45°W, Height angle= 45°).
Figure 6. Analysis of the indoor light spreading through the MMSs using false color rendering.
(A) only two-layer transparent ETFE-foils; (B) transparent ETFE-foils with 90 mm honeycomb
TI-material; (C) transparent ETFE-foils with 150 mm honeycomb TI-material.
5 Conclusion
In summary, the proposed multi-layer membrane structure not only keeps the transparent and lightweight properties of the traditional membrane construction, but also might fulfill the thermal
requirements for the building envelope. In the following work the detailed thermal property of the
proposed structure will be studied. The proposal of this structure opens new perspectives for the
application of membrane construction in architecture.
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Paper
Sunshine in summer is not always desirable. The summer sunrays that reach inside buildings with
large glazed envelopes and windows can make computer work difficult, with strong glaring on
computer screens seriously affecting working conditions. The heat gained through glazed envelopes
and windows, and from the buildings’ skin, also burdens the building with increased cooling loads in
summer.
Among various solar control methods, the applications of photochromism are gaining increasing
interest in architecture. Energy-absorptive photochromic systems and materials change their optical
properties, such as color and light transmission, when exposed to the UV rays in sunlight and revert
back to their original properties in diffused light. This material behavior can be used to control the
effects of sunlight on the interior light environment and regulate lighting and heating levels for energy
load management. At the present time, this photochromic effect is being applied in energy-efficient
glazing, which can be either automatically or electrically switched from colorless (or weakly colored)
to colored, or the inverse, in accordance with light conditions. These types of windows normally use
glass panes as substrates which either have a photochromic coating or are laminated with
photochromic films, or they are supplied with complicated device structures. Windows using the
photochromic effect are just the beginning. Actually, photochromic materials have many more
potential applications in architecture that can be further exploited.
An adaptable composite - photochromic glassfibre reinforced plastic - might contribute to the
development of smart building skin which can adapt itself to the changing conditions of sunlight.
1 Glassfibre Reinforced Plastic (GRP)
Glassfibre Reinforced Plastic (GRP), one of the Polymer Matrix Composites (PMC’s), consists of a
polymer-based resin as the matrix and glassfibres as the reinforcement.
In general, a composite material is composed of at least two components integrated together to
produce material properties that are different from the properties of the components on their own. The
material properties of the composite can be, to a certain extent, regulated by virtue of adjusting
recipes. In PMC, the polymer-based resin matrix carries the load applied to the composite between
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each of the individual fibres (which have high tensile and compressive strength) and also protects the
fibres from damage caused by abrasion and impact. Therefore, PMC’s are characterized by
advantageous properties like high strength and stiffness, ease of moulding complex shapes, and high
environmental resistance, all coupled with low densities. This makes PMC’s superior for many
applications in the fields of aerospace, shipbuilding, plant construction, motor vehicles and so on.
As a PMC, GRP provides all these remarkable properties. It is also a comparatively economic
composite thanks to the low cost and light weight of glassfibre. Concerning energy efficiency, GRP
exhibits good thermal features, e.g. low heat conductivity and a small thermal expansion coefficient.
[see Table 1] Additionally, this composite is also characterized by many aesthetic merits like ease of
free-forming, a large range of color choices, various degrees of transparency, and good surface
qualities. All of these properties endow GRP with a wide range of applications in the building
industry. With continual improvements, GRP can no longer be regarded as a secondary, low-grade
industrial material. It is now known as a promising building material which is being broadly applied
in civil architecture for building structure, roofing, and flooring, as well as both interior and exterior
cladding, window frames, and finishing.
GRP
Pultrusion
240
23.000
1-3
1,8

GRP
laminate
~ 60
~ 6800
~ 1,0
~ 1,4

Steel
S 235 JR
360
210.000
26
7,85

Timber
S 10
14
11.000
~0,8
0,6

Glass
Kalknatron
30-90
70.000
0,1
2,5

tensile strength [N/mm2]
E modulus [N/mm2]
elongation at break [%]
density [g/cm2]
thermal expansion
9
~ 25
12
~4,5
8-9
coefficient [10-6/K]
heat conductivity [W/mK] 0,25
~0,25
50
0,13
0,8
Table 1. Comparison of properties (Data from ITKE, Germany).

Al
150-230
72.000
2-8
2,7
23
160

In the 1960s and 70s, GRP gained a certain prominence in the rush to building with plastic, which was
demonstrated with successful projects such as Monsanto House, Futuro, Rondo, and fg2000.
Nowadays, some experimental buildings like the Eyecatcher in Basel, Switzerland, the D-Tower in
Doetinchem, Holland, and a gas transfer station in Dachau, Germany represent the potential of novel
GRP applications.
The research on photochromic GRP is aimed at an adaptable composite that integrates the merits of
both GRP and photochromism. It is intended to exploit GRP’s potential in architecture further, such
as smart glazing or adaptable facades that can also contribute to solar control and energy efficiency.
2 Possible photochromic GRP – Dyeing GRP with photochromic pigments
Photochromism can be simply defined as a light-induced reversible change of color. One of its wellknown applications is photochromic spectacles that darken in the sun and recover their transparency
in diffuse light. Basically, this phenomenon is the reversible transformation of a single chemical
species between two energy states having different absorption spectra, i.e. colors. This change in
states is activated by electromagnetic radiation (usually UV light) and generally accompanied with
energy absorption. Although photochromism is not limited to colored compounds, photochromic
materials with simple manipulation techniques are more appealing to use in practice.
One large class of photochromic materials are the organics. Certain organic photochromic dyes can be
applied to polymers. This ability to be combined with polymers has attracted much attention in actual
applications. Sunglasses made of photochromic plastics are more popular in recent years. The most
suitable materials for photochromic glazing are announced to be the derivatives of spiro-oxazine
applied to plastics.
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Inspired by photochromic plastics, it is possible to produce photochromic GRP by combining
polymer-based GRP resin dyed with photochromic colorants. Applied in this way, photochromic GRP
could be manufactured in similar processes like normal GRP and therefore require no further
investment.
3 Experiments and Outcomes
The primary object of the first phase of experiments is to prove the practical feasibility of
photochromic GRP. Correspondingly, the trade-off between cost and benefit should also be taken into
consideration.
On these terms, the earliest experiments were conducted under the following conditions:
Samples were simply made by hand lay-up at room temperature in the laboratory of Lange+Ritter
GmbH in Germany.
Polyesters and epoxy resin systems were selected for laminating, since both of them are easily
cured at room temperature by the addition of a suitable hardener or accelerator. Additionally, they are
the two main types of resin used in the manufacturing of GRP products. Polyesters are easy to use and
have the lowest cost of resins available. Epoxies, with increased adhesive properties, outperform most
than other resin types in terms of high mechanical and thermal properties, and resistance to
environmental degradation. It should be mentioned that most epoxy systems offered in the market are
equipped with certain UV-resistant additive which might alter the photochromic performance.
However, this potential defect might be overcome by the adjustment of pigment dosage.
Certain photochromic dyes from England were applied due to their acceptable cost and comparative
stability as well as simple manipulation properties. These highly concentrated pigments are offered in
paste form and can be used as normal colorants. Two color options are available: one shows green in
the activated state; the other violet. To make the color change effect of photochromic GRP more
distinct, a colorless or slightly colored original state of the samples was intended and no other
pigments were added.
Three alternatives were conceived of for the incorporation of photochromic dyes in GRP. Thanks to
GRP’s laminate structure, dyes can be applied either in the whole laminating resin or in the resin of
interlayers. Otherwise, a dyed gel coat can be applied to the surface of GRP.
In view of the potential applications for photochromic GRP as an adaptable anti-glare glazing for
roofs and facades, a high translucency GRP-panel was also intended. The selection of resin and
glassfibre types, as well as additives, was based on our experience in previous research.

·
·

·
·

·

The outcomes of the first experiments are satisfying and convincing. Some samples do react quickly
to lighting conditions. Upon exposure to sunlight, photochromic GRP-panels either switch from
colorless to an even-colored state, or are further darkened. [Fig. 1] Once the irradiation is blocked,
these panels revert rapidly to their original appearance. Both the coloration and the bleaching process
take place in only a few seconds.

Figure 1. The photochromic GRP samples before (left) and after (right) illumination with
sunlight.
Photochromic GRP, Hui ZHANG
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Among the seven samples showed in Fig. 1, Panels 1 and 7 (numbered from bottom to top) display a
relatively large shift in color. Panels 2 and 3 darken perceptibly in the sunlight. It is proved that both
epoxy (used in Panels 2 and 7) and polyester (used in Panels 1 and 3) are capable of producing
photochromic GRP. Photochromic dyes can be incorporated in the interlayer (as in Panels 1 and 2),
into a gel coat (as in Panel 3) or in the laminating resin (as in Panel 7).
Not only the colors but also the light transmission of the first samples changed with ultraviolet
irradiation. For example, the transmission ratio of Panel 1 dropped from approximately 56% to 50%
after illumination with UV-Light. Panel 7 experienced a transmission drop of over 4%. This reduction
can be increased with a higher dose of photochromic pigments, or by using other manufacturing
processes such as resin transfer moulding.
The failed samples indicate that hardeners or accelerators needed for curing must be used very
carefully. The curing of resin is an exothermic reaction, and certain additives can increase the heat
release further within a very short time causing the dyes to lose their photochromic performance.
Furthermore, photochromic dyes kept in unsealed storage containers could not be dissolved in the
resins, supposedly because of oxidation.
4 Conclusions and Perspectives
The feasibility of photochromic GRP is clearly confirmed with the first phase experiments via hand
lay-up. A GRP-panel with photochromic properties has also been manufactured using an infusion
process, but the coloration is uneven. This might be overcome by pre-heating the laminating resin
before the input of dyes. In terms of photochromic performance, the first samples exhibit a good
sensitivity to activation. As the next step, other manufacturing processes are to be undertaken. The
photochromic characteristics of GRP should be enhanced with optimized recipes and optimal dyes.
The integration of normal colorants and functional pigments in GRP is also planned.
Parameters like stability and durability are yet to be investigated through accelerated ageing tests.
Whereas most organic photochromic compounds demonstrate poor fatigue resistance, stability might
be another major obstacle for the application of photochromic GRP. Nevertheless, it has been verified
that the photochromic properties may be different in polymers and vary according to the nature and to
the oxygen content of the matrix. Moreover, GRP with a laminate structure might maintain
photochromism longer, supposing that outer layers could act as protection for the middle layers. Some
UV-resistant gel coat might help stability improvement as well. Clearly, the successful development
of photochromic GRP requires a close cooperation between academics, professionals, and
manufacturers.
Novel photochromic GRP applications would prospectively gain a large range of applications in
architecture, such as adaptable building envelopes that, inter alia, contribute to energy efficiency.
Photochromic GRP glazing could adapt light transmittance to the intensity of sunlight and thus also
offer protection against glare and interior space heating. With a high translucency, such glazing
would be used at places where natural lighting is required but a see-through view is neither allowable
nor desirable. Photochromic GRP could also be applied as a panel blind for windows or combined
with transparent glass, which helps with solar control in a similar way. Comparatively, such
applications are neither costly nor complicated:
In comparison to coated photochromic glass, which demands high dye concentrations necessary for
a darkening coating but with a thickness of only a few micrometers, photochromic GRP embodies the
pigments in the major component and thus is much simpler to manufacture at a low-cost level.
In contrast to electrochromic systems, photochromic GRP can automatically react to the change of
lighting conditions, since sunlight provides the energy for the coloring process. In this way, it does
not require an external power supply or control. The need for expensive transparent electrodes is also

·
·
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avoided. Furthermore, photochromic GRP remarkably reduces the needs for maintenance and thus is
more stable.
Facade cladding is one common application of GRP. Manufacturing techniques and material quality
have been greatly improved in recent years. On this basis, the integration of photochromism could
further enhance the applicability of this composite with some added values. With sunshine in the
daytime and through “black light” at night, photochromic GRP facades could turn on an attractive,
dramatic appearance changing according to lighting conditions. Furthermore, smaller building cooling
loads in summer are achievable thanks to the low thermal conductivity of GRP and the absorption of
solar heat via photochromism.
On the supposition that photochromic GRP can be used as chameleon facade cladding, translucent
sun blinds, a colorful shelter from glare, or median facades, photochromic GRP additionally allows
architecture to turn on a variable expression and to bestow more freedom on architects in their design.

Figure 2. Simulations of application performance of photochromic GRP (up in diffuse light and
below in the sunshine).
Note: The bottom left photo in Fig. 2 is figured in Bauwelt, vol. 95 (2004), no.21, p.2; the other were
photographed by the author and simulation is done with computer.
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Abstract
This paper is an investigation of the recent research and developments on high performance textiles,
smart textiles and hybrid materials. The term high-performance connotes the designed or enhanced
properties that improve the materials’ performance in specific conditions but stay fixed or static in
response to external stimuli. The term smart, or intelligent refers to materials that change their
properties in response to varying thermal, luminous, acoustic or structural stimuli. Although the terms
‘fabric’ and ‘textile’ are used in construction and resemble the properties of ‘cloth’ with natural
fibers (such as cotton, wool and silk) , high-performance or smart textiles are engineered with
synthetic fibers (such as nylon, polyester, carbon and glass fibers), special coatings, embedded
technology, sensors and electronics. Many other composite materials that are flexible and layered are
termed as hybrid materials as they share properties of the originating materials such as textiles and
plastics. These materials have the potential for weaving a new direction towards materiality in design
and construction.
Conceptual framework
Architecture has long been criticized for being dominated by vision only. In his book, ‘The eyes of the
skin’, architectural theoretician Juhani Pallasmaa argues the invention of the perspectival
representation as one the reasons that makes the eye the focal point of our perceptual world today
[Pallasmaa, 1996, p.7]. He also points out that, although our experience of spaces involves all of our
senses, vision takes over the multi-sensory experience when spaces are conceptualized in designers’
and architects’ mind. By virtue of their traning and focusing on vision alone, many designers are not
able to bring our other senses into play during this conceptualizing process.
‘Every touching experience of architecture is multi-sensory; qualities of matter, space and scale are
measured equally by the eye, ear, nose, skin, tongue, skeleton and muscle. Architecture strengthens
the existential experience, one’s sense of being in the world, essentially giving rise to a strengthened
experience of self’ [Pallasmaa, 1996, p.28].
Historically, in architecture, generating the geometry and the materiality of space have been closely
linked as the materiality influences a big part of our sensory experience. With specialization in
architecture and engineering in the last century, however, the spatial design activity in architecture has
been simply reduced to generating geometrical forms and assembling materials typically chosen out
of catalogues according to their prevalent visual qualities. Putting the emphasis on the visual qualities
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of a space and the suppression of the other sensual experiences in general practice of architecture tend
to push designers and architects to visualize the ‘exteriority’ of spaces. This reductive practice of
architecture strips designers of any real understanding of the materials’ complexion and the
substances that make up a space as well as the processes and technologies involved in their
production. As Pallasmaa eloquently points out ‘[t]he flatness of today’s standard architecture is
strengthened by a weakened sense of materiality….the machine-made materials of today– scaleless
sheets of glass, enamelled metals and synthetic plastics—tend to present their unyielding surfaces to
the eye without their material essence or age’ [Pallasmaa, 1996, p.21].
For the main stream of architectural practices the focus still remains on the artistic and geometric
organization of spaces and their material embellishments. Presently, however, many alternative
practices are looking into integrating technological innovations and materials research. This
alternative attitude towards space-making helps them deviate from reducing architecture to a
predominantly visual exercise by focusing on the production of cultural artefacts that enhance our allsensory perception and experiences in life. These alternative practices, as will be demonstrated
through two case studies later in the paper, are developing the knowledge-base through research and
development to translate the advanced material innovations and processes into more creative,
responsive, and responsible built environments as well as other design applications.
Flexibility/Transformability: Physical Boundaries
Notions of adaptability, flexibility and transformability are not new in architecture. Physically and
conceptually, built or hypothetical examples of flexible/transformable architecture and design
continue to define new personal boundaries. Looking at several innovative projects; such as Shigeru
Ban’s experiments with cardboard, Frei Otto as well as Bodo Rasch and FTL Design Engineering
Studio’s work with tensile fabric and convertible structures , it is evident that the design flexibility in
architecture is interpreted usually as the physical expansion, contraction or deployability of spaces
and buildings. Alternative lightweight cladding materials, fabrics and structural components along
with highly efficient movement systems have been instrumental in the implication of these projects.
As early as 1924 Gerrit Rietveld, in his iconic Schröder house, brought openness to the floor plan by
articulation of movable partitions and sliding screens. The materials chosen to achieve design
flexibility may reflect on the idea of lightweight construction as a means to achieve adaptability. The
physical action of transportability/transformability requires a certain ease of assembly, disassembly,
adjustability and deployment facilitated by the advancements in material substance and fabrication
processes.
Adaptability/Responsiveness: Shift in Perceptual Boundaries
I believe that the material landscape is currently in a state of transition in which our current design
practices will inevitably be transformed in a direction compatible with the theme of responsive
environments. Recent high-performance and smart material innovations are demonstrating a new kind
of adaptability and transformability of space that are different than those that simply focus on
mechanical expansion of built environments and objects. This phenomenon perhaps can be best
explained with Philip Ball’s concept that smart ‘[m]aterials can replace machines’. He suggests that
‘[s]ubstances that change their shape or properties in response to various stimuli—electrical signals,
light, sound waves—can be used as switches and valves with no mechanically moving parts’ [Ball,
1999, p.103]. In the hands of material scientists this may mean the development of certain types of
advanced materials that , for example, not only give warnings of structural malfunctioning (by
coloration or discoloration of material) but also counterbalance, amorph or provide temporary strength
to deflect the external or extreme forces, such as high winds or eartquakes.
The integration into architecture of materials that change their static state through deformation, reformation or even destruction under stress, or temperature differences, presents a scientific as well as
a design challenge. ‘In the past, a change in a material’s properties (its elasticity, or its volume) in
Malleable Matter: Adaptable and Responsive Space, Filiz Klassen
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response to a change in the environment was generally seen as a potential problem, as a thing to be
avoided….Even in applications where one might imagine a dumb [static] material would suffice, a
degree of smartness may prove tremendously useful…A house built of bricks that change their
thermal insulating properties depending on the outside temperature, so as to maximize energy
efficiency?’ [Ball, 1999, p.104].
New Directions in Materials Research and Architecture
In his book ‘Made to Measure’, Philip Ball predicts that there will be always room for so-called
‘dumb’ i.e. static materials that do not change their properties or display their changing
characteristics. Nevertheless, it will increasingly pay to be ‘smart’ in the manner discussed above,
although he maintains that this is still not nearly sufficient. In the future, material scientists hope that
materials will be developed that are able to take into account changes, maintaining ‘a memory of what
has transpired before and that learn from these previous experiences’ [Ball, 1999, p.105] and
becoming more active and ‘smarter’ or ‘intelligent’ as they get older. He further comments that in the
1995 aircraft prototype developed by researchers at Auburn University, ‘all of the ailerons and tail
flaps that are used to control the flight of conventional aircraft were replaced by wings and tail fins
containing piezoelectric actuators (that convert electrical to mechanical energy) that altered their
shape (in response to flying conditions). One advantage of smart wings is that they can be continually
adapted to maximize aerodynamic (and thus fuel) efficiency in a way that is just not possible for
today’s aircraft’ [Ball, 1999, p.118].
If this is the direction that material developments are taking place in other industries it seems
redundant to imagine pragmatic material applications in architecture based on appearance, utility and
ornamental qualities that enhance visual compositions only. Scientific research is continually
improving mechanical, thermal, electrical, chemical and optical properties of materials in architecture.
Therefore it seems obsolete to choose materials solely based on their visual characteristics in
conception and creation of spaces. What becomes relevant is to find out what a material might do in a
space to enhance our all-sensory experience.
Could we as designers and architects begin to select or better yet get involved in the material
fabrication processes to meet specifically defined needs or external circumstances that effect built
environments? With rigorous understanding of materials’ properties and their interaction with the
environment, could we step aside from a vision dominated architecture and create spaces that respond
to and enhance our multi-sensory experience while creating new personal and perceptual boundaries?
Michelle Addington and Daniel Schodek, authors of ‘Smart Materials and Technologies’, suggest that
‘…by investigating the transient behavior of the material, we [can] challenge the privileging of the
static planar surface’ that long dominated the architectural vision. They further propose that ‘[s]mart
materials, with their transient behavior and ability to respond to energy stimuli, may eventually enable
the selective creation and design of an individual’s sensory experiences’ [Addington & Schodek,
2005, 7-8]. Although they conclude that architects are not in a position to exploit this alternative
paradigm shift in material innovations, by examining the knowledge gained from other industries such
as aerospace engineering perhaps we may understand that spatial boundary of an enclosure is not
limited to the material surface but it can be reconfigured as the zone in which change of energy fields
occur. Thus smart materials enter the domain of architecture not as alternatives that replace existing
static materials but as dynamic matter that alter their behavior capable of responding to thermal,
luminous, and acoustical energy fields.
Smart Fabrics: New Research Directions
The field of high-performance textiles and flexible fiber based materials is one of the most dynamic
areas of material innovation currently reshaping the practice of fashion, industrial design, architecture
and engineering in a cross-disciplinary context. A ‘fabric’ refers to a material that in some way
resembles or shares some of the properties of cloth either woven or flexible layered materials
Malleable Matter: Adaptable and Responsive Space, Filiz Klassen
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[Addington & Schodek, p.158]. New fabrics as well as existing ones that integrate new material
properties are progressively being tested in the field of construction to generate more transparent,
lightweight, adaptable and responsive environments that we can inhabit [Klassen, 2005, 122-135].
In a recent show at the Smithsonian Cooper-Hewitt, National Design Museum in New York, Extreme
Textiles: Designing for High Performance Exhibition has revealed a wide spectrum of applications
from space-suits to bio-implantable materials (used in hearth surgery), and thus demonstrates the most
dynamic and cross-disciplinary advancements in textile design and engineering. The curator Matilda
McQuaid, head of Cooper-Hewitt’s Textiles Department, organized the exhibition to bring together a
wide and varied scope of textile materials in categories of stronger, faster, lighter and smarter. These
categories illuminate the performance standards used in the textile-industry that drive each unique or
extreme application and also give us insights to demystify the developments in textile materials and
technologies [McQuaid, 2005, p.13-30]. In her words, textiles can be found in anything as ‘[t]hey
offer the versatility to be hard and soft, stiff or flexible, small or large, structured or arbitrary. They
are collectors of energy, vehicles of communication and transport, barriers against physical hazards,
and carriers of life-saving cures’.
Michelle Addington and Daniel Schodek also focus on actions and effects that are made possible via
smart materials and technologies. Although many applications do exist exclusively in clothing, they
point out that similar products and technologies that can be envisioned for use of smart fabrics in
architecture and design. For example, if a coffee mug changes its colour based on the temperature of
the beverage it contains, would it be possible to change the colour of a room based on its exposure to
sunlight by integrating a photochromic textile on its walls? The authors organize high-performance
and smart fabrics according to what they might do in a space [pp. 158-162]. The first group are the
high performance fabrics or flexible materials that are combined with other materials (composites or
weaves) to accomplish some specific objective related to variables in the luminous, thermal or
acoustical environment and structural forces. These applications may lead to design of surfaces and
structures that specifically reflect, absorb or transmit light, sound and heat or react to building and
gravitational forces in a designed way. This group of materials, however, are not smart in the sense
that they do not display changing characteristics i.e. their properties are engineered for better
performance yet remain static. The second group of fabrics exhibit some form of property change in
response to the above listed external conditions, most commonly color-change based on impregnation
or layering of thermochromic (heat sensitive) or photochromic (light sensitive) materials with the
fabric. The third group of fabrics that provide an energy exchange function are known mostly as
phase-change materials. These fabrics involve absorbing, storing or releasing large amounts of energy
in the form of a latent heat and thus control thermal environments. For example, water is a phase
change material that transforms from solid to water to gas at freezing or boiling temperatures. This is
not, however, of any use in construction industry as the energy exchange takes place at low
temperatures. Outlast Technologies Inc. that has already developed a phase change textile material for
use in sports clothing (to keep us cool or warm), hopes to develop a similar material for the building
industry. Phase change particles can be encapsulated at microscopic level and integrated into the
fabric either as surface coating or an integral part of the fabric’s fiber (by using a wet-spinning
process) [Braddock & O’Mahony, 1999, p.156]. And finally the fourth category of fabrics, known as
electronic textiles, are in some way specifically intended to act as sensors, and to be used in energy
distribution, or in communication networks [pp. 158-162].
These advancements in materials research exemplify the potential changes (functional, structural,
design, and cultural) that may occur in the perceptual and practical characteristics of the built
environments in the future. In return, continued demand for high-performance and responsive built
environments will derive the specific material developments away from a mere experiment with the
static qualities of materials towards a multi-layered and active manipulators of external energy fields.
The integration of building materials and the mechanics that regulate thermal, luminous, acoustical
and visual requirements is of vital importance in successfully translating and realizing innovative
building concepts. We still are far from achieving a built environment that morphs itself for best
Malleable Matter: Adaptable and Responsive Space, Filiz Klassen
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performance in response to varying external forces. We are, however, slowly moving in a direction
that is compatible with innovations that are reshaping other fields.
Case studies
The generation of a single material that can respond to various environmental and functional
conditions required or desired by occupants in a space proposes a big challenge for many architects
and designers. SmartWrap™ project, an architectural prototype by KieranTimberlake Associates LLP
‘Figs 1& 2’, is one case study in this area. We are used to seeing plastic film for wrapping food,
plastic bags and as bottles for water and soft drinks. In this case a composite plastic film is envisioned
for wrapping a space i.e. the coining of the term ‘SmartWrap™’.
Rather than simply assembling existing materials to construct an exterior wall, the architects
researched and built a prototypical cladding material that is made of commonly known PET plastic
(polyethylene terephthalate, used in water bottles). This exterior cladding material, SmartWrap™,
incorporates emerging technologies in heating, cooling (through embedded micro-capsules of phase
change materials), visual display, lighting (through Organic Light Emitting Diodes deposited on to
plastic substrate), and energy collection (through integrated silicon solar cells). Thus the building skin
acts as an ideal solar collector, moderates temperatures and also provides lighting and information
displays that can be mass-customizable [KieranTimberlake, 2003, Klassen, 2005, p.124].
The technology transfer that the architects envisioned for this building cladding material takes its cues
from current ink-jet printing developments. Integrating material deposition and patterning by solution
processing places electronic display and lighting functions directly onto the hybrid and flexible plastic
substrate. This continuous, roll-to-roll printing process is compatible with large size requirements in
construction although the current available technology is limited to small size applications.

Figure 1 & 2: Smart Wrap™, KieranTimberlake Associates LLP
Another case study is ‘Zip Room’ project by Kennedy and Violich Architects (KVA) ‘Fig 3’ that
illustrates an adaptable interior wall prototype that emphasizes touch and adaptability. The fabric wall
of Zip Room, named ‘Nextwall’, made of electronic or smart fabric, is an integrated light emissive and
interactive surface that responds to different conditions of use and human touch. This textile substrate
that incorporates sensors and communication network is pliable and conducts low-voltage DC electric
current that allows digital light and information delivery to an architectural surface. The fabric
contains materials such as silver or stainless steel yarns to enable electrical conductivity. Powered by
photovoltaics, the energy efficient semiconductors bring a new expression of information and digital
light delivery in architecture. Thus ‘Nextwall’ brings the effects of color, light and information
display into the spatial realm from the domain of various products functioning independently in a
space by expanding the material properties of fabric [McQuaid, 2005]. The wall becomes a dynamic
fabric substance, able to change its properties from tactile, sheer, translucent to light-reflective based
on various conditions of use.
Malleable Matter: Adaptable and Responsive Space, Filiz Klassen
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Figure 3: ‘Zip Room’, Kennedy and Violich Architects
The premise of this investigation is that the future of information and sensor technologies enhances
the development of pliable materials. What is required is a spirit of interdisciplinary design
experimentation and innovative collaborative frameworks for research and development within which
appropriate transfer of technologies into architectural applications can be encouraged. These examples
demonstrate that the use of malleable, textile-based materials in architecture can provide adaptable,
flexible and responsive design solutions.
Conclusion
It is important to recognize that the particular materials and technologies involved in these case
studies are only illustrative of certain possibilities of engaging an emerging domain of technology and
materials research in design. Future approaches to materiality in architecture predict an evolution of
the personal and perceptual environment and a transformation of traditional and physical boundaries.
A future vision of adaptable architecture that can express aspects of people’s history, personalities,
needs, and desires and provide a potential for personal expression, intimacy and playfulness has
already been practiced by many artists. The development of responsive materials encourages new
approaches that engage human senses with material substances. More focused attempts at integrating
the tactile, auditory, olfactory, and visual senses in architecture will provide increased awareness of
the world around us. ‘In memorable experiences architecture, space, matter and time fuse into one
single dimension, into basic substance of being, that penetrates consciousness’ [Pallasmaa, 1996,
p.50]. These new ideas and developments in materials and fabrication methods have the potential to
engage our conscious, enhance our living environments, and ultimately make a personalized and a
collective cultural impact in our personal and public surroundings.
References
Addington, D. M. & Schodek, D. L. 2005, Smart materials and new technologies for the architecture
and design professions. Architectural Press, Oxford, 7-8, 158.
Ball, P. 1999, Made to measure: New materials for the 21st century. Princeton University Press,
Princeton, New Jersey, pp. 103-105, 118.
Braddock, S. 1998, Techno textiles: Revolutionary fabrics for fashion and design. Thames & Hudson,
New York, p. 156.
KieranTimberlake Associates LLP. 2003, SmartWrap™: The building envelope of the future, a mass
customizable print facade. Becotte and Company, Philadelphia.
Klassen, F. 2006, Material innovations: Transparent, lightweight and malleable. In Klassen, F., & R.
Kronenburg (Eds.). Transportable Environments 3. Spon Press, London, pp.122-135.
McQuaid, M. 2005, Extreme Textiles. Princeton Architectural Press, New York, pp. 194-197.
Pallasmaa, J. 1996, The eyes of the skin: An architecture of the seven senses. Academy Editions,
London, p.7, 28.

Malleable Matter: Adaptable and Responsive Space, Filiz Klassen

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven [The Netherlands] 03-05 July 2006

8-198

ETFE-foil, the "flexible glass".
An alternative to glass roofs!?

Wolfgang Rudorf-Witrin
CENO TEC GmbH
Am Eggenkamp 14, D-48268 Greven, Germany
W.Rudorf-Witrin@ceno-tec.de

KEYWORDS
ETFE-foil; Textile Architecture; Pneumatic structures; Lightweight structures, Tensioned structures.

Paper
Lightweight structures have been established in almost all fields of construction within the last 30
years. The use of tensioned membrane structures with their three dimensional shape in combination
with all known building materials (like steel, wood, concrete and not to forget ropes) allows either to
adapt architectural elements to break up solid buildings or to form complete buildings or coverings
itself. You will find textile architecture mainly in the field of leisure- and sportsfacilities and around
all public places.
Sometimes it’s not only the function like weather protection which is the reason for a textile roof.
Quiet often the roof itself becomes the focal point of attraction. Right now it can be seen at the soccer
world championship in Germany. ‘Figs. 1 and 2’
So far lightweight structures are known as structures made out of coated fabric, either PVC-coated
PES weaving or PTFE-coated glass weaving. The weaving inside these materials carries the outer
loads like wind and snow as well as those forces out of the pretension. The coating itself can be
compared with our skin. It is “just” to protect the weaving against weather conditions and maybe to
bring colour onto the structure.

Figure 1. Grandstand roof Sheffield;

Figure 2. Tenniscourt Halle
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The pretension normally is adapted mechanically. Beside tensioned membrane structures a lot of
pneumatic structures have been built within the last years. In the beginning the idea was, to use the
coated material for simple air supported halls only. Later on huge pneumatic cushion constructions
where build. In all these projects the membrane is tensioned by air pressure. Compared with high
pressure elements like a tire of a bicycle or a car, textile structures require a relatively low pressure,
due to the volume of the cushions. For example the inner pressure of the large cushion of the German
pavilion in Seville ‘Fig. 3’ with its 90 x 65 m free span was 1000 Pascal only.

.
Figure 3. A large air supported cushion at the Expo Seville 1992; Size: 90 x 65 m.
© Ceno Tec GmbH
Pneumatic structures open the possibility, to use other materials than coated fabrics for this field of
“textile architecture”. Especially the use of ETFE-foils became very common within the last years.
ETFE-foil is made out of a very light and highly transparent flour polymer. It allows 95 % of the
sunlight and furthermore the UV-radiation penetrates inside a structure.
One of the biggest advantages is that this flour polymer Ethylene Tetra Flour Ethylene is extremely
homogenous. This means that almost no dirt or whatsoever can stick to the material. It stays clean.
Long term tests which run more than 20 years result that even under extreme weather conditions the
technical data like thickness, tensile strength, flexibility and the transparency stay almost as they are
at the beginning. Sometimes someone could say: a material to good for this world since us, the
industry needs to reconstruct, to replace structures from time to time in order to survive. But there
might be another way to look into it.
A new material like ETFE-foil can develop completely new fields of applications or can be used to
substitute other materials like for example glass. What’s your opinion? Can ETFE-foil substitute glass
structures? I would say: “In principle yes, at least in some cases, mainly related to roof structures”!
The real truth is, that using the advantages of ETFE-foil structures the architect or the client has a big
variety of additional aspects in designing whatever buildings are to be done.
Glass architecture is quite common. It provides light, gives the feeling of brightness inside and
compared with closed walls it also shows a sort of lightness of a structure. I’m sure we will find a lot
of additional arguments which explain the advantages of glass. But there are disadvantages as well.
One point of importance is the weight of glass. It requires an adequate primary structure to carry the
loads. Beside that the size of a single glass pane is limited which again requires an additional
secondary structure. The result is, that glass structures are – let’s say – not cheap. Additionally one
could mention the limited overall size of glass roofs at least looking into the economical corner again.
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Beside that don’t forget the maintenance cost for cleaning on one hand and the necessary safety
precautions.
It is not my aim to explain, that ETFE-foil cushions can solve all those problems. To my
understanding first of all ETFE-foil structures provide interesting alternatives in those cases, where
the use of glass is limited by size or cost. Different shapes, additional features like low-maintenance
cost, UV-permeability and not to forget good U-Values round up the design resources for an architect.
In former years this foil has been used for greenhouses only, just clamping or clipping the material to
a steel or aluminium frame. Today ETFE-foil is mainly used in air supported cushions with two, three
or more layers, which make exceptional structures possible. Because no load carrying weaving is
inside and due to a lack of knowledge of the material behaviours, the size of the single cushions so far
has been limited up to 50 or 80 sqm. Even the Allianz Arena in Munich is based on this “safety”
philosophy. In principal it is not bad to start with smaller sizes while learning what the material can
do. Building with ETFE structures is still a young business.
But isn’t it remarkable that “artificial glass structures” with these “small” cushion sizes including its
primary and secondary structure safe more than 50 % of the weight of ordinary glass roofs already?
The reason for that is on one hand the possibility of a wider span and on the other hand the low
weight of the ETFE-foil (approx. 1 kg/sqm for a triple layer cushion). At this point you have to take
into account that beside the outer loads like wind and snow additional forces due to the air pressure
have to be calculated in order to dimension the necessary profiles. Nevertheless: Try to build a glass
roof with single panes in a size of 50 to 80 sqm.
Today only a few of those countable companies, handling the ETFE-foil material, have done
extensive research and development invests. The results have shown that ETFE-material, used in the
right way, provides a big variety of additional possibilities. ‘Figs. 4 and 5’

Figure 4: Testing field 10 x 10 m
Figure 5: 1.200 sqm roof in Bingen
© Ceno Tec GmbH
Based on those results the first step into the next dimension was possible. This can be shown by the
large ETFE-cushion-roof which was built by Ceno Tec GmbH recently for the project Tropical
Islands near Berlin. 20.000 sqm of roof has been replaced by using 56 ETFE-foil cushions each
measuring approx. 360 sqm. The whole structure of each of the 4 fields is carried by a double layer of
rope net. That gives the possibility to reduce the overall weight of the secondary steel parts to a
minimum of 4 kg/sqm.
The clients and architects aim was to build up a tropical rain forest and a large tropical sea inside the
existing gigantic hall of the former cargo lifter project. Originally the structure was covered with a
ETFE-foil, the "flexible glass". An alternative to glass roofs!? By Wolfgang Rudorf-Witrin
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double layer of PVC-coated membrane. The idea was, to open the roof towards the south-west
direction in order to get sufficient light into the hall. Not only for the plants, but also for all the
guests who are willing to get their sunburn it was essential to have a material, which allows the UVradiation to penetrate into the hall. Among all checked materials only ETFE-foil could fulfil these
requirements.
The architectural idea was, to use 3.50 m wide cushions yet with a length of up to 150 m. These
cushions should be placed on top of a pre tensioned rope system, using secondary brackets. Due to the
different e-module of the steel ropes, compared with the existing “weak” membrane, this concept
could only be realized by stiffening the primary steel structure with approx. 80 tons of steel
reinforcement for each of the 4 “windows”.
The outcome of CENO’s optimisation concept was, to use large ETFE-foil cushions “wrapt” into a
lower and an upper rope net system. Together with the shape of the cushions this whole system acts
like a spring if load is adapted. By this the whole reinforcement could be economized ‘Figs 6 and 7’.
The statical concept was based on the elaborated knowledge of the ETFE-material and its biaxial
behaviour. You can imagine that the client was fully satisfied with this solution.

Figure 6 and 7. The ETFE-foil-roof at Tropical Islands, outside and inside
© Ceno Tec GmbH
An interesting side effect: Such a large structure requires a quite complex air supporting system.
Whereas the upper cushions have to carry snow loads the lower cushions have to cope with extreme
gusts of wind. Imagine the height of the structure with 105 m, being a peak in a relatively flat area.
Out of that a very sophisticated system has been developed. The air flow and the air pressure of each
of the 56 cushions can be regulated by a computerized system, not only influenced by statical loads
but also by different climate situations. At the very end the proofed calculation showed an U-value of
better than 1.30 and the overall running costs of the air supporting system went down to approx.
8.500.00 € per year, means approx 0,42 €/per sqm surface/year. I’m sure; you are not able to clean
such a window for such a little amount of money taking into account, that a glass roof should be
cleaned at least two times a year.
A lot of further points could be mentioned on this huge structure. But the theme of this paper is
different. So to avoid, that someone gets angry because the topic is missed, let’s proceed with the
question, if ETFE-foil can be an alternative to glass roofs. Concerning the features of this project I’m
quite sure, that ETFE is not only an alternative. It’s a material which enables the architect and the
client to think about lot of additional applications. One really interesting point is the statical
behaviour of ETFE-foil cushions, which has been proved by this project. The behaviour of the
material allows to optimize supporting structures (e.g. to rope supported systems) since distortions by
statical loads can be taken due to the elasticity of the foil. To go up to the limit of the material itself as
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well as of the system components requires a good and solid knowledge and also extensive research in
material properties as well as in manufacturing and erection concepts.
A big disadvantage of glass roofs – and I agree – this applies to untreated ETFE-cushions as well, is,
that the sun light can heat up the inner atmosphere too much. Here you can see already, that
statements relativize if the building demands are not part of a judgement. Nevertheless an alternative
material is as good as its variability. For sure it is possible, to install sun protection devices for glass
areas in order to avoid too much sun light. But that’s an additional system, which causes cost and
service. An ETFE-foil cushion itself facilitates a variety of alternatives of sun protection. Due to the
different layers it is possible, to build in printed foils which can be moved by different air pressure
inside the cushion. This allows to “closing” the “window” against direct sunlight to whatever
percentage is required. When the direct sunlight is gone the “window” can be opened again by
pushing the button. It is also possible, to print maybe only those areas directed to the south, or to use
patterns, which take out some percentage of the direct light. All these solutions can be adapted for
some Euro a sqm covered area only. No additional expenses for service are necessary.
Another point of discussion could be the safety philosophy of a building. ETFE-foil is hardly
combustible according to DIN 4102 B1. That limits its usability for all those applications where a non
combustibility is required by building regulations. Looking into the overall safety and risk estimation
of a roof structure it can be that ETFE becomes a very suitable solution nevertheless. There is no risk
of heavy components falling down. The smoke development is extreme low. Beside that at a
temperature above 250 °C the foil cushions open, reacting as smoke outlets. All that has been tested
and stated by experts asked for their reports concerning building permissions.
One question remaining is the life time expectation in comparison between ETFE-foil structures and
glass roofs. Glass itself has exceptional long lifetime expectancy. Nevertheless it is limited to the
overall lifetime of the system. The components like frames, sealing etc. determine the overall lifetime
of a glass structure. Corrosion, water tightness etc. are not a question of the glass itself. The same
arguments are valid for ETFE-foil cushions. The ETFE-foil has been tested within existing structures
as well as under laboratory conditions for more than 25 years. So far – as already mentioned – there is
almost no drop of technical data or the translucency visible. That underlines that a structural lifetime
depends on the overall system.
Today there are a lot of investigations to use ETFE-foil material as single layer constructions as well.
Due to the material behaviour described already that this is not an easy venture, because a secondary
structure always needs to carry the statical loads. Supporting ropes or rope nets can help to solve this
problem but there is still a long way to go.
As a summary one can be said: Yes, ETFE-foil cushions are a good alternative to glass roofs. They
never will substitute glass structures but they provide a big additional variety of solutions to those
architects and clients who try to gamble with different forms and larger free spans and who ask for
economical solutions. For sure there is a long way to go till ETFE-foil cushions have been established
like glass has. One very important point is that projects using this sensible material, are realized with
reliable and experienced companies only in order to avoid set backs in the development. Another very
important point is that Universities continue in teaching new materials. We as part of the industry can
give a helping hand. And we will do our best, today and in future, to bring the sense of taste to all of
you.
Wolfgang Rudorf-Witrin
Ceno Tec GmbH, Textile constructions
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1. Introduction
In the last twenty years some applications of composites materials in the construction industry were
made. Nevertheless, these applications often copy the form of existing steel structures and, as the
elastic modulus of composite materials is relatively low, the construction costs are higher than for
other traditional materials. Although the qualities of their mechanicals properties are obvious: low
density, high strength and high resistance against corrosion and fatigue. So, in order to take
advantages on every characteristic of composite materials, new structures must be found. Therefore,
in the framework of a research on structures for shelters for temporary or permanent purposes
[Baverel et al. 2004], the LAMI-ENPC is developing an experimental grid shell (see figure 1). In this
project, four design principles guided the conception stage:
Optimal use of the mechanical characteristics of the fibres;
Simple connection between components of the structure;
Optimal design according to its use;
Cheap material cost toward the use of components already available in the industry.

Figure 1: First prototype of a composite grid shell at the ENPC
This paper is presented as follows. The next section briefly reviews the characteristics of grid shells
and their very specific erection process. Then, section 3 describes the method used for the formfinding and non-linear analysis of the structure: the dynamic relaxation algorithm. Section 4 is then
concerned with the kinematical constraints that are due to the eccentricities between connected
beams. These are then used in section 5 to design a first prototype demonstrating the relevance of the
dynamic relaxation method and the feasibility of composite grid shells. A brief discussion concludes
the paper.
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2. Construction principles
The name of “grid shell” commonly describes a lattice structure with double curvature with a very
specific erection process. Long continuous beams are assembled on the ground in order to build a two
way grid with no shear rigidity. Then the grid is deformed elastically by bending until the desired
form is obtained and then rigidified with bracing cables or a third direction of beams. As the authors
know, only two grid shells were built in the world using this method: the Mannheim Budesgartenshau
(Frei Otto, 1975) and the Weald and Downland Museum (E. Cullinan, Happold, 2002) [Downland
2002]. Those grid shells were made of wood because of its low density and high limit strain (about
2%) but not for its strength (30 MPa at best). Glass fibre reinforced polymer (GFRP) exhibits a
strength of 350 MPa and a limit strain of about 1.5% for only 1.9 kg/m3. Moreover their higher Young
modulus induces a higher buckling load of the grid shell. So, these mechanical properties make the
use of GFRP very attractive for this kind of application.
As the stresses in the beams are almost exclusively axial stresses, fibres are required only in the main
direction of the beam. Therefore the industrial process of pultrusion would provide a cost-effective
method for the production of unidirectional composite materials. It will also allow the production of
very long tubes that would avoid the problem of joining the wood cleats. To improve the performance
of the section of the tube, one could also choose a circular pull-winded tube with fibre perpendicular
to the axis of the tube. It will raise the limit strength and avoid the ovalization of the section, but it
will also raise the cost of the material production of about 15% in comparison with the pultrusion
process.
Moreover with standard diameters of tubes, standard scaffolding elements already available in the
industry could be used for the realization of the connection between the tubes. Hereby the material
cost can be once again very effective. This is why these technical solutions seems to be appropriate
for the construction of grid shells, and could contribute to the development of this type of structures.
3. The dynamic relaxation method
The elastic strain of the phase of assembly imposes large displacements on the structure and induces
thereafter a state of bending prestress. The structure is thus simulated with a dynamic relaxation
algorithm. It can be used for the form-finding as well as for the analysis of the influence of prestress
on the stability of the final structure. It is also stable and provides accurate results with a few number
of elements. This algorithm is used for various types of mechanical problems with geometrical nonlinearities.
“The basis of the method is to trace step-by-step for small time increments, the motion of each node
of a structure until, due to artificial damping, the structure comes to rest in a static equilibrium.”
[Barnes 1999]. Its general principles can be found in [Underwood 1983]. The basis of the method for
prestressed structures were developed by [Barnes 1999] and an application to grid shell was presented
in CCC2005 [Douthe et al. 2005]. In the original version of the DR method, a parameter of viscous
damping proportional to the speed and the mass of the nodes was used. But to ensure the convergence
of the process, it was necessary to introduce controls and adjustments on those various parameters
[Papadrakakis1981]. This method remains relatively delicate to implement, so that an alternative
procedure of kinetic damping was preferred by the authors. Kinetic damping is an artificial damping
whose principle relies on the exchange during the movement, for a conservative system, between
kinetic energy and potential elastic energy which one seeks the minimum. In this procedure, the
oscillations of the structure start from an arbitrary geometry and are free until a maximum of kinetic
energy is reached. The structure is then stopped: all speeds are given artificially to zero. Then the
structure is again free to oscillate to the next maximum of kinetic energy where, like previously,
speeds are given to zero. And so on, until the kinetic energy of all the modes of vibrations is
dissipated.
Composite grid shells: Simulations and first prototypes
C. Douthe, O. Baverel, J.-F. Caron
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The stability of the algorithm is controlled by a mass parameter which is readjusted at every kinetic
peak in order to optimise the convergence speed [Douthe et al. 2005]. This parameter Mi is set for
each node i according to equation (1). (ES/L)i,j represents the axial elastic stiffness and (T/L)ti,j the
geometric stiffness of each beam (i,j) connected to node i. Tti,j is the current tension in the beam which
is calculated according to the axial elastic stiffness and the current strain of the element at time t. λ is
a parameter slightly higher than 1 that insures the stability of the algorithm and an acceptable time of
convergence. ∆t is the time step between two iterations.

M ipeak = λ ⋅

 ES T peak
∆t 2
⋅ ∑  0 + 0
2
L
j  L



i , j

(1)

So that, the algorithm is implemented as follow:
i)
Initialize the speeds Vi = 0;
Compute the mass parameter Mi;
ii)
Increment the calculation step: n → n+1;
iii)
Calculate the internal forces Fin+1 in the actual geometry Xin;
iv)
Calculate velocities Vin+1/2 and positions Xin+1;
Vin+1/2 = Vin-1/2 + dt/Mi*(Piext-Fin+1)
Xin+1 = Xin +dt*Vin+1/2
v)
Check the boundary conditions and update speeds;
vi)
Sum the kinetic energy (KE) of all nodes;
KEn+1/2 = ½*Mi*(Vin+1/2) 2
vii)
a) If KEn+1/2 > KEn-+1/2 then go to ii)
b) If KEn+1/2 < KEn-+1/2 then a peak of kinetic energy is reached.
Check the convergence of the algorithm: if KE < KElimit then stop, else go to i).
4. Eccentricities
4.1 Description of the connectors
In their former paper, the author didn’t take into account the eccentries between the beams at
connection points. As they can have an influence on the stability of the structure, a method was
developed to include them in the model. The first idea of the authors was to model connection
elements as beams of high stiffness with respect to the stiffness of the grid. Unfortunately, this caused
a huge increase of the computation time. Indeed the computation time is proportional to the mass
parameter and the mass parameter is linked with the maximum value of the beams stiffness (1) which
highly rose… So the authors decided to consider the connection elements as infinitely rigid so that the
problem becomes purely kinematical that the eccentricities between connected nodes is treated as “a
sort of boundary conditions”.
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Figure 2: View of a connector
connector

of

Figure

3:

Kinematical

scheme

a

The standard scaffolding “elements” used to connect the beam can be seen on figure4, with the
corresponding idealised model (figure 3). In this model, the connector C between the beam A and the
beam B is composed of three articulations. The first one is the rotation around the main axis of the
beam A, its direction is that of the tangent of the deformed curve of beam A (the X-axis on figure 3).
The second one is the rotation around the main axis of the beam B, its direction is again that of the
tangent of the deformed curve of beam B (the Y-axis on figure 3). The third one is a rotation around
the axis of the connector C, its direction is perpendicular to the beam A and B (the Z-axis on figure 3).
With this system of three articulations, the orientation of the connector is free of constrain, so that
only nodal forces are transmitted from one beam to the other.
4.2 Implementation of the model of connector
Now that the model of connector is clearly defined, it needs to be introduced in the general scheme of
the algorithm of section 2. One first defines separately a node i on each beam at any connection
points. The mass parameter Mi associated to node i is the sum of all the mass parameters of the nodes
connected to node i. Then according to step iii), one calculates the internal forces at time n+1
associated to the current geometry for each beam at time n. The total force applied to the centre of
gravity of the connected node is the vectorial sum of the internal and external forces of each node. In
step iv), it is then assumed that the movement of the different connected nodes follows the movement
their centre of gravity. This assumption is of course not true and induces an error on the positions of
the nodes at time n+1.To correct this error, a new step is introduce. This step will modify the position
of the nodes by rotation around their centre of gravity which position will be kept unchanged. So that
the connectors become perpendicular to the tangents of the connected beams calculated in the current
geometry at time n+1. For the calculation of the internal forces [Douthe et al. 2005], it was assumed
that three successive nodes on a beam were on a circle. This assumption is maintained for the
calculation of tangent to the deformed curve of the beam. This change of position induces a
modification of the speeds of the connected nodes; the speeds must therefore be updated. After that
the scheme of the algorithm is that of section 2, boundary conditions are checked and convergence is
tested (step v), vi), vii) ). And so on, until the static equilibrium is reached.
5. Experimental grid shell
An experimental grid shell was built at the ENPC with pultruded unidirectional tubes made of
vinylester resin reinforced with glass fibres. The Young modulus of the material is about 26 GPa and
its flexural limit stress about 350 MPa. The tubes have a diameter of 42 mm, a thickness of 3.5 mm.
The eccentricity between two connected beams is about 7 mm.
The initial pattern of the grid is an ellipse (see figure 4). The theoretical form is obtained by
simulating the deformation of the grid under a uniform load upward while the extremities of the
beams are forced to stay in the initial plane of the grid. Once the algorithm has converged, the
coordinates of the extremities are picked up and precisely reported next to the grid where stakes are
hammered into the ground. The grid is then deformed so that the extremities of the beams reach the
stakes (see figure 5). This erection phase requires 8 hours work for three men. The final dimensions of
the structures are 3.7 m high, 22 m long and 8 m wide. The covered area is of appreciatively 160 m2.
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Figure 4: Initial pattern of the grid
Figure 5: Final form of the grid shell
The geometry of the structure is precisely measured through a set of 18 points which coordinates are
plotted with tacheometers and compared with the results of the numerical form-finding. It is found
that for each coordinate the average shift is about 2.6 cm. This size corresponds approximatively to
the radius of the tube (2.1 cm). Therefore the major part of this shift is due to the fact that the
controlled points are located on the surface of the tubes and that the simulated points are located on
the axis of the tubes. The results of the experiment can be thus considered as very honourable. The
dynamic relaxation algorithm is a powerful tool that can be used with great accuracy for the formfinding of grid shells.
Then the grid shell is tested under antisymmetrical loading. 21 loads of 50 kg are hung on one side of
the structures. The displacements of the previous 18 nodes are measured and compared with the
results of the numerical analysis. The non-linear analysis is here too performed with the dynamic
relaxation algorithm. The maximal measured displacement is about 0.48 cm, the maximal calculated
one is about 0.31 cm. More generally the simulation predicts with a good accuracy the global shape of
the deformed structure but underevaluates by 50 % the amplitude of the displacements. Several
explanations can be given to those differences: the elasticity of the boundary conditions, the defects of
the structure (in comparison with the geometrical perfection of the model) and the small rotational
degree of freedom that still exists in every connecting element…
Notice that the structure is not finished yet. It will still be braced in a few weeks and a second serie of
loading tests will be done. This phase is essential: numerical tests show that it raises about 6 times the
rigidity of the structure.
6. Conclusion and further work
An investigation on the feasibility of grid shell made of composite materials has been presented. It has
been shown that the form-finding and the structural analysis can be done with the dynamic relaxation
algorithm taking into account the eccentricities due to connection elements. A prototype of grid shell
has been designed and constructed to verify the model and to demonstrate the structural efficiency of
grid shells and their outstanding elegance.
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ABSTRACT
Inflation-deployed, space-rigidized structures hold the promise for lightweight, compactly-stowed
objects, and to further reduce costs through a lower part number. The paper reviews designs of fibrereinforced composites, rigidized by physical or chemical transition once deployed in space. We
briefly discuss the importance of good thermal properties, examine the ability of thermosetting
materials to achieve them, and discuss the potential for new directions in plasticized matrix systems.

1. INTRODUCTION
While large space structures could contribute positively and efficiently in many astronautical
areas, after many years of development only few proposals have found implementation. In part, this
reluctant progress derives from the need to transport the structural element from Earth to their
operational location in space: as large structures cannot travel in a single piece, transport makes them
more complex. Depending on the adopted design principle (variable-geometry assemblies unfurling at
destination; “flexible-wall expandable structures” unfolding there to their full shape; erectable
structures, assembled from ferried components), the design complexity may increase, reliability
become more fragile, on-site operations grow more complex, limiting options, increasing risks and
costs. But an additional fact needs consideration: the structure moves across quite different
environments, with particularly strong differences existing between the transport and the operational
conditions. Therefore, the structure's properties must adapt to the different processes and
environments: it must be flexible for good packaging, then become rigid on site, to sustain the
relevant loads. Inflation-deployed structures have long appeared to offer a good compromise. These
objects are completed on ground, but do not contain complex unfurling mechanisms. They can well
survive the launch in stowed configuration, but lead to very light unfolded items. Rigidization of the
deployed structure eliminates the need for an apparatus to control the pressure and to replenish the
unavoidable gas losses -- penalties that limit use of constantly-inflated objects to functions calling for
internal pressure (habitats), or of short duration (e.g., 0.1 - 100 days).
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2. RIGIDIZATION APPROACHES
2.1 Overview
Figure 1 outlines the different types of rigidization approaches under consideration. Materials and
processes used accordingly differ: mechanically rigidized structures adopt completely processed
materials (including metals), coming conceptually near to conventional unfurlable structures. Other
kinds build on non-metallic materials either held in an intermediate state (prepreg), or modified into a
similar condition. Because of space limitations, in this paper, we focus on designs based on fibrereinforced composites undergoing some physico-chemical transition.

Flexible Wall Expandable Structures Rigidization Mechanisms

Mechanical
Rigidization

Chemical
Rigidization

Physical
Rigidization

Drying

Metal-layer
Yielding

Thermal Cure

(Solvent/plasticizer
Evaporation)

Elastic
Recovery

Photo/ UV/ Rad
Cure

Cold Rigidization

Cold-Hibernated
Elastic-Memory Foam

(CHEM)

Shape-Memory
Polymers

Foam-in-Space
Expansion & Cure
Sub-Tg Cooling

Catalytic
Cure
Foam-Layer

Sandwich Expansion

Thin Laminate
Internal

External

Figure 1: Rigidization mechanisms for thin-walled expandable structures.

2.2 Chemical Processes
The concept of “rigidizing inflatable satellites” through chemical means goes back to the very
early 1960s, and the the work of Seymour Schwartz and Leon Keller at Hughes Aircraft Co (Schwartz
& Zelman, 1962), Raymond Spain at the USAF Materials Laboratory (Spain, 1962), and FW Forbes
at the USAF Aero Propulsion Laboratory (Forbes, 1964). Chemically-rigidized expandable structures
(CRES) materials are a form of composites that can achieve a high design versatility for delivering the
required laminate properties by choosing the reinforcement form or the structural layup (weave styles;
orientation, number, or thickness of plies; etc). Different reinforcing fibers are available, including
glass, graphite, and high-tenacity synthetics (Vectran, Kevlar, PBO). These materials can yield stiff
laminates, with good-to-excellent resistance to the space environment (thermal cycling, radiation,
etc.), and reach near-zero coefficient of thermal expansion (CTE).
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Lightweight structural backbones and precision structures, as well as expandable honeycomb and
similar “double-wall” concepts (s.e.g. Bernasconi, 2004a), can largely share the materials
technologies, especially for the rigidizing matrix, and do not need a separate treatment here. As true
chemical rigidization involves thermosetting polymers, the rigidization process can occur but once:
thus, full ground testing of a flight item is not possible.

2.2.1

Thermal Cure of thermosetting polymers

Thermal curing is the very classical path for aerospace composites, offering excellent structural
performance and flexibility in design. The composite's polymer resin is cross-linked when exposed to
heat. The cure cycle is dependent on the matrix material selected and can range from one to several
hours, making this an issue for this rigidization method. Methods of introducing heat include natural
(solar illumination) and artificial sources (heating by embedded resistive elements).
Numerous epoxy laminating resin formulation have been investigated in this class. Ciba included
in the evaluation for the inflatable space rigidized structures (ISRS) Study: aromatic-amine-cured,
amide-cured, anhydride-cured epoxy-based resins, catalytically-cured cycloaliphatic epoxy, and acrylterminated epoxy resin (Bernasconi, Seiz &. Reibaldi, 1984). The selected technology built on a
modified cycloaliphatic epoxy resin, suitable for thermal as well for externally-catalyzed cure, with
Kevlar as reinforcing material. The result was a prepreg that was flexible in its uncured state, had low
volatiles content, and exhibited good UV and thermal stability (Cadogan & Scarborough, 2001).
During the 1980s, this matrix system underwent a wide range of testing and characterization
measurements. The basic approach utilized the Sun to heat a pigmented structure.
The need to introduce the initiation energy and to control the object's temperature represent the
primary drawback of this solution, in particular if one has recourse to artificial sources. Curing with
embedded resistive heating elements gives optimal control over the process, by providing strict
control of the heat cycle and thermal distribution, but demands the addition of the heaters and multilayer insulation (MLI) blankets to increase the structure's temperature (McElroy, Wise & alii, 2000;
Carey and colleagues, 2000). In the 1990s, ILC Dover adopted a space-qualified epoxy matrix resin
that at cures at 120°C in some 45 minutes, used with success with both graphite and Kevlar
reinforcements (Cadogan & Scarborough, 2001). Glass transition temperatures of these materials are
typically near their cure temperature (~120°C). Chemical modifications increased the room
temperature storage life beyond two years, with cold temperature storage beyond six years.
Shelf-life limitations of some thermosetting materials can become prohibitive for a spacecraft's
processing logistics, with at least two years (at RT) considered essential. The storage environment
from manufacture to deployment must also be well understood because high thermal exposures for
prolonged periods of time can begin cross-linking of the matrix and leave it unreactive. If properly
protected, however, thermally cured composite materials provide excellent structural properties.

2.2.2

Photoinitiated or Radiation Cure

The use of UV for curing space-rigidized objects remains extremely popular, with a first proposed
use considered for the Echo II balloon in the sixties. In the 1980s, Ciba included a UV-curing acrylic
resin in the ISRS evaluation. With radiation cure a well-established industrial technology, both freeradical and cationic polymerization mechanisms can today be photochemically triggered by adequate
initiators. Unlike free radical systems, cationic systems -- typically with epoxy materials for space use
-- continue to cure after the light source is removed, but with a low rate, often requires a heating to be
effective. Again, energy to initiate and sustain rigidization can come either from the Sun or from an
internal source. An apparent recent trend, to help overcome the wall membranes' transmittance issue,
concerns the use of visible-light wavelengths rather than conventional UV initiator (Harrah &
colleagues, 2004).
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When using a natural energy source, the spacecraft does not need to supply power to cure the
system, if the material can otherwise reach a temperature level softening it for deployment.
Drawbacks of this approach include self-shadowing, and some loss of control of the process, which
may lead to differential cure and to shape deformation; also, the structure will undergo large
temperature variation during its operational life. Alternatively, artificial radiation sources provides
optimal process control. The required or allowed use of MLI blankets on the structure’s exterior,
improves thermal conditions and reduced thermal distortions -- but at the price of a mass increase.
For an efficient exploitation of the incident UV or visible light, the absorption spectrum of the
photoinitiating package has to be adjusted to the spectral characteristics of the curable material and of
light source. This allows the material to be handled without premature rigidization in a controlled
manufacturing environment. Other compounds may be added to adjust the storage and cure behavior
of a resin system, including sensitizers to increase light absorption, accelerators for better low
temperature cure kinetics, and high molecular weight species to control viscosity. For instance,
Adherent Technologies (ATI) investigated the use of benzophenone as sensitizer (transfering energy
to the photoinitiator) to accelerate a cationic epoxy cure, and to allow the use of Mylar films, as these
would otherwise block the wavelength necessary to fragment the photoinitiator.
A "rigidization on command" (ROC) is an avowed aim for this class, and Adherent Technologies
has discussed and proposed such a solution (Allred, Hoyt & alii, 2000), based on cationic-cured epoxy
resins. Depending on the resin system selected (high molecular weight materials, solids content, low
vapor pressure materials, etc.), outgassing can respect the 1% TML and 0.1% CVCM limits normally
imposed. However, comparisons remain difficult, as the reported data can differ widely wrt to test
article used -- ranging from prepreg coupons to cured tubular constructions -- or to the test
temperature (standard vs “representative”). A room temperature storage life of several years is
reported to be possible for photoinitiated materials.
While generally similar to thermally cured composites, photocured do have several differences.
The material does provides for some flexibility in design of the structure by altering thickness,
weaves, etc.: however, UV-curable laminates are usually limited in structural performance because
the reinforcement must be transparent to UV energy, such as with fiberglass or quartz. Therefore,
these laminates generally do not use high performance fibers, such as graphite or PBO, although some
design modifications can be made (isogrid open weaves, hybrid reinforcements, etc.) to enhance
structural properties (Cadogan & Scarborough, 2001; Allred, Hoyt & alii, 2002). For instance,
minimum cure (i.e. 80% conversion) of ATI AP600-2 resin was achieved for twisted carbon-fibre
tows after 50 min sunlight exposure, while for hybrid carbon/S glass tows, this minimum cure was
achieved already after some 15 min. In general terms, cure times can vary from minutes to hours
depending on resin chemistry and the composite temperature during rigidization.

2.2.3

External-Catalyst Cure

Thermal curing can be triggered or accelerated using catalyst carried by the inflation gas. Pure
catalytic cure systems offer the potential for "cure-on-demand": in that case, however, a secondary gas
delivery system needs to be implemented on the gossamer structure. Many different resin, catalyst and
reinforcement combinations have been evaluated in early space inflatable work, including watervapour cured polyurethanes, polyesters, and epoxies cured by various amine and other vapour
catalysts. In the concept of external-catalyst curing, the wall of the structure is a laminate of materials
that are impregnated with a resin and a gaseous catalyst is released within the inflated volume to
activate and/or accelerate the reaction: such is the case of the BF3 catalyst used with the Ciba resin H:
reduced cure temperature and time, from 120°C for six hours to 80°C for three hours (Köse, 1987).
The inner ply of the laminate must either be absent or highly permeable to the catalyst, and the
thickness of the laminate must be limited to ensure penetration of the catalyst. The limitation on
laminate thickness may restrict structural efficiency in some cases.
This approach does not require on-board power to support the reaction; separating reactants can
lengthen storage life. On the other hand, reaction rates depend on the local temperature, and its
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variation may cause different stress levels in the laminate, and affect an object's geometry. Further
concerns include potential contamination effects by the release of excess catalyst; the difficulty to
monitor the state of cure on orbit; and the material's thermal conditioning prior to deployment.

2.3 Physical Processes
2.3.1

Cold Rigidization (Sub-Tg Cooling)

The cold rigidization process – or sub-Tg cooling, or Second Order Transition Change (SOTC) -relies on the exposure of originally flexible layers of polymeric matrix (typically, elastomers - Brewer
& Jeppesen, 1964) to the deep-space thermal sink, cooling them below their glass-transition
temperature (Tg), and rigidizing the structure essentially by freezing the matrix. This concept appears
particularly indicated for shielding applications outside Earth's orbit, and received attention in the
1960s for supporting shadow shields of cryogenic stages for Mars flights.
More recently, ILC Dover and L’Garde presented structures rigidized using this technique,
respectively a hexapod structure (Adetona & alii, 2002) and the Space Solar Power Truss (Guidanean
& Lichodziejewski, 2002). However, the use of a thermoplastic matrix can lead to lower composite's
properties (Darooka, Scarborough & Cadogan, 2001). Willis (1997) noted that the complex
mechanical behavior of elastomer-impregnated fabrics represented a significant difficulty for this
approach. These materials not only are weak in compression, but fiber and matrix phases continually
compete with each other for dimensional stability. Above the glass transition the CTE is slightly
positive; as the temperature drops, the fiber goes into compression and the CTE becomes negative.
Below the glass transition temperature the matrix dominates and the CTE becomes positive again.
Willis (1997) concluded that this behavior would lead to unpredictable dimensions and remain
problematic for composites fabricated from fibers and elastomers.
In some recent developments, attention has turned to resins with higher Tg levels (including
thermoset materials). In this case, however, the composites must be warmed on the ground to soften
them for folding into their stowed configuration, then heated again in space before deployment.
Afterwards, they are let to cool below their glass transition temperature and rigidize.
This technique is attractive mostly because of its apparent simplicity, reversibility, and relatively
low energy requirements. Also, the rigidization process can take less time than needed for curing
thermoset composites. Nonetheless, the need for temperature control measure (heating for deployment
and/or cooling in operations) represents a clear drawback. Furthermore, these composites can be
difficult to manufacture, requiring specialized equipment and processes -- with associated costs
(Neubauer, 2001).

2.3.2

Drying: boil-off of solvent/ plasticizer

Rigidization of a structure can also be obtained using evaporation of a solvent or a plasticizer in
the material. The major issue of this solution is the large amount of solvent or plasticizer involved
(e.g. between 13-50% for the Ciba polyimide tested during the Contraves ISRS program (Bernasconi,
Seiz &. Reibaldi, 1984). During the 1960s, a fairly large effort studied rigidizable structures of this
type utilizing fiber-reinforced gelatin prepregs. This approach has been improved more recently
(Derbès, 1999). The Lavochkin Association of the Babakin Center has undertaken development of a
composite based on a cross-linked polyvinylalcohol, plasticized by water (~10%), and using an
aramid cloth as reinforcement (Babayevsky & Ivanov, 2005).
Advantages of this solution include its simplicity and the reliance on the natural environment, as
well as its reversibility (although rather daunty on large structures). Among its drawbacks were listed
to shelf-life issues, outgassing, sensitivity to temperature variations, matrix shrinkage risks.
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Another possibility uses a plasticizer or solvent that is polymerized -- thus avoiding both the
outgassing issue and the risk of shrinkage. Obviously then, such an approach gets confronted with the
problem of providing the necessary initiation energy for the reaction, following one of the options
discussed in the previous Section. However, as a further advantage, the resulting matrix can often
achieve better characteristics that a straightforward thermosetting product.
The most advanced within this family seems a development by Lavochkin, relying on an aminecured epoxy and on a monomers as temporary plasticizer, reinforced with glass fibre cloth
(Babayevsky & Ivanov, 2005). The monomer is cured via a hardener and a UV-sensitive initiator
complex. We have examined a different option, which could use a polyimide resin with an isocyanate
monomer as flexibilizer, although the known thermal path for curing the cyanate still calls for too
high temperatures.
Table 1: CRES resins: Assessment of design aspects
Thermal cure

Rad cure

Catalyst cure

SOTC

Drying

Composite design flexibility

Excellent

Good

Excellent

Excellent

Good

Reinforcement options

Unlimited

Limited
(UV
transparent)

Unlimited

Unlimited

Unlimited

Shelf life

1 to 2 a

> 2 a “indefinite”

1 to 2 a

“indefinite”

1 a?

Cure temperature

100°-120°C

25°C

80°C

20°-100°C

various

Tg

168°C

?

150°C

various

150°-200°C

Operational temperature

<100°C

?

<80°C

n.a. (screen)

<100°C

Cure time

1-10 h

1-5 h

3h

<1 h

1-10 h

Major thermal control system
additions

Yes, for artificial
sources

Yes

No

Yes

No

3. THERMAL CONSIDERATIONS
Among so many options, which one appears more worthwhile? Clearly, the mechanical concepts
appeal the more conservative administrators, as they may come so near conventional technologies to
form a continuum with them. The chemical processes remain the most innovative ones, allowing and
requiring the greatest changes in practice. They do, however, suffer because of the specific need for
initiation energy in thermosetting reactions. While in the Earth orbit environment the Sun represent a
sufficient natural source of thermal, light, or ultraviolet radiation, in the search of a better control for
the rigidizing object's environment, many developers have resorted to the use of artificial sources -adding heaters, lamps, screens, and additional layers to the structural element proper. These items
obviously increase the objects mass, tend to make its realization more complex, and require the use of
various amounts of onboard power. Particularly these rather demanding designs let similar
modifications of the physical concepts as a more manageable middle ground (Table 1 above).

3.1 Relevance
The thermal aspects of space-cured resin systems do assume a fairly significant role. We can
consider that, in first approximation, the reinforcement controls the mechanical properties of a
lightweight CRES element for space application (stiffness, foremost). The matrix must provide good
adhesion to the reinforcement to duly stabilize it, and high resistance against radiations -- as well as
stability against heat loads. As a general objective, one ought to aim at a limit working temperature as
high as possible. While bulk temperature on large space structures at 1 AU from the Sun can hardly
exceed 400 K, applications for shorter solar distances do exist
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The glass transition temperature (Tg) offers itself as a primary parameter for evaluating a resin
system's suitability with respect to its thermal behaviour. In fact, one notes that many of the
rigidization methods presented in the preceding Chapter aim at influencing the structure's Tg, either by
raising it in absolute terms (with thermosetting resins, or with drying-out matrices), or by adjusting it
in relation to the structure's temperature (with cold-rigidized products).
Historically, one addressed this requirement empirically through the choice of the basic material.
For instance, when planning the use of a boil-off system, one trusted the relatively high thermal
stability of gelatin; or, for a thermoset formulation, one gave preferred epoxy over acrylic resins for
the same reason. With the increasing ability to “taylor” a polymeric product for a purpose, the field
has opened to an ever-increasing number of candidates, with raising demands on the process
conditions -- which may help to explain the surge in investigations of design including artificial
sources. And yet, part of the original appeal of inflatable structures derived from their simplicity.

3.2 the glass transition temperature
In terms of a polymeric matrix structure, Tg depends on the degree of (cross-linking)
polymerization (Di Benedetto & Nielsen, 1969). The cross-linking reaction kinetics is controlled by
the reaction rate constants as long as the species retain sufficient mobility. However, as the
polymerization proceeds, and the cross-link number increases, the viscosity of the polymer and its Tg
also increase. Once the glass transition temperature approaches the curing temperature, the mobility
of unreacted groups is highly reduced and the reaction is controlled by the diffusion rate of these
groups within the bulk (Boogh & Mezzenga, 2001). Laminate manufacturers recognize this direct
correlation between the curing temperature level and Tg in the resulting polymer through relations
like:
Tg = Tcure ± 10°C

In other words, because of the diffusion phenomena, the glass transition temperature may surpass
the cure temperature, but only by a very limited extent. Using the mixture rule provided by Nielsen
(1974), we can rather successfully estimate e.g. the Tg of resin H prepregs (still including some
plasticizers) and of cured resin (while assuming that the Tg of the basic reacting monomer will not
exceed the cure temperature).
In this context, a very interesting case is offered by drying systems, especially those using water as
plasticizer. To allow the necessary manipulations, a prepreg's Tg must lie below RT. Gelatine's
prepregs can comply with this requirement even with relatively low water content, e.g. with as little as
35% by weight (Figure 2). Since dry gelatine has a fairly high glass transition temperature -- around
207°C (Kozlov & Burdygina, 1983), such a matrix can give even better thermal properties than a
rather complex mixture as resin H. But even inorganic matrices can be sufficiently flexibilized by
water -- e.g. sodium silicate (with a water content as little as ~45%), recovering a rather high Tg
(~700°C) as it dries. Its chemical stability would seem to make it even more interesting for terrestrial
applications. With respect to the outgassing, drying the matrix from 47% to 22% water content, would
raise the Tg from some 22° to a quite satisfactory 195°C (Figure 2).

3.3 Outlook
Following the summary in the preceding Section, one could say that -- just as, in a manner of
speaking, all rigidization methods base on the control of the glass transition temperature -- all
rigidization methods are thermal curing, because their cure temperature seems to strictly limit their
thermal quality. As Coqueret (2005) elegantly summarized, however, matrix formulations do exist to
achieve glass transition temperatures higher than the curing temperature level, in consequence of:
• effects of the exothermic power of the polymerization reaction,
• flexibilization of the material by plasticizers, eliminated during the cure process, or
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• the recourse to a heterogeneous material formulation.
The exothermic power generally seems insufficient for free-space polymerization purposes, as it
accesses only a limited energy store that -- to exclude interferences from the deployment process -perforce must spread over a sensible time interval (1 – 10 ks), which renders the available power level
excessively low. On the other hand, the radiated power increases rapidly with the temperature, making
it doubtful that the exothermic store will suffice even if cure is greatly accelerated (Bernasconi,
1995). Mixtures of polymers can yield successful matrix formulations, but still suffer under the
initiation-energy issue.
The old plasticizer option seems could bring about innovative products that join simplicity of
process, high heat resistance, and even low or less problematic (water vapour) outgassing.
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Figure 2: Evolution of glass transition temperature for water-gelatin and water sodium-silicate matrices, as
predicted by the mixture rule.
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Abstract

The report deals with suspension cable nets consisting of two families of intersected cables. The
peculiarity of the nets is that the cables of two different families can slip freely with respect to one
another.
We show that when the tensions in the cables are predefined, the nets acquire a number of extreme
properties. Under certain tensions, the net may have a minimum overall length of the cables, under
other values of tensions it may have a minimum overal weight of the cables. The tension values can be
chosen in such way that the overall cost of the structure be minimum. We show that the shape of a net
with slipping cables can be an initial shape for a hanging or a membrane roof.
A system with slipping cables and its degrees of freedom

Consider a structural system where linearly elastic cables cross one another. We will assume that the
intersections of the cables have nodal inserts with eyes through which the cables pass (Fig. 1). The
cables can slip through the eyes without any friction. We assume the diameters of the cables and the
sizes of the inserts to be negligibly small in comparison with the sizes of the net’s cells, so a nodal
insert will be thought of as an object of an infinitesimal size.
Imagine that every cable is marked up by units of length in its
undeformed state, similarly to a measuring tape. A nodal insert
moves along a cable and eventually occupies a certain position on
that cable. A mark on the cable that conforms to that position will
be called a cable coordinate of the insert. Each insert occupies a
certain position in space. This position is described by three spatial
coordinates in an arbitrarily chosen Cartesian coordinate system.
We will use the method of displacements to analyze the system.
Figure 1. A nodal insert.
The principal unknowns will be the full set of spatial and cable
coordinates of all nodal inserts because these two groups of coordinates can vary independently from
each other.
Let a system in question consist of m nodal inserts and n cables. The nodal inserts will be numbered
in an arbitrary order by natural numbers 1,.., m. The cables will also be numbered in an arbitrary order
by natural numbers 1,.., n. A two-index numbering will be used with the spatial coordinates of the
nodal inserts. We will denote those coordinates by xir, (i = 1,.., m; r = 1, 2, 3), where i is No. of a
nodal insert, r is No. of a coordinate in the Cartesian system x1, x2, x3. Another two-index numbering
will be used with the cable coordinates. We will denote those coordinates by sjp (j = 1,.., n; p = 0,.., kj)
where j is No. of a cable.
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In a design model of the structure, each cable passes through a few eyes of nodal inserts in succession.
Let us consider a cable No. j and number the eyes of the nodal inserts through which that cable passes
by integer numbers 0,.., kj. The numbering of the eyes is consecutive towards the increasing cable
coordinate. Index p in the designation of the cable coordinate, sjp, is No. of the eye. kj is a maximum
No. of an eye for cable No. j. In order to establish a correspondence between No. of an eye and No. of
an insert that contains that eye, we introduce an integer-valued function Njp. This function is a No. of
an insert that has eye No. p to let cable No. j through. Note that the same cable can pass through eyes
of the same insert multiple times, for example, when a tackle block is simulated.
The system can be subject to constraints. We confine ourselves to such constraints that eliminate one
degree of freedom each. Constraints imposed on the spatial coordinates of the nodal inserts
immobilize the inserts in space. Constraints imposed on the cable coordinates prevent a cable from
slipping through the respective eye.
Equations of the constraints can be written as follows:
xir = xirc
(ir∈ CX);
s jp = s cjp
(jp∈ CS);
(1)
where CX is a set of couples of indexes which determine what spatial coordinates of the nodal
inserts are constrained; CS is a set of couples of indexes which determine what cable coordinates of
the nodal inserts are constrained; xirc and s cjp are given constants.
Predefined tensions in cables

Paper [1] presents a derivation of equations of equilibrium for a general case of a suspension cable
system with slipping cables.
Let us consider a problem of finding an initial shape of a cable net in a simplified formulation: we
neglect its self-weight and changes of temperature, and we assume that each cable has constraints
only in its first eye. The tensions of the cables are predefined, i.e. known beforehand. As the cables
pass through the eyes without any friction, the tension will be constant throughout the length of each
cable and will not depend on No. of a cable segment. The given tensions in the cables will be denoted
by H 0j (j = 1,..,n).
The equations of equilibrium for this kind of problem will be:
kj

n

∑ ∑ c (δ
H 0j

j =1

jpr

N jp i

)

− δ N jp −1i − Pir = 0

(ir∉ CX);

(2)

p =1

Thus, in order to analyze a net with predefined tensions in cables, we need to solve a system of
nonlinear algebraic equations ( 2 ).
As soon as the solution is known, we can determine the lengths of the segments of the cables in their
deformed state by the formula
3

∑ (x

l jp =

N jp r

− xN jp−1r

)

2

(j = 1,.., n; p = 0,.., kj).

(3)

r =1

Minimum-cable-length systems

The overall legnth of the cables in a system can be found by the formula:
n

L=

kj

∑∑ l

0
jk

;

(4)

j =1 k =1

here l 0jk =

l jk
1+ H j G j

is the length of an undeformed k-th segment of j-th cable, and ljk , in their

turn, are calculated by formula ( 3 ).
Thus, formula ( 4 ) will be
n

1
L=
1+ H j G j
j =1

∑

kj

3

∑ ∑ (x N
k =1

jk q

− x N jk −1q

)

2

;

q =1
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As can be seen, the length of the cables depend on spatial coordinates of nodes xiq, which we will
assume to be variable. Here are the conditions of stationarity of the cable lengths:

∂L
=
∂xir

kj

n

∑ c jkr (δiN

1
1+ H j G j
j =1

∑

)

jk

− δ iN jk −1 = 0

(ir∉ CX);

(6)

( j = 1,..,n; k = 1,..,kj; ir∉ CX ).

(7)

k =1

because
3

∑ (xN

∂
∂xir

jk q

− xN jk −1q

)

2

(

= c jkr δiN jk − δiN jk −1

)

q =1

We remind that cjkr is the cosine of an angle between the positive direction of segment k of cable j and
axis xr, and δ is Kronecher’s delta.
Comparing equations ( 6 ) with equlibrium conditions ( 2 ), we note that they become identical if

1
are proportional to Hj. Let the factor of proportionality be λ.
1+ H j G j
Then we can write the following equation:

λ
=Hj
1+ H j G j

(j = 1,..,n);

(8)

from which Hj can be determined.

Hj =

2λ

(j = 1,..,n).

1 + 1 + 4λ / G j

(9)

This formula contains an arbitrary factor λ > 0. We want to determine it from the condition of real
tensions in the cables.
When a level of pretensioning is assigned for a suspension cable system, there is usually a
requirement that the tensions should be as big as possible but should not exceed a given fraction of
their load-bearing ability:
H j ≤ µN j
( 10 )
(j = 1,..,n);
where Nj is a load-bearing ability of a cable under No. j; µ is a numerical factor less than one, which
defines a fraction of the cable’s load-bearing ability.
Substituting ( 9) to ( 10 ) gives:

µNj ≥

2λ
1 + 1 + 4λ / G j

(j = 1,..,n);

The equality for No. j will be satisfied when
λ ≤ µN j 1 + µN j / G j .

(

)

( 11 )

( 12 )

The right part of the above equality contains a positive root of the equation

µNj =

2λ
1 + 1 + 4λ / G j

(j = 1,..,n);.

( 13 )

Thus, the maximum value of λ will be equal to a minimum root of equation No. j from ( 13). That is,
λ = min µN j 1 + µN j / G j .
( 14 )

(

)

j

Knowing this, we determine the tensions in the cables by formula ( 9).
Minimum-cable-weight systems

Now we consider a problem for a suspension cable system such that its cables should have a minimum
weight. Let the weight of cable No. j per unit of length be wj. Then the overall weight of all cables can
be determined by the formula
n

M=

kj

∑ w j ∑ l 0jk ;
j =1

k =1
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where l 0jk is a length of undeformed k-th segment of j-th cable.
Repeating the consideration of the previous section, we conclude that
n

M =

kj

wj

3

∑ 1 + H j /G j ∑ ∑ (x N
j =1

k =1

jk q

− x N jk −1q

)

2

.

( 16 )

q =1

The tensions can be determined from the formula

Hj =

2λ w j
1 + 1 + 4w j λ / G j

(j = 1,..,n).

The above formula contains an arbitrary factor λ > 0.
λ = min µN j / w j 1 + µN j / G j
(j = 1,..,n)

(

)

j

( 17 )

( 18 )

After we do that, we calculate the tensions in the cables by ( 17).
Minimum-cable-cost systems

The problem where a system should have a minimum cost of its cables is hardly different from the
previous one. We should use the cost of the cable per unit of length, vj, instead of the weight per unit
of length, wj. This gives
λ = min µN j / v j 1 + µN j / G j .
( 19 )

(

)

j

The tensions in the cables can be determined from the formula

Hj =

2λ v j
1 + 1 + 4λv j / G j

(j = 1,..,n).

( 20 )

Cables with predefined tensions as geodesic lines on a surface

Now let us consider a cable net made of two families of cables intersecting one another. We can
imagine a process where the number of cables is doubled in both directions while the tensions in those
are halved. This process of increasing the number of the cables can be continued infinitely. Then the
spacing between the nodes will decrease to zero and the number of the nodes will increase, so that the
nodes eventually fill a surface. This surface will be called a surface of the cable net.
A shortest line on a surface that connects two points of it is called a geodesic line. A cable with a
constant tension along it, which slips freely in its longitudinal and lateral directions, is a shortest line
that connects terminal nodal inserts. A cable like that is a geodesic line.
Now let us approach the notion of the geodesic line from another side. The geodesic line is a shortest
one on the surface. It does not turn either right or left. If we drive a car on the surface and do not turn
its steering wheel either right or left, then the trace of the car on the surface will not have a curvature.
That is, the car will move along a geodesic line. Obviously, a ribbon cut out of the surface and
bounded by the traces of the car’s wheels will be rectilinear.
This feature can be explained and used in another way, too. Suppose we have a straight ribbon made
of some flexible material and take it up into a roll. If this roll is unfolded on the surface, the ribbon
will make its way along a geodesic line. Hence we conclude that a cable with a constant tension along
it, made of a ribbon rather than a rope, will place itself on the surface of a cable net and cling to it in
the best way possible. That is, cables with constant tensions along them, which slip along their
transverse cables, can be made of steel ribbons. In that way we can make a net consisting of two
families of slipping cables and actually made of ribbons.
Another feature of such a net is that it can be a base for a membrane roof. If we fill the gaps between
the cables by patterns made of a steel sheet, the shapes of those patterns will be little different from
rectangular strips. Such patterns can be manufactured on a plant from steel flats, rolled, and then
transported to a construction site. Then the rolls should be unfolded along the cables of a cable net.
The consideration above is credible but not strict enough. Therefore the authors of this report
validated their reasoning by making a mockup of a cable net from two families of intersected cables
(Fig. 2). Each family consisted of seven “cables” made of fishing line. The planar sizes of the net
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were 80×80 cm. The cables of one family had their supports at the elevation 0 and the cables of the
other family at the elevation +20 cm. The supports of the cables had the horizontal spacing of 10 cm.

Figure 2. A mockup of a cable net consisting of
Figure 3. A mockup of a cable net with
two families of intersected cables
pieces of the cables made of paper
Figure 3 shows the same mockup but with paper ribbons between the cables. The photograph shows
how well the paper ribbons cling to one another.
The sizes of the cable net’s mockup were used to make patterns for a membrane that replicated the
shape of the net. The patterns were ribbons. Figure 4 shows those ribbons together on a plane. As the
figure shows, each of the patterns can be made of a rectangular strip. Only a little of their material
would be wasted.

Figure 4. Making ribbons for the
Figure 5. The surface of the membrane
membrane
The surface of the membrane made of the ribbons by means of gluing is shown in Fig. 5.
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ABSTRACT
The paper presents part of the work of an ongoing investigation on the contribution of physical
models and 1:1 prototypes to assist the non-expert designer in the exploration of membrane
architecture and its effect on tacit knowledge gain. Specifically, it goes a step further from using two
dimensional sketches and three dimensional physical models to the four dimension explorative
process undertaken when using adaptable/flexible structures. The paper concentrates on the
development of the MITO Type (adaptable prototype) that triggered, in realistic way, a timeexperience-response approach to the appreciation and assessment of basic and advanced attributes of
membrane forms. From initial ideas to prospective applications, the paper discusses design principles,
design implications, asserts and aspects to improve. The results of this investigation constitute a
significant contribution to effective knowledge transfer in the educational pursuit. In addition, an
attempt to raise awareness for a new generation of small membrane architecture through the use of
adaptable prototypes is also made.
1 Developing design concepts through exploration and knowledge gain
Membranes are becoming quite familiar among designers, architects and engineers. However,
designing and building them remains a complex and challenging task for most; basically because the
lack of knowing-how restricts the mainstream or non-expert designer using/proposing membranes.
Thus, it is the concern to facilitate knowledge gain through an effective explorative approach using
physical models and small adaptable membrane prototypes that stimulate the generation of creative
ideas and strong concepts based on a loop-progressive learning through a proposed free flow form
finding - space formation - use definition process (FF-SF-UD) occurring within the frame of an open
brief, see figure 1. With this in mind the design and development of the MITO type (presented in
section 3) shows that through interaction, perception and direct manipulation of a changeable
membrane enclosure an exchange of information was established between the designer, the different
structural elements and the phenomena occurring (space formation, generation of ideas, force
transference, etc). As the level of communication increased it encouraged understanding the
correlation between all elements: how they perform, recognize and relate. The approach demonstrates
it could promote high level of formal knowledge gain that could be later reflected on the formulation
of logical conceptual designs.
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Figure 1. Knowledge gain based on a loop-progressive learning through a proposed free flow
and interactive form finding - space formation - use definition process
2 Adaptability in the light of a 4D approach to design exploration of membrane forms
From previous work along 4 designed workshops run with non-experts (1st year architecture students,
advanced students in structural engineering/architecture dual course and students from secondary
schools undertaking design & technology modules), building physical models proved to be a powerful
springboard design tool that greatly assisted the participants to jump from understanding abstract
physics concepts to solving practical issues and further into a creativity exploration stage. The scale
of the models built facilitated quick manipulation of stretchy materials, frames, forms, etc into a series
of changeable models that progressed or helped to develop sophisticated final designs, see figure 2.
However, it was also noticed that probably because of the small scale of the models, the perception of
the quality of enclosed/covered spaces and therefore the appreciation of the space efficiency and its
effects over the user were little explored [Gutierrez & Popovic 2005]. Recognising the importance of
this, further step on the research aims at building 1:1 prototypes that could convey the practicality of
small physical models for exploring multiple arrangements, but also enhance space perception and
reveal technical implications when changing scale. The MITO Type accomplished previous idea by
adapting to changing positions at users manipulation. In every new configuration the components
readapt contributing in a different way to the overall performance. Emerging, forms, spaces and uses
might then be adapted to other factors such as context, time, scale, etc. (see figure 5).

Figure 2. Exploration of membranes through flexible physical models
3 The case of the MITO type: transient shape, transient space.
To start with, the premise of the brief was to design a membrane structures’ tool for non-expert
designers exploring design possibilities, learning, creating and developing ideas. One that could
trigger time-experience-response approach to the appreciation and assessment of basic and advanced
attributes of membranes without falling into the obvious typological reference to conventional
applications. The design seeks for a creative design that integrates simple design and technology
principles as to being built by lay people at minimum cost. Thus, it could be easily used as an
approached for teaching and learning that would better suit the commonly limited budgets of
universities, colleges or secondary schools.
The MITO Type was designed deriving inspiration from Mexican mythology that tells “Once in a
while the Gods freed some of these fantastic beings the Alebrijes …they show the restless diversity of
nature, merging phenotypic characteristics of known animals and even plants. They manifest
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themselves as the different, the other, the fantasies and myths; all that goes beyond our limited
vision” [www.elalebrije.org]. The MITO Type then, stands for Membranes, Imagination and Toy
Oriented Type: A primitive form that has the essential features of a subsequent type, which
consolidates itself in time, space and according to user interaction. It is a full-human scale Toy;
sorcerer of ideas for new buildings, new demands, new architecture. It helps to decode design
principles and possibilities of emerging environments, “experimental spaces”. Its design responds to
the brief by being experimental, interactive, dynamic, manageable (lightweight, transportable, easy
assembled), autonomous, efficient and effective. And attempt attaining named qualities by
considering general simplification principles such as the use of simple geometries and shapes,
symmetry in 1 or more axis, modularity and standardization, assemble of few parts and use of dry
connections. Perhaps the more interesting quality of its design relies on the 3D motion achieved by
the introduction of simple mechanisms enabling free rotation at each of the six 90° offset axis poles.
See figure 3.

Figure 3. Geometry and configuration of the MITO Type
3.1 The MITO Type development and performance
The MITO type possibilities to endless morphologies challenged the structure to self-contain at every
new position. This issue did not seem difficult to approach at the small physical model level but
became quite intriguing to solve at 1:1 scale. The requirements of variation were solved trough a
design based on standardization, that means similar elements were simultaneously being subjected to
extremely different and alternating load conditions, therefore, designed to respond to the worst case
scenario. At first sight, it could have been expected the final structure comprises heavy elements or
large sections, but the success of the prototype relayed instead on two main aspects. First, the final
solution was the product of a trial and error process that started from using simple and slim elements
progressively being modified until the structure was able to stand up in a autonomous way; that is to
say no external elements such as weights, cables, supports, walls or fixing elements were required.
Modifications were always kept to the minimum basically to accomplish the lightness of the initial
design and the proportions of the small physical model and to minimise expenses. Therefore,
additions were made with the idea of using cost effective materials and simple techniques but were
also adapted to the fixed characteristics of existing elements in order to replace as few as possible.
Secondly, the hand-craft based manufacture gave unexpected forgiving qualities to the structure
contributing in a very positive way. For example, high force concentrations leading to displacement or
torsion were somehow absorbed by the slightly difference of elements length or by the immediate
oversized element. While the prototype achieved the ultimate transient shape - transient space
purpose attained through a responsive and highly adaptable structure, there are also some evident
issues that suggest the structure as a whole was performing close to the limits of strength and stability
jet within a safe performance range.
The people needed for assembling, logistics, building time and the space requirements to manipulate
the MITO type into different positions were recon at the first time it was built up. Scaling up the
design also allowed the appreciation of the magnitude of acting forces and load conditions were more
clearly appreciated as the elements started bending, moving, deforming, etc. From there, increasing
the friction at the dynamic joint to enhance strength was the immediate issue to solve. Using some
spring washers and seal rings between the eye bolts and an extra nut certainly increased the
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connection stiffness as to achieve quite a stable configuration with the central axis’ pole suspended in
the air but, two auxiliary cables to tight the structure to the ground were also used. This restricted the
structure mobility and no continuous transformation was possible, furthermore the action of
continuous torsion and bending moments seriously deformed the eye bolts. see figure 4 . This
suggested increasing both, the cross section of connectors and the cross section of the struts to
diminishing bending forces being transferred. The new connectors made out of MDF were designed
and sized according to the thread’s length fixed at both extremes of the axis poles. At the third formal
test the structure was much stronger and could stand up by itself, after a while thought, the material
couldn’t take the stress and all connectors started cracking. Rather than being disappointing this gave
the feeling the structure could reach the first real apex if using aluminium pieces instead. The final
version of the structure integrated the aluminium connectors and also added 3 bamboo sticks to each
of the existing struts by using a triangular perforated plate at the middle and two squared stoppers at
the extremes giving shape to the skeletal struts.

Figure 4. Design progress of main details and connections
The central aluminium rod and the outer bamboo sticks allowed the composed skeletal strut to work
under tension and compression simultaneously and according to the alternating load conditions. In all
cases however, the struts ware permanently undertaking the tension forces transferred by the
membrane as it was edge-laced along the central rod. Once the structure was fully assembled it
gained the strength to stand up and experience transient shapes and spaces for the first time. By
moving/ twisting the whole structure from one to the next position it was possible to certainly feel the
structure, understand its movement and sense the forces being transferred from side to side. By
moving modules, relaxing elements, helping the structure to adapt to its new form when in a crucial
position and so forth, the user become an essential part in this motion. Ultimately, touching, moving,
looking how the structure performed, the dramatic forms achieved and the whim to get inside the semi
enclosed spaces was an exiting interactive experience that culminated the efforts to made a conceptual
idea happen at 1:1 scale. At this stage the prototype has been built up with first year students at the
school of architecture and with students of secondary schools who have shared the experience of
“playing around with this generative toy”. For most of them, membranes were quite unfamiliar
resource they could have ever used for designing an architectural form, therefore, the prototype
succeeded on raising general awareness of membranes possibilities. Very positive feedback has been
received especially from those students who got particularly interested on membranes and who could
envisage practical applications out of it. However, it has also been noticed that some people
(including students and some practitioners) lose some interest in the prototype when no immediate
practical or profitable application other than being a toy or a dynamic sculpture is seen. It may be
possible that the “Toy concept as a learning tool” needs to be strengthened and better sold. Also,
despite the simplicity of the geometry, its motion has not been so easily understood complicating its
manipulation; in fact, at some point the prototype has been taken to critical positions affecting its
structural integrity. Therefore, it is expected that enhancing the structure performance speeding up its
motion and manageability would make it more playable as to persuade the user into a more interactive
process for learning membranes.
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Figure 5. MITO Type 1:1 prototype and examples of prospective applications
Finally it is worth acknowledging the expert input, mainly on technical issues, from Prof Anthony
Hunt, the founder of Anthony Hunt Associates and Mr. Rudi Enos from Special Structures Lab. After
some discussion their common opinion is that the prototype has well fulfilled the conceptual idea at
1:1 scale conveying the simplicity and elegance of the small physical model. On the other hand, some
possible improvements to the structural performance have been discussed as the implementation of
auxiliary on-off struts or cables once a specific configuration is decided. At some point even
contrasting solutions have been discussed such as the implementation of 3D freedom joints against
increasing the joints’ stiffness, or the possibility of releasing the membrane from the struts despite the
induced tension (bending the struts) seems to have a positive effect in holding the structure up. This
and other alternatives will be tested in a half size prototype to be built. Other alternatives could be
worked out if adapting the design to a specific function or site context, namely, tram stop shelter,
floating screens, sunshades, etc., See figure 5. Having a fixed position or other site or context
conditions may restrict the original kinematics of the structure but would simplify the structural
requirements.
4 Conclusions
The research approach to design exploration of membrane architecture through adaptable models
along a four dimensional experience allowed a full learning process of real scale attributes assessed at
multiple conditions. The explorative process was explained identifying strengths and weaknesses
thus, contributing to build on an effective knowledge transfer/gain and, giving some insight into
innovative lines in the educational pursuit. The potentiality of the MITO type as an example of
generative model used as explorative tool was envisaged. The conceptual design became stronger by
making it happen and by proving its workability at 1:1 scale. Even when the conceptual idea was
apparently simple the induced kinematics qualities represented an interesting challenge creatively
resolved using cost effective materials and simple techniques. Implications in the design, construction
tolerance and performance, were discussed. Should the approach and the design be taken further it is
worth addressing complex issues like motion in more depth. Here is also important mentioning the
need to get expert practitioners involved in this process by providing consultancy, project support and
sponsorship or even manufacture assistance. Finally, an attempt to raise awareness for a new
generation of small membrane architecture through the use of adaptable prototypes has also been
made.
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ABSTRACT
Apart from the naissance and development of radiate cable-nets summarized and expounded in the
paper, structural characteristic of radiate cable-nets and their principle of action are studied. The
concept dynamic design is put forward according to their property whose corresponding content and
approach are discussed based on study on mechanism theory, which encompasses unstressed state
analysis of structures and erection simualtion analysis. it is successfully applied to analyze the
supervision of the cable-net.
1. Introduction
A radiate cable-net is a new kind of tension structure where although its basic members are still made
up of cable and membrane, it seems brand-new since its topology, geometry, force transfer path and
structural characteristic integrate tightly with the building. Therefore, it has achieved an excellent
structural efficiency which is well suited for large-span structures and takes on a favorable
configuration, reliability and economy. A radiate cable-net encompasses bearing cables along radial
arrangement, stable cables and suspended cables along latitudinal arrangement shown in Fig.1. One
ends of bearing cables and stable cables are mounted on a peripheral structure. A peripheral structure
is a spatial steel truss (the compression ring) shown in Fig.1 and the other ends are anchored with
inner tension ring, which form inner boundary. This type of system of structures has ever been applied
to the roof of the stadium in Frankfurt and now is being employed in the roof system of the century
lotus stadium in Foshan.

Figure 1. Model of a radiate cable-net
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2 Factors influencing the structural characteristic
Down concave bearing cables and up convex stable cables is prerequisite to no matter what a cablenet is or cable-truss. A height-span ratio of the structure is the most important factor influencing the
structural characteristic. A height-span ratio of the structure shown in fig.2 is a ratio h1 l1 under down
vertical loads, where bearing cables are loaded and stable cables are unloaded. What is more, the sag
f1 of down concave ridge cables AC is also one of the factors influencing the structural behavior and
makes certain the curvature of down concave bearing cables. Thus, the relation between h1 and h2 is
paramount when l1 and l2 are known. Confirming f1 and f 2 will influence directly the stiffness of ridge
cables and valley cables under definite factors h1 and h2 . The inner forces of ridge cables and valley
cables may be decreasing if factors f1 and f 2 are larger. Therefore, h1 , h2 , f1 and f 2 are the main factors
influencing the structural characteristic with the known span.
L1/2
L3/2

A

h

h1

f1

h2

C
f2

B

L2/2

Figure 2.Parameters of a radiate cable-net
3 The analysis and design of prestress
Topology and geometry state of the radiate cable-net may be ascertained. Owing to geometry state of
it generally being depicted analytically according to several factors l1 , l2 , l3 , h1 , h2 , f1 and f 2 as above,
the configuration is a definite. It, therefore, is only essential for the definite configuration to analyze
and design prestress. The analysis of prestress denotes the distribution of them in the structure while
the design of prestress drives at confirming the level of it. There exists a corresponding relation
between structural configuration and the distribution of prestress under a definite topology while
correspondingly the level of them is connected with the strength checking and reliability control.
As for a definite topology, the analysis of prestress is that there is the iterative procedure according to
some rule through Predicted values of prestress or force density or numerical simulation of cooling or
relaxation technology and then a set of the distribution of it may be obtained, where iteration will be
convergent fast if initial predicted prestress is close to real one. Based on the approach as above, the
level of prestress is designed by the principle of the distribution and then a set of prestress vector may
be acquired, which is applied as an initial prestress vector under loading state. It is indispensable for
the strength of bearing cables, stable cables and suspended cables along latitudinal arrangement to
satisfy the reliability under different load cases and simultaneously any cable of the system should not
be slack under any load cases. Slack analysis should be carried out if some cables are permitted to be
slack in need of designs. Reasonable level of prestresss could be acquired after several iterations.
Thus, the design of the cable-net is the process of stiffness design and since its stiffness comes from
prestressing, so the key of the design of cable structures lies in the distribution and level of prestress.
Suitable sections of cables may be elected when cable strength does not satisfy the need of the design
under the iteration like traditional structural analyses as well as four factors h1 , h2 , f1 and f 2 could be
updated correspondingly. Generally, the four factors should firstly be taken into account.

R.J.Qian, Professor
Z.B.Lin, R.A.

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

8-230

4 Dynamic analysis and design
Dynamic design process should be employed in the process of the analysis of tension structures. Just
like any complicated structures, the design process should reflect effectively the change of stress in
the structure under the dynamic integration process, which is incapable of negligible quantity,
compared to the fact that the design or analysis is on the basis of the prestressed shape as the
reference configuration in the traditional methods. The crux of dynamic designs lies in the reflection
of the whole simulation of structural integration process and updating model should also be made if
possible. Traditional analysis and design as above are absolutely necessary in the process of the
radiate cable-nets before the dynamic analysis, and then dynamic analysis and design are being
carried out on the basis of above results. The procedures of the dynamic analysis and design are as
follows:
(1) Unstressed geometry configuration is obtained through the value of prestress and geometry
according to the above-mentioned analysis of prestress and level of them, where original length of
cables is analyzed.

a
C
B

b

c

Figure 3.The configuration of unstressed geometry and prestressed geometry
The real line denotes structural geometry with the prestressed state shown in fig.9 while the broken
line substitutes for the initial geometry after release of prestress. Every cable segment is definite when
the whole structure is definite.
(2) Construction simulation analyses according to construction process
Cables segments are fabricated in the factory or site according to original length of cables under
unstressed initial configuration and then are pulled. The ideal method of pulling structure is to pull
wholly. There will exist prestresss in the structure when ends of bearing cables and stable cables are
connected with the predicted boundary shown in fig.4 (a). The process of prestressing encompasses
two cases: the first case is the process of pulling cables; the other is that cables are tensioned. Since
cables make up of a variant geometry, there will be geometric displacement in the procedure no matter
what is the pulling or tensioning and then the variant geometry will become an invariant structure
after geometric displacement, which results from the acquirement of prestress and stiffening the
structure, shown through initial stress matrix of the structural model. In short, the construction
simulation analysis is comparatively complicated.
Pulling bearing cables and stable cables along radial arrangement and suspended cables along
latitudinal arrangement is the most ideal approach. The numerical analysis proves that the whole
pulling approach could almost obtain and accomplish the prestressed state equivalent to ideal one
while if pulling and tensioning ridge cables, valley cables and suspended cables in turn, the
prestressing could be accomplished but the values of prestress is not equal to ideal one, which needs
studying more in the future. The construction simulation process should precisely be analyzed by
mechanism theory or approximately solved by nonlinear finite element method where only-tension
element is applied. The analysis by only-tension elements is a converse process and whether the
analysis is successful and its precision has a tight connection with above-mentioned four factors. It,
hereby, is noted that the selection of structural factors not only satisfies the need of the structural
behavior but could also is firmly associated with the construction approaches and process, where the
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construction approaches and process should be involved in the process of the dynamic design and a
evaluation should be made to analyze the difference between ideal prestressed state and one under the
construction method during the dynamic design.

(a)

(b)
Figure 4

(3) The analysis under loading state is made according to the acquired structural geometry and
corresponding prestressed state under the construction simulation analysis and the reliability checking
is carried out. The analysis of the unstressed state and construction simulation is the key to the
dynamic design process.
5 Conclusions
The radiate cable-net as the authors mentioned above is a new type of a membrane structure which is
currently developed and widely used at abroad. The radiate cable-net is provided with an upper
efficiency, simple construction and economy and a higher technique is required. The concept and
approach as the authors mentioned above in the paper have been achieved in the roof system of the
century lily stadium in Foshan.
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1 Introduction
Membrane materials used for roof structures of buildings provide a relatively low thermal insulation
capacity compared to the classic building materials. Therefore, a large amount of heat penetrates daily
through such roof structures into the building especially during the summer months leading to an
overheating of the building’s interior. On the other side, the nightly heat loss through these roof
constructions, specifically during the winter months, is significantly high. The low thermal insulation
capacity of conventional architectural membranes can be strongly improved by using a membrane
material with thermo-regulating properties. The thermo-regulation properties of the membrane
material are provided by the application of phase change material (PCM) - a highly productive
thermal storage medium.
2 Phase change material (PCM)
Phase change material (PCM) possesses the ability to change its physical state within a certain
temperature range. When the melting temperature is obtained in a heating process, the phase change
from the solid to the liquid state occurs. During this melting process, the PCM absorbs and stores a
large amount of latent heat. The temperature of the PCM and its surroundings remains nearly constant
throughout the entire process. In a cooling process of the PCM, the stored latent heat is released into
the environment in a certain temperature range, and a reverse phase change from the liquid to the
solid state takes place. During this crystallization process, the temperature of the PCM and its
surroundings remains also nearly constant. The absorption or release of a large amount of latent heat
without any temperature change, is responsible for the desire to use PCM as heat storage mean.
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In order to compare the amount of latent heat absorbed by a PCM during the actual phase change with
the amount of sensible heat absorbed in an ordinary heating process, the ice-water phase change
process will be used for comparison. When ice melts, it absorbs an amount of latent heat of about
335J/g. When the water is further heated, it absorbs a sensible heat of only 4 J/g while its temperature
rises by one degree Celsius. Thus, water needs to be heated from about 1 °C up to about 84 °C in
order to absorb the same amount of heat which is absorbed during the melting process of ice.
In addition to ice (water), more than 500 natural and synthetic PCMs, such as paraffins or salt
hydrates are known. These materials differ from one another in their phase change temperature ranges
and their latent heat storage capacities.
3 Thermo-regulating effect
In its roof application, the PCM starts to absorb the heat provided by the solar radiation during the day
in form of latent heat as soon as the membrane material’s temperature exceeds a given value. During
the latent heat absorption by the PCM, its temperature and the temperature of the surrounding
membrane material remains nearly constant. Therefore, the heat absorption by the PCM limits the
heat flux into the building during the day. Especially on hot summer days, the thermal comfort inside
the building will be enhanced significantly as a result of the PCM’s latent heat absorption feature. The
PCM releases the stored latent heat overnight in a reverse cooling process, which also limits the heat
flux out of the building and, therefore, results in a significant reduction of the nightly heat loss
through the membrane roof.
It is not intended that the PCM absorbs all of the heat provided by solar radiation during the day
which would penetrate through the membrane roof into the building. By the latent heat absorption of
the PCM starting at a given trigger temperature an overheating of the interior space shall be avoided
and the interior temperature should be kept on a comfortable level without the use of additional airconditioning capacity. Therefore, high peak demand energy requirements are prevented in hot
climates.
4 Membrane material design
In an architectural membrane application, the PCM needs to be properly contained in order to prevent
dissolution while in its liquid state. Although PCMs are often difficult to contain, silicone rubber was
found to be an appropriate carrier system. In order to fulfill their requirements in various geographical
areas and in different applications, several PCMs have been selected for the use in the membrane
fabrics. The melting points of the selected PCMs range from 30 °C to 60 °C. All of the chosen PCMs
are non-combustible salt hydrates. They possess high latent heat storage capacites of up to 340 J/g.
Based on a PCM content of 40 % in a one millimeter thick silicone rubber layer latent heat storage
capacities of up to 150 kJ/m² are obtained. This is a substantial increase in the heat storage
capabilities of architectural membrane structures. In order for an ordinary membrane material made of
PVC coated polyester with a similar weight to absorb the same amount of heat, its temperature would
need to be raised by about 100 degrees Celsius.
The newly-developed membrane materials with PCM-treatment possess similar weights compared to
common membranes made of PVC coated polyester fabrics, PTFE coated fiber glass fabrics, and
silicone coated fiber glass fabrics. However, the thickness of the newly-developed membrane material
is slightly higher than the thickness of the membrane materials used for comparison (Table1).
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Membrane material

PES / PVC
Fiber glass / PTFE
Fiber glass / silicone
Fiber glass / silicone rubber with PCM

Weight/area,
g/m²
1245
1550
830
1210
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Thickness,
mm
1.0
0.9
0.7
1.3

Table 1: Weight and thickness of selected membrane materials
5 Thermal performance
The PCM application in architectural membrane materials provides a substantial improvement of their
thermal performance by thermally controlling the heat flux through them. This thermo-regulating
feature has a significant influence on the thermal management of the entire building. As a result, the
thermal comfort of the enclosure will enhance, the overall heating and air-conditioning demands of
the facility will decrease and the construction becomes more energy efficient.
5.1 Thermal comfort
In order to quantify the thermal comfort improvement by the PCM application, the temperature
development inside membrane structures with and without PCM have been studied. For instance, a
comparison test was carried out using two model buildings. One of the model buildings was equipped
with a roof structure made of the PVC coated polyester fabric described in Table 1. The roof of the
second model building consisted of the fiber glass fabric with a silicone rubber coating with PCM
(Table 1). In both test configurations, only a single layer membrane construction was applied. The
two membrane materials used in this test possess similar weights and show only slight differences in
their thickness. Temperature measurements were carried out at the same distance underneath the two
membrane structures. The temperature developments obtained for the two model buildings on the
same day are shown in ‘Fig. 1’.
Temperature in °C
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Fig. 1: Temperature development inside the model buildings
The test results indicate that there is a substantial delay in the temperature increase during the day due
to the latent heat absorption by the PCM. The latent heat absorption by the PCM leads to temperature
differences of up to 9 degrees Celsius between the two buildings. Furthermore, there is also a delay in
the temperature decrease overnight due to the latent heat release of the PCM. The overall daily
temperature fluctuations measured under the specific climatic conditions were reduced by about 10
degrees Celsius due to the thermo-regulating feature (latent heat absorption and latent heat emission)
of the PCM.

Pause, B.: Membranes with thermo-regulating properties for architectural applications

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

8-235

5.2 Energy savings
In order to quantify energy savings, a computer modelling procedure has been carried out. For these
calculations, a spherical membrane structure with a floor space of about 115 m² was used as a model
building. The fabric structure consists of approximately 300 m² of the fiber glass fabric with a silicone
rubber coating with PCM covering a volume of about 660 m³. The latent heat storage capacity of the
PCM applied to the roof totals 45 000 kJ. This latent heat storage capacity leads to a sinificant
reduction in the air-conditioning demand on hot summer days resulting in energy savings of up to
35%.
6 Material aging
The decrease of the daily temperature fluctuations leads to another benefit of the PCM application in
membrane structures. The material aging is usually accelerated by high material temperatures and
significant temperature fluctuations. Reducing the temperature increase in the afternoon and
minimizing the daily temperature fluctuations, therefore, will enhance the service lifetime of a
membrane structure which is equipped with PCM substantially.
7 Light transmission
The newly-developed membrane material shows an interesting feature regarding light transmission.
The translucency of the membrane material with PCM exceeds the translucency of the common
membrane materials summarized in Table 1 significantly. The test results are shown in ‘Fig. 2’.

PES / PVC

Fiber glass / PTFE

Fiber glass / silicone

Fiber glass / silicone rubber with PCM (solid)

Fiber glass / silicone rubber with PCM (liquid)
0
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40
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Translucency in %

Fig. 2: Translucency of the selected membrane materials
Furthermore, the translucency of the membrane material equipped with PCM changes in the course of
the day. The silicone rubber layer with the PCM becomes transparent as soon as the PCM is
completely melted. On the other side, when the PCM crystallizes, the silicone rubber layer with the
PCM becomes opaque. The difference in the light transmission between the two states of the PCM
incorporated into the silicone rubber which is coated onto the fiber glass fabric totals 15 %.
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8 Additional material features
The newly-developed membrane material can be used under ambient temperatures between -50 °C
and 200 °C. Tested in accordance with the standard method DIN 4102, it meets the requirements of
the fire-protection classification B1. The membrane material possesses excellent mechanical
properties, a high dimensional stability and an exceptional resistance to UV radiation and humidity.
In contrast to common silicone coated fiber glass, the dirt repellency of the surface of the newlydeveloped membrane material consisting of silicone rubber with PCM coated onto a fiber glass fabric
is very satisfactory. In a recent lab trial, dirt particles on the surface were easily removed with a cloth.
In a building application, the dirt particles will be washed away by rain due to their low adhesion to
the membrane’s surface.
9 Applications
The new membrane material is most suitable for applications in architectural roofing structures.
However, the membrane material can be thermally beneficial when integrated in fasade systems.
Further possible applications include sun shades, blinds and greenhouse coverings.
10 Summary
The newly-developed membrane material with PCM treatment offers a unique set of improved
thermal performance capabilities previously unattainable in an architectural membrane fabric. These
capabilities will allow for a substantial improvement of the thermal management of buildings with
membrane enclosures. The enhanced thermal management reduces the buildings air-conditioning and
heating demands, and, therefore, makes the building more energy efficient. The reduced temperature
fluctuations the membrane material is supposed to buffer during the day may influence the materials
aging behaviour in a positive manner which will lead to a longer service life. A unique feature of the
new membrane material is the change in its light transmission as a result of temperature changes,
which might be especially interesting for architectural applications. The thermal effects provided by
the PCM application in membrane structures are durable. The thermal solution is maintenance free,
cost effective and does not require any external energy supply.
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Abstract
In this paper a method of solution is presented for determining the equilibrium configurations of
inflated inextensible membranes of generic shape. To solve this problem, we assume that each
membrane reaches its final configuration through two consecutive stages: a first kinematical phase
where the membrane undergoes large displacements in the absence of any internal force precedes a
static one where small displacements are associated to relevant internal tensile-only forces. A
numerical algorithm based on a central finite differences scheme is proposed to solve the governing
system of non-linear differential equations. Applications concern cases of inflated axisymmetric
membranes inextensible in tension.
1 Introduction
The great deal of progress made in the last years in both fabrication and erection techniques of large
structural membranes has determined a growing interest in such components especially in the field of
current architecture and civil engineering. As a result, membranes made of coated textiles, sometimes
stiffened by cable nets if the stress level is relevant and frequently tensioned by an internal pressure
(inflated membranes) or by a proper state of pre-stress, are now successfully used to cover large areas
with a very low consumption of materials.
The analysis of the serviceability and ultimate limit states of inflated membrane of generic shape
under general boundary and load conditions still remains a challenging task due to the complexity of
the non-linear equilibrium equations [Haseganu, E. M. & Steigmann, D. J., 1994] characterised in
many cases by an ill-conditioned tangent stiffness [Bruyneel, M. & Jetteur, P. 2005]. In general, the
membranes suffer large displacements so that a change in the applied loads always produces a sudden
change in the membranes’ shape. In inflatable membranes, however, the pre-stress state induced by
the internal pressure keeps the displacements small notwithstanding the variations of the applied
loads. This is particularly true if the material is highly resistant and stiff enough under traction as it
happens for the most part of the current textiles materials. However, a well known drawback of these
nearly inextensible membranes consists in their tendency to wrinkle as soon as their Gaussian
curvature is induced to change, as it normally happens if the membrane is obtained by assembling flat
pieces. Consequently, the search for the final equilibrium surface becomes a very hard task.
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In the following we will address the problem of determining the equilibrium shapes of inflated
membranes in case of large displacements/rotations and negligible elastic deformations. We will solve
this problem by maximizing the work of the external loads. Proper constraints imposed on the metric
tensor of the equilibrium surface will define the set of the admissible configurations, so that buckling
and wrinkling phenomena will be formally treated via the wrinkle strain approach. Applications will
concern cases of fully wrinkled axisymmetric air bags made of inextensible materials. To check the
soundness of the algorithm a comparison will be made with the few closed form solutions available in
literature.
2 Problem formulation
We search for the equilibrium configuration of initially unloaded and stress-free closed membranes,
inextensible under traction, subjected to an internal uniform pressure p. By using the total Lagrangian
formulation yet proposed by the Authors in a previous work [Barsotti, R. & Ligarò, S.S., 2005] we
solve this problem by searching for the minimum points of the total potential energy of the system Π

min Π = min (W + V ) ,

(1)

where W is the internal strain energy and V is the work performed by the pressure. The minimum has
to be sought within a suitable space of admissible configurations.
Since the membrane is inextensible and p = const., then W = 0 and just the enclosed volume needs to
be maximized. The first assumption is entered in the analysis by imposing that λ 12 ≤ Λ21 and

λ 22 ≤ Λ22 , where Λ21 and Λ22 are the principal values of the first fundamental form of the initial
configuration C0 and λ 12 and λ 22 are the corresponding values of the final one. If any shortening
occurs, we assume that the membrane will not be able to transmit any stress.
By making use of the Lagrange multipliers method, we build the augmented Lagrangian functional

L = − ∫∫1 / 3 p x ⋅ n J dα1 dα 2 + ∫∫ [l1 (λ12 + γ 12 − Λ21 ) + l2 (λ22 + γ 22 − Λ22 )] dα1 dα 2 ,
Ω

(2)

Ω

and we search for its stationary values. In (2) α1, α2 are a set of intrinsic curvilinear coordinates
defined on the membrane surface, Ω is the region corresponding to the initial configuration of the
membrane, n is the unit outward normal to the surface, J is the Jacobian of the transformation
x (α1, α2), l1 and l2 are Lagrange multipliers and γ1 and γ2 are slack variables.
The Kuhn-Tucker conditions are

p (t1 × t 2 ) + ∂ / ∂α1[l1 (t1 + t I ) + l2 (t1 − t I )] + ∂ / ∂α 2 [l1 (t 2 − t II ) + l2 (t 2 + t II )] = 0 ,

λ2β + γ β2 − Λ2β = 0 ,

lβ γ β = 0 ,

for β = 1, 2 (no summation over β ),

(3)
(4)

whitin the region Ω and

[ −( p / 3) t 2 × x + l1 (t1 + t I ) + l2 (t1 − t I )] ν 1 + [−( p / 3) t1 × x + l1 (t 2 − t II ) + l2 (t 2 + t II )] ν 2 = 0 , (5)
over the boundary. In the above expressions, t1 and t 2 are vectors tangent to the α1 and α2 lines,
respectively, while tI and tII, are vectors tangent to the lines of principal stretch; finally, ν = (ν 1 ,ν 2 )
is the unit outward vector on the boundary.
In the following we will assume that the initial configuration C0 belongs to the (O, x, y) plane so that
the problem is symmetric with respect to the same plane.
3 Axisymmetric membranes
In the axisymmetric case the membrane is taut or wrinkled along the parallels only if p = 0 ;
therefore, we consider only meridian wrinkling. Equations from (3) to (5) become
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 − prz '+2l R r ' ' = 0,

+ prr '+2l R z ' ' = 0,
lθ = 0 , γ R = 0 , r ' 2 +z ' 2 = 1 ,

(7)

− pzr / 3 + 2l R r ' = 0 , if z is assigned,

(8a)

(6)

whitin the region Ω, and
2

pr / 3 + 2l R z ' = 0 , if r is assigned,
(8b)
over the boundary. In the above expressions, the prime stands for the total derivative respect to the
radial coordinate.
If the membrane may expand freely, the set of equilibrium equations is completed by homogeneous
boundary conditions; on the contrary, if any constraint over the displacement or its first derivative is
imposed at some point, the boundary conditions turn out non-homogeneous.
3.1 Homogeneous solutions
In the homogeneous case, the equilibrium problem is solved by determining the eigenvalues and
eigenvectors of a sparse and unsymmetrical matrix. Thus the use of standard routines for the
Hessenberg reduction becomes necessary. Assessment of eigenvalues and eigenvectors is performed
by an ad hoc iterative procedure working within a central finite difference scheme, yet described in
[Barsotti, R. & Ligarò, S.S., 2005].
1
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Figure 1: (a) axonometric view of the circular air-bag before (bottom) and after (top)
inflation; (b) one-quarter meridian profiles corresponding to the first four iteration cycles.
In order to check the corrispondence between the numerical result obtained by this way and the
analytical solution given by Wu [1974] we start by considering the inflation of two initially flat
circular membranes of radius R0 joined along their boundary. The numerical results are illustrated in
Figure 1. As one can see, after the first cycle, just slight variations of the configuration are registered.
The obtained meridian profile finely matches with the analytical solution given by Wu. The
determination of both the tensile force and the wrinkle strain values along the meridian is
straightforward.
The same procedure is applied to the study of the inflation of two initially flat annular membranes
joined toghether along their outer circle and initially placed in the plane region comprised between the
radius R = R1 and R = R2. Each membrane is joined along its inner circle to a rigid weightless circular

“Equilibrium configurations of inflated inextensible membranes”, Barsotti, R. & Ligarò, S.S.

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

8-240

plate free to move in space. The two cases illustrated in Figure 2 are relative to R1/R2 ratio values
equal to 1/3 and 1/2, respectively.

rigid plate

rigid plate

Figure 2: axonometric view of two annular air-bags before and after inflation; on the left
R1/R2 = 1/3, on the right R1/R2 = 1/2.
In all the examinated cases the iterative procedure shown a rapid convergence. As an example, the
relative error on the displacements is lowered to less than 0.01 % in three iterations. It was observed
that significant results may be obtained even with coarser meshes.
3.2 Non-homogeneous solutions
If the membrane cannot expand freely the system of equations from (6) to (8) becomes nonhomogeneous. In such case an iterative procedure based on a finite difference scheme similar to the
previous one is used. At each cycle the set of equations is linearised and solved for the nodal values of
the current coordinates, then the values of the Lagrange multipliers are updated.
Three examples are illustrated in figures from 3 to 5. The first two concern the circular air-bag
constrained once along the equator (Figure 3) and once at the poles (Figure 4). In the third example an
annular air-bag is constrained along its inner circle. In all cases the law of variation of the tensile
force and of the wrinkle strain along the meridian were found to be similar to those of the
corresponding homogeneous case.
Constrained

Free

Figure 3: axonometric view (left); comparison between the meridian profiles (right).

“Equilibrium configurations of inflated inextensible membranes”, Barsotti, R. & Ligarò, S.S.

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

8-241

Free

Constrained

Figure 4: axonometric view (left); comparison between the meridian profiles (right).

z

rigid plate
free

constrained
O

r

rigid plate

Figure 5: axonometric view (left); comparison between the meridian profiles (right).
4 Conclusions
A method was presented for solving the equilibrium problem of inflated inextensible membranes
subject to large displacements/rotations and negligible elastic deformations. The problem has been
solved by maximizing the work of the external loads under proper constraints imposed on the metric
tensor of the equilibrium surface. Buckling and wrinkling phenomena have been formally considered
through the wrinkle strain approach. Some applications concerning cases of fully wrinkled
axisymmetric air bags made of inextensible material has been investigated. The soundness of the
algorithm has been checked by making a comparison with the closed form solutions available in
literature.
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PAPER
1 Introduction
Generally the use of a building changes several times during the lifetime. The adaptability of a
building increases if the structure is robust and can resist a substantial pay load. In practice, a building
is designed to resist the payloads demanded by the first owner. The bearing capacity will be
insufficient if the function is changed and the demands concerning the pay loads increase. Several
systems are developed to increase the bearing capacity of existing structures. For example structural
elements can be added. The depth and width of elements as beams, plates or columns can be
increased. The strength of a concrete element can be increased by gluing strips of carbon or steel to
the outsides. Tensioning is an interesting option is to increase the capacity too. For concrete
tensioning is common practice. The maximum tensile stress of a concrete element is small, pre- or
post-tensioning can compensate this disadvantage. The maximum tensile stress of steel and timber is
approximately equal to the compressive stress, so for these materials tensioning does not seem very
efficient. Still some examples can be found, Payne-Gallway [1986] describes an old technique to
strengthen bows with sinew. The stiffness of sinew is smaller than the stiffness of the wood, probably
the strength of the composite bows was increased by the contra load affected by the shrinkage of the
sinew.

Figure 1. Suspended arches designed by V.G. Shukhov, 1896 [W. Spangenberg].
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At the end of 19th century V.G Shukhov designed pre-stressed arches of steel, see Fig. 1. This
technique was still applied in Russia halfway the 20th century [E. Belenya, 1977].
Momentary tensioning is often considered as an artificial load [Beukenholt et al, 2003]. The capacity
of an existing element is increased substantial with a contra-load acting upward and neutralising the
effect of an increasing load. A contra-load can be applied for structures of whatever material, steel,
timber or concrete.
Post-tensioning is quite suitable to increase the resistance of an existing structure. In this paper the
effect of post-tensioning to increase the bearing capacity of elements of steel or timber, is showed.

α
e

a

v’
v

a
l

Figure 2. Post-tensioned beam supported at the ends.

2 Artificial load
For a simple supported beam, see fig. 2, the effect of an artificial load is analysed. Assume a beam is
subject to a distributed permanent load qg and a distributed live load qe causing bending moments Mg
and Me. The section of the beam is equal to A, the second moment of inertia is equal to I, the distance
from the centre of the section to the upper side is equal to v' and the distance to the lower side is equal
to v. The maximal allowable tensile stress is equal to fd and the maximal allowable compressive stress
is equal to f’d, According to the Theory of Elasticity, the ultimate bending moment due to the
permanent and live load, follows from the maximum allowable bending stress:
yg Mg + ye Me ≤ f’d. I/v'

(1)

yg Mg + ye Me ≤ f d. I/v

(2)

With:
yg = the load factor for the permanent load, yg = 1,2
ye = the load factor for the live load: yg = 1,2 …1,5
Mg = bending moment due to the permanent load
Me = bending moment due to the extreme load
f’d = maximum allowable compressive stress
fd = maximum allowable tensile stress
To increase the live load the beam is post-tensioned. The tendons are anchored at the ends and
attached at a distance a from the supports with an eccentricity e below the centre of the section. Due
to the post-tensioning, the beam is subject to a force P acting at the ends and an upward force P .sin α
Artificial load increases adaptability
By M.W. Kamerling
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acting at a distance a of the supports. The angle α is very small, and can be calculated with: α ≈ sin α
≈ tan α = e/a. The bending moment due to the post-tensioning is equal to P * e.
The maximum stresses may not exceed the maximal allowable stresses. To check the stresses several
stages must be distinguished: first the stage during the construction, next the stage during the use
when the pay load acts on the beam. The following equations concerning the stresses must be
checked:
First stage, stresses during the construction at a distance a from the supports, due to the permanent
load and the post-tensioning:
Top:

- P + P .e. v’ - yg .Mg .v’
A
I
I

≤ fd

(3)

Bottom:

- P - P.e . v’ + yg .Mg .v
A
I
I

≥ -f’d

(4)

+

=

-P/A - P.e.v/I + yg Mg.v/I >= -f’d

Figure 3. Stresses during the construction (first stage) subjected to permanent load.
Comparing both expressions shows that the resulting stress at the bottom is larger than the resulting
stress at the top of the section. For a material with a tensile stress equal to the compressive stress, so fd
≅ f’d , expression (4) describing the maximum compression due to the permanent and artificial load,
is decisive. Then the maximal artificial load is equal to:
P≤

f’d. A + yg .Mg . v . A/I
1 + A. e .v /I

(5)

After the construction is finished, the stresses due to the post-tensioning can decrease due to timedependent effects as creep and relaxation. The decrease of the tensioning, caused by time-dependant
effects as creep and relaxation, is described with the factor β. For steel β approaches 1, for timber β is
about 0,8 a 0,9. Further the structure will be subjected to variable loads. The maximal variable load
follows from the limitation of the stresses in the maximal loaded section, mostly the section halfway
the span.
Next the equations describing the stresses at the top and bottom of the ultimate loaded section are
given:
Top:

- β P + β P. e . v’ - yg .Mg * v’ - ye.Me .v’ ≥ - f’d
A
I
I
I

(6)

Bottom:

- β P - β P . e . v’ + yg .Mg . v + ye .Me . v ≤
A
I
I
I

(7)
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-βP/A + βP.e.v’/I - ygMg.v’/I - yeMe.v’/I ≥ -f’d
=

+

Figure 4. The stress distribution due to the post–tensioning, the beam is subjected to the
permanent and the extreme load.
Comparing both expressions shows that generally expression (6), describing the compression at the
top, is decisive. With this expression, the maximal bending moment is derived.
yg Mg + ye Me ≤

f’d. I + β.P (e - I )
v’
A. v’

(8)

The second part of the expression shows the increase of the capacity to resist the load due to the posttensioning. With expression (1) and (8) a factor η can be derived showing the increase of the capacity
due to the post-tensioning.
η = 1 + β P (e.v’ - 1)
f’d
I A

(9)

Substituting the post-tensioning force P following from expression (4) into (9) gives:
η = 1 + β (1 + yg Mg * v ) (e.A.v’/I - 1)
f’d I (e.A.v/I + 1)

(9’)

3 Example
To show the possibilities the factor η is calculated for a beam with a rectangular section b * h which
is simple supported at the ends. The maximum tensile stress is equal to the maximum compressive
stress, so fd = f’d ,
The effect of the post tensioning force is maximal in case the eccentricity is maximal too. Assume the
maximal eccentricity is equal to e = ½ h. Substitute into the stress equations: A = b * h, I = b.h3/12 , v
= v’ = ½ h, I/v = b.h2/6.
First the stresses during the construction phase are analysed.
Top:

- P + 6 P ½ h - 6. yg .Mg
b.h
b.h2
b.h2

≤ fd

(3’)

Bottom:

- P - 6 P. ½ h + 6 yg .Mg
b.h
b.h2
b.h2

≥ -f’d

(4’)

The maximal tensioning force follows from the equation describing the stress at the bottom (4’)
P ≤ ¼ ( f’d. b.h + 6.yg .Mg /h)
Artificial load increases adaptability
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If the positive influence of the dead load is neglected, then the maximum magnitude of the tensioning
force is equal to:
P ≤ ¼ f’d * b * h

(11)

Next the two equations describing the stresses due to the extreme load are analysed:
Top:

- β P + 6 β P. ½ h - 6 yg .Mg - 6 ye.Me
b.h
b.h2
b.h2
b.h2

Bottom:

- β P - 6 β P . ½ h + 6 yg .Mg + 6 ye .Me ≤
b.h
b.h2
b.h2
b.h2

≥ - f’d

fd

(6’)

(7’)

Expression (6’) gives the value of the maximal load. Substituting the value of P (11) into expression
(6’) gives the maximal bending moment due to the permanent and variable load:
yg Mg + ye Me ≤ 1/6 f’d * b * h2 (1 + 1/2 β)

(12)

For β = 0,8 the capacity rises with 40%. Due to the artificial load the beam is bended upward, the
sagging due to the permanent and live load is reduced considerately.

4 Conclusions
Strengthening and stiffening structures with an artificial load, increase the resistance and the
adaptability of structures considerately. Increasing the bearing capacity of a structure increases the
adaptability and extends the functional and economical life-time of a building. Attention must be paid
to design the connections of the tendons, so the forces can be transferred properly. For concrete
several anchorage systems are developed [Beukenholt et al, 2003], these techniques can be transferred
for anchorage systems suitable for structures of timber and steel too. Further research is needed to
renew the described technique. As described by Belenya, the technique of tensioning can be applied
for new buildings too [Belenya, 1977]. Specially for buildings with varying spans, tensioning can be
profitable to reduce the variety of the structural elements and the cost of construction.
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1 Introduction
Generally the interior of a building is altered several times during the life-cycle, causing a
rearrangement and alteration of partition walls and building services. Adaptability can increase the
lifetime of a building considerately [Brand 1995]. Due to the investments the initial cost will rise, but
the total costs during the lifetime will decrease. The adaptability will increase considerably in case the
building services are not integrated in the floors, but positioned in a service space above or below the
floors [Pronk 2001]. According to this concept a floor is designed with a structural floor, a core of a
soft material for services and a top layer, able to resist punching loads, see Fig. 1. To alter the
building services during the lifetime, the top layer is partitioned in structural zones and adjustable
zones, running parallel to the span. The structural zones are made in situ and the adaptable zones are
covered with tiles, which can be removed to change the services during the life-time. To improve the
acoustic resistance of the floor, the core has to be constructed of a soft material, separating the outer
layers completely.
The strength and stiffness of the floor increase substantial in case the core connects the outsides
structurally. This concept was investigated and a sandwich element was designed with a light weight
concrete core, constructed with an aggregate of expanded clay. In this paper a test is described to
define the bearing capacity of this composite element.

adjustable zone

l

Figure 1. Floor composed of a core of light weight concrete, a concrete top and a reinforced
concrete plate at the base. The top is partitioned into structural and adjustable zones, running
parallel to the span, to adapt the building services during the life time.
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Figure 2. Scheme of the tested sandwich floor, composed of a core of light weight concrete
connected with a concrete top and supported by a reinforced layer at the base.
The model
An element was made with a span of l = 3,8 m and a width b = 0,6 m. The element was loaded by two
forces F acting at a distance of a = 1,05 m from the supports, see Fig. 2 and Fig. 3. The weight of the
composite floor is equal to q = 2,24 kN/m'. The composition of the model is as follows:
1. A top layer of plain concrete C45, height: 45 mm.
2. A core of light weight concrete, constructed with an aggregate of expanded clay, height: 120
mm, C1, unit weight 10 kN/m3, E = 6457 N/mm2.
3. A base of reinforced concrete C45, height: 65 mm, E = 33500 N/mm2, reinforcement 4∅10,
FeB500, concrete cover 15 mm and a ultimate bending moment equal to Mu = 6,4 kNm.

Figure 3. The set up of the test.
3 The test
At first the floor deformed linear, then the plate delaminated, the resistance dropped down and the
core shoved over the structural floor. Finally the element could resist a load of F = 2,0 kN, see Fig. 4.
and Fig.6. The bending moment, due to the ultimate load, is equal to M = 6,1 kNm, then the resistance
of the composite floor approaches the resistance of the reinforced pre-cast concrete base.
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Figure 4. Graphic: showing the deformations of the floor, halfway the span.
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Figure 5. The deformations of the element subjected to the ultimate load.
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Figure 6. The deformations due to the shear.

Figure 7. Due to the cracking the core and the structural floor are delaminated.

Figure 8. The core is shoved over the bottom layer. The structural resistance of the composite
floor depends on the bearing capacity of the base.

4 Conclusions
Connecting the top and bottom of a composite floor structurally increases the strength and stiffness.
Even for the tested model, constructed with a weak core, the load bearing capacity is much better than
the capacity of a single layer. The bearing capacity drops down at the moment the core shoves over
the under-laying concrete floor. Then the capacity of the sandwich floor is approximately identical to
the bearing capacity of the single bottom layer. The shear strength of the core affects the bearing
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capacity of the element considerately. The resistance of the sandwich floor will increase in case the
shear capacity of the core is improved.

5 Recommendations
To improve the structural bearing capacity and mobilize the compressive strength of the top layer,
three possibilities arise:
• improve the shear strength of the core;
• connect both outside layers structurally with reinforcement of steel bars;
• connect both outside layers with shear resistant connections.
Connecting the top and bottom layer with a reinforcement of steel will decrease the acoustic
resistance of the floor considerately. To increase the acoustic resistance it is advisable to separate the
top and bottom layer. Figure 9 shows an alternative with both outsides connected at the ends to resist
the shear forces. Due to the shear resistant end blocks, the shear capacity of the core is not definitive
anymore for the bearing capacity of the sandwich plate. The length of these blocks can be as small as
the height of the floor, if the blocks are reinforced considerately to resist the shear force. For this
concept the shear strength of the inner core does not affect the bearing capacity of the sandwich floor
any more and the material of the inner core can be changed into any material with a good acoustic
resistance.
Further research is needed to find an optimal solution with respect to the structure, physics and
construction. Special attention is needed for the acoustic resistance of the floor. The structural
elements and the services must be constructed carefully, to avoid any contact between the outer
layers.

h
l

Figure 9. Alternative, the outside layers of the sandwich element are connected structurally at
the ends, to prevent that the core shoves over the base.
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Vision
The motivation for the creation of Morflex: Tense-compressive Structural Mechanism, proposed
invention by Roxana Garrido, has like investigation context , the sculpture factory of our university.
Over there, from different modeling experiences, it has been internalizing conceptual approaches
about the efficiency of the matter organization in the space; always inspired by the nature as source of
efficient models.

The Morflex mechanism as modeller is originated and evolved thanks to the preoccupation to study
and to systematize the form, sustained from a proposed pedagogical matrix from the factory of
sculpture. From its beginnings, it was projected to the art, architecture and engineering of slight
structures; contemplating unifying principles through concrete experiences of modeling. (table 1).
The structural efficiency of Morflex, not only allowed us to glimpse its formal diversity, but that
exceeded our expectations, when adding him to it the quality of functional adaptability, extending the
manual scales and arriving at the architectonic ones, transforming its elements of configuration
without losing its basic structural principle.
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Table 1. Systematization and Formal Diversity of Morflex Mechanism.
Morflex : Active Tense - Compressive Structural Mechanism – R. Garrido, D. Irribarren, J. Peña.
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Description of the Morflex Mechanism

Morflex: tense compressive structural mechanism, consists of the regular and independent polygonal
lamina joint, arranged ones against the others, to form two laminar groups of opposite location and
function. The lamina joint articulation of both groups is obtained by means of an assembly with
adjustable connectors, that vary according to the scale, proportion and utility of the object to design.
The principle of the mechanism is sustained in the concept of “tensional integrity” or
opposite complementariness, from the interaction of two forces: the
traction and compression, those that generate a tense-compressive dialectic balance, that grants to the
system a high and efficient morpho-structural stability.

Figure 1. Structural process

Formal diversity of the Morflex Mechanism
Inside the polyhedral configurations, there are the archimedean plots, where the mechanism finds its
greater morpho- structural efficiency, from which they can be shaped an extensive formal variety.
They go since poliyedral configurations, passing through spaceframes, simple and doubles curvatures
(sinclastics and anticlastics), until obtaining configurations of compound double curvatures.

Functional adaptability
This mechanism has permitted a series of uses that have materialized in subjects as the education:
(educative models), the entertainment: (Three-dimensional puzzle), the art (sculptures), the industrial
design (lamps and hats), and finally to derive in the architecture and the engineering, as TenseCompressive Active Structural System.

Morflex : Active Tense - Compressive Structural Mechanism – R. Garrido, D. Irribarren, J. Peña.
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1. Education: Educative Modelses

Figure 2. Morflex – Archimedean Solids
2. Enterteinment: Three – Dimensional Puzzles

Figure 3. Snub Cub
Morflex

Figure 4. Rombicuboctahedron
Morflex

Figure 6. Truncated Icosahedorn
Morflex

3. Art: Sculptures

Figure 6. B.K. 1 - Morflex

Figure 7. D.C.C. 1 Morflex

4. Industrial Design : Lamps and Hats

Figure 8. Lamp D10 - Morflex

Figure 9. Lamp 10 - Morflex

Figure 11. Hat 2. - Morflex

Figure 12. Hat 2. with model

Morflex : Active Tense - Compressive Structural Mechanism – R. Garrido, D. Irribarren, J. Peña.
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5. Architecture and Engineering : Active Tense – Compressive Structural System

Figure 13. Unit System

Figure 14. Active Connector

Figure 15
Figure 16.
Rombicosidodecahedron Morflex Demi Rombicosidodecahedron
Structural System
Morflex Structural System

Figure 17.
Rombicosidodecahedron
Morflex Structural System
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ABSTRACT
Natural systems like plants and animals interact with their environment. Civil structures are mostly
invariant. In many other fields of engineering adaptive systems are state of the art. The application of
this technology to civil structures facilitate the usage of modern materials like Glass Fibre Reinforced
Polymers (GFRP) in lightweight constructions. Light structures have a high load bearing capacity but
are less stiff.
In this article the development of an adaptive hybrid trussed beam is described. The application of an
hydraulic actuator to a trussed beam enables the control of the effective stiffness. The theoretical
improvement of the performance is presented. The experimental investigations are described and
results are discussed.
1. State of the art of adaptive structures
The concept of adaptive systems in the field of architecture is already described by several authors
e.g. [Zuk 1970]. Over the past years in many fields of engineering efficient active control systems
have been developed. In the areas of mechanical engineering and aircraft construction these
techniques belong to the state of the art. In the field of civil engineering active systems are rarely
applied.
The recent trends to increase the maximum heights of skyscrapers and to design more efficient
lightweight structures demands new technologies. Therefore the topic of active control in civil
structures becomes important. Several authors discuss the available technologies and their
opportunities as well as the future developments [Schlaich, M. 2004].
The applications can be classified into shape adaptation, structural control and static adaptation.
The field of shape adaptation includes all technologies which adapt the geometry or the position of
the construction. The prime target thereby is the increase of usability and flexibility of the building.
Typical structures are changeable roofs or moveable bridges.
Another field of application of active systems in civil structures is the vibration control. The total
field of research is generally termed “structural control”. It includes all technologies for the control of
dynamic properties of the structure. They are widely used in high rise buildings and long spanned
structures. The state of the art is described by several authors [Housner, G.W.; et al. 1997]. Usually
the term includes passive and active systems. The recent active technologies mostly base on the
passive strategies. By the implementation of sensors, actuators and control units the effective
frequency spectrum can be extended significant.
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The active control of static properties is rarely investigated. One comprehensive investigation was
carried out by Domke [Domke, H. 1992]. The concept was named active deformation control. The
developed truss is composed of a load bearing reinforced concrete beam and a supporting structure in
terms of a rope. Both parts are linked by actuators like pneumatic cushions. Beside the design of the
structure the control algorithms for different load types were created including static and dynamic
loads. Full scale tests were successfully carried out for verification of the calculation models.
Sobek also analyzes the implementation of active systems to buildings [Sobek, W.; Teuffel, P. 2001].
The authors describe the design of adaptive structures. In comparison to Domke they expand the
applications from supporting structures to the whole building and his facade. The available actuator
technologies are described in-depth, including new developments like smart materials. For the
demonstration a model structure was designed.
In face of several successful developments this kind of active control has not been achieved yet. The
reasons are very different. They vary from high costs to the lack of a convincing safety concept.
2. Adaptive Hybrid Structure
In the field of active structural systems many terms are used in different ways by the authors.
Therefore the term „Adaptive Hybrid Structure” (AHS) is introduced by a definition [Noack, T.;
Eisert, D.; Ruth, J. 1999], [Noack, T. 2006].
The “Adaptive Hybrid Structure” has the following properties:
1. It consists of two ore more structural parts which carry the loads together.
2. Any single part is able to carry loads by oneself.
3. The loads bearing behaviour of the single parts is different.
4. The parts retain their characteristic behaviour at the whole structure.
5. The load allocation between the parts and the deformation can be influenced.
6. Actuators are implemented to control the structural behaviour.
7. The combination of sensors, control unit and actuators enables the structure to an autonomous
adaptation.
The Adaptive Hybrid Structure (AHS) essentially consists of a hybrid girder, sensor elements, control
unit and one or more actuators (Fig. 1). Efficient basic constructions are trussed beams [Schlaich, J.;
Wagner, R. 1988]. These hybrid systems allow the variation of geometry and section stiffness of
single elements by the retention of the global system properties. Different actuator technologies are
available, e.g. mechanic, pneumatic or hydraulic systems as well as smart materials [Janke, L., et al.
2005].
The concept of Adaptive Hybrid Structures facilitate the usage of modern materials like Glass Fibre
Reinforced Polymers (GFRP). These light structures have a high load bearing capacity but are less
stiff. A test system was designed to carry out investigations. It consists of a GFRP box beam as
bending truss. This sections can be produced efficient by pultrusion. A hydraulic cylinder was
implemented as actuator. The beam is supported by steel tension rods. Strain transducers, inductive
displacement transducers and force transducers were implemented as sensors to measure the load
bearing behaviour of the structure. In the context of the tests the actuator was operated by a hydraulic
hand pump and manually controlled.
Adaptive Hybrid Structure
Sensorik
Sensors

Load
Belastung

Controller
Microcomputer

Aktuator
Actuator

Adaptive Hybrid Structures

Noack, Ruth, Müller

Fig. 1
Adaptive Hybrid Structure:
Schematic design
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3. Improvement of performance

2

Stress [N/mm ]

150

Limit
Limit

Limit

Limit

To evaluate the potential of the AHS preliminary investigations was carried out [Müller, U. 2005],
[Noack, T. 2006]. For the comparison a bending beam, a trussed beam, a trussed beam with camber
and the AHS with one actuator were calculated. In all cases a GFRP box section (100x100x8) was
used.
The first comparison illustrate the achievable span depending on the system. The beams were loaded
in the fourth points by 15 kN. The deflection limit was set to length/200 and the stress limit to 135
N/mm2. Fig. 2 shows the different span limits. The schematic gradients of stress and deflection at the
active system are displayed beside the span limits. The deflection limit was decisive. The application
of actuators in the trussed beam system results in a significant increase of span.
The second comparison Fig. 3 shows the increase of load bearing capacity depending on the system.
The beams had all a constant span of 3600 mm (Fig. 4 geometry of trussed beams). The loads were
applied at the fourth points. As in the first comparison the limits were set to length/200 for the
deflection and the stress limit to 135 N/mm2. The achievable loads are shown in the diagram. Again
the schematic gradients of stress and deflection at the active system are displayed. The decisive limit
was the stress.
The AHS enables the increase of load bearing capacity. Of prime importance is the possible control of
the structure stress and deflection states. This characteristic constitutes a significant advantage
especially for the usage of GFRP as bending beam material.
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Increase of span:
Comparison of different
systems
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Adaptive Hybrid Structures
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Fig. 3
Increase of load:
Comparison of different
systems
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4. Experimental Investigation
A trussed GFRP pultrusion-beam with one hydraulic actuator was constructed for the full scale tests
of control and load bearing behaviour (Fig. 4, 5, 7) [Müller, U. 2005], [Noack, T. 2006].
The effective material properties of the GFRP box beams were acquired by preliminary test. The
relevant properties are the elastic modulus, shear modulus and the time-dependend deflection.
For the ascertainment of the load bearing behaviour of the trussed beam with actuator several
experiments were conducted with passive actuator first. The measured data allow the calculation of
stress resultant and the evaluation of the specific GFRP properties.
Final the active test series were performed. There are two possible control strategies. The actuator can
act intermittent or continuous. To simulate the intermittent control the loads were increased in stages
and different control targets were adjusted in each step. The targets were balanced stresses, zero middeflection and a balanced deflections.
Another test demonstrated a continuous control of actuator. The actuator permanently worked and the
mid deflection was tuned to zero during the loads were increased in stages (Fig. 6).
The successful tests indicated the following essentially results.
Advantages:

– Increase of span or load bearing capacity
– Lighter structures possible
– Higher utilization of the section
– Prestressing adjustable
– Monitoring is possible
– Reaction to internal changes of the structure (e.g. compensation of creep)
– Reaction to internal changes (temperature, extraordinary loads)

Disadvantages:

– New safety concept is necessary
– Higher effort for operation and maintenance

Fig. 4 Trussed beam with actuator, span 3,6 m

Fig. 5 Test layout

Mid deflection

External load

Actuator force

Adaptive Hybrid Structures

Noack, Ruth, Müller

Fig. 6
AHT Test:
Constant deflection versus
increasing load
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1 Load frame
2 Hydraulic cylinder with force transducer
3 Bearing trestle
4 Roller bearing
5 Solid bearing
6 Trestle with displacement transducers
7 Socket for displacement transducer
8 AHS test system
Material properties of GFRP box beam
Elastic modulus:
34505
Shear Modulus:
2739
Permissible stress: short load
185
constant load
75
Fig. 7 Test configuration

9
10
11
12
13
14
15

9-260

IWT 1,3 (displacement transducers)
IWT 2,4
IWT 5
IWT 6
IWT 7
IWT 8, 9
Hydraulic cylinder as actuator

N/mm2
N/mm2
N/mm2
N/mm2

(test result)
(test result)
(manufacturer declaration, 0° direction)
(manufacturer declaration, 0° direction)
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ABSTRACT
Traditional structural theory is based on elastoplastic theory and analyze elastic or elastoplastic
displacement caused by material softening while structures with geometric displacement often is
removed from the study. The authors present the structural theory based on the geometric
displacement analysis and their algorithms to analyze geometry softening problems which in fact exist
and often occur in the structures. The numeral examples shows the concepts and algorithms are
accurate and effective, which will enrich the concepts of structural theory and expand its range of
researches and can be suitable for the practical design.
1.Introduction
Structural theory is the theory dealing with structural fractures property. There are two kinds of
structural fractures as follows: The first kind is a material softening; the other is a geometry softening,
which in fact occurs in the all kinds of structure only because material softening prior to geometry
softening happens or vice versa. So-called material softening denotes the strength fractures, where
structural resistivity has less than the stress acted by external load on the structure and consequently
fractures in the structural tissues occurs and develops, which is described as material yield in
mechanics view and considerable deformation occurs corresponding to yield that is defined as
elastoplastic deformation. Geometry softening results in geometry deformation, which is not the result
of material fractures. Traditional structural theory is to base on the basic principle of elastoplastic
mechanics and analyze the elastoplastic deformation and stress of systems of structures. Structural
theory is the theory that studies the rules of deformation of any point in elastic body and stress under
external loads.
Geometry softening, the kind of fractures, is generalized stability compared with strength. Geometry
softening is to describe the change of geometry configuration or occurrence of geometric
displacement. Structural geometric deformation is not a kind of elastic deformation and does not
produce the stress. Moreover, there is no correspondence of one by one between geometric
deformation and loads acted on them, that is, there is no uniqueness for geometric deformation or
geometric displacement corresponding to loads. However, it is unfavorable to say that geometric
deformation is a motion of particles without rules. As far as its essence is concerned, geometric
displacement has a rule and its trajectory could be depicted and its total values could be measured
under some constraint condition though there would exist many possible paths to pick up without
constraint.
Initially rooted from the researches on the morphologic analysis and deployable structures, Prof.
Hangai in Tokyo University, Prof. C.R.Calladine and Prof. S.Pellegrino [Pellegrino,1986,2000] in
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Cambridge University and Prof. E.N.Kuznetsov [Pellegrino,1997,1999] in University of Illinois et. al.
studied geometric deformation, unbalance equilibrium equation and algorithms from different aspects.
Based on their researches, the authors expand the concepts of structural theory and present a system
of structural theory based on geometric displacement analysis via carrying on the further researches
on geometric displacement, where the key of the analysis is unbalance and thus employed to analyze
the generalized stability efficiently. It is necessary to study the rules of geometric displacement of
structures. Geometric deformation is often removed from the traditional structural theory and we are
short of an integral and system study on it. Thus, the authors focus on the structural theory based on
study on the rules of geometric deformation of structures, which has been applied in the practical
engineering.
2. Basic concepts
Actually considering the existence of geometry softening phenomena in structures, it is necessary to
define some new basic concepts which are not involved in the traditional structural theory.
(1)Structure
So-called structure in the tradition is the system comprising geometry and mechanics properties.
Geometry denotes an expected topology and configuration which is stable. For pin-jointed systems,
the stability of structural geometry could be gotten according to identifying whether they observe the
Maxwell’ rule. Structural mechanics properties represent the ability to support loads on them, cause
elastic or elastoplastic deformation and acquire strength and stiffness from the material of structures.
However, the concepts of structures should be expended and these kinds of systems should be called
as structures when there exists geometric displacement in systems and they could become stable ones
after finite geometric displacement. What is more, structural geometric stability maybe changes under
in-service loads.
(2)Geometry softening
For solid or structures, geometric constraint is that there exists constraint between particles (nodes) to
restrict the relative displacements so if constraints are removed or Insufficient, nodal motions are not
restricted and mechanism will come into being, which is just so-called geometry softening.
Insufficiency of constraint is maybe the reason of topology while the removal of constraint is either
the result of geometry or material softening. Geometry softening is often illuminated by geometric
deformation or geometric displacement without stress.
(3)Constraints
Constraint is a kind of confinement of geometric displacement, which means there exists some
connections between nodes (particles). Its confine to nodes is strong if there are rigid connections
equal to restrict the displacement; the constraint is considered as a elastic constraint or weak
confinement to displacement if stiffness of connections is not strong; there will be no confinement if
their stiffness is zero. Confinement of geometric displacement reflects not only the levels of
displacement but also direction of displacement or motion direction. Therefore, constraints could be
divided into one of determining values and one of determining direction (also called as directional
constraint).
(4)Structural relaxation and slack structure
Relaxation of structures is unallowed in the traditional structural theory. Structural stiffness matrix
will be singular once relaxation occurs in the structures. However, geometry softening of some
structural elements maybe happens during the integration or working state, in which elements will
withdraw from the working state because of losing constraint on determining values. The structures
with elements of geometry softening are defined as structural relaxation. Removal of constraint on
determining values is caused by either the degeneration of structural stiffness or geometric illcondition. There are no stresses in the lack structural elements but under corresponding working, the
parts maybe enter the structures again in view of the change of geometry, in where their stiffness and
stresses will be acquired again.
3. Control equation of systems
According to the basic principle of finite element methods, the structures encompass discrete elements
and connection with nodes. Elements may be bars, beams, planes, shells or plane stress and so on.
R.J.Qian, Professor
Z.B.Lin, R.A.
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These elements form the connection of nodes (particles). According to principle of virtual work, the
basic equation under local coordinate system is

∫ δ∆ε

T

T

δ∆ε g  σ σ g  dv = δ∆ue δ∆ue, g   ∆pe ∆pe, g 

(1)

V

Where,

∆ε denotes increment of elemental elastic or elastoplastic strain; ∆ε g denotes increment of
elemental geometric strain; σ denotes elemental elemental elastic or elastoplastic stress; σ g denotes
increment of elemental geometric stress; ∆ue denotes increment of nodal elastic or elastoplastic
displacement; ∆ue, g denotes increment of nodal geometric displacement; ∆pe denotes increment of
nodal load; ∆pe , g denotes increment of generalized nodal load.
Settling Eq.1 and obtaining equation as follows:

δ∆ε T σ δ∆ε T σ g 
 δ∆ueT ∆pe δ∆ueT ∆pe , g 
∫ δ∆εTg σ δ∆εTg σ g dv = δ∆ueT, g ∆pe δ∆ueT, g ∆pe, g 
V 




(2)

Four basic equations could be gotten according to Eq.2, in which

∫ δ∆ε

T

σdv = δ∆uT ∆pe

T
g

σ g dv = δ∆uTg ∆pe, g

(3)

V

∫ δ∆ε

(4)

V

are equivalent to equilibrium equations. They correspond to the state of elastic or elastoplastic
equilibrium and one of critical equilibrium respectively, where Eq.3 is just the basic equation of solid
or structures under elastic or elastoplastic deformation, which depicts the structural material softening
and its geometric relations and constitutive relations observe elastic or elastoplastic theory and
displacement methods or force methods in the traditional finite element methods could be employed
in.
Correspondingly, Eq.4 is equivalent to equilibrium equation under critical state. The equation is based
on the equilibrium state of the system but its roots are in unbalance. Its geometric relations could not
be based on elastic or elastoplastic theory under the critical state as a result of geometry softening of
the system but its constitutive relation could still be obtained from traditional theory. Physical
meaning of the equation is definite: work done by generalized nodal load vector on the nodal
geometric displacement vector is equal to one by elemental geometric stress on the elemental
geometric strain, where there will exist geometric displacement and geometric stress. Geometric stress
is that though geometry softening occurs, geometric displacement could not satisfy necessarily
definite connecting condition which leads to the production of elastic deformation in the parts of
system and get so-called geometric stress. Geometric displacement corresponding to geometric stress
is infinitesimal value. Therefore, Eq.4 depicts the critical state from the balance to unbalance. The
systems cannot but satisfy necessarily definite connecting condition when geometry softening occurs
in parts of systems or total systems after the critical state. So Eq.4 is turned into Eq.5 under
unbalance. It has proved that geometric stress is the result of transformation of state of systems and
the critical stress of systems from no geometry softening to geometry softening.
Eq.4 is a basic point of solving geometric displacement. As for the systems of geometry softening,
there will be no geometric strain and then no geometric stress since it satisfies necessary condition. So
Eq.4 is turned into:
δ∆ueT, g ∆pe , g = 0
(5)
It is the basic equation of solving geometric displacement that is buckling analysis. The control
equation under whole coordinate system through coordinate transformation is shown as follows:
∆U gT ∆Pg = 0
(6)
Equation 6 is a homogeneous equation, where generalized load is an effect or directional vector to
geometric displacement, and its meaning is also explicit: there is no work by any action on geometric
displacement under the state of unbalance.
R.J.Qian, Professor
Z.B.Lin, R.A.

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

9-264

4 construction of geometric displacement
It is known for Eq.6 that geometric displacement could not be solved directly but need a sequence of
iteration to solve. We assume geometric displacement could be constructed via the linear combination
of basic function, that is
∆U g = φi β i = 1,K , q
(9)
Where, β denotes undetermined coefficient vector, φi denotes basic function.
A basic function may apply a trigonometric function, period function or polynomial (such as
Chebyshev polynomials) or a set of discrete tables, such as eigenvectors.
5. Solution of the equation
Employing Eq.9 into Eq.6 and getting
β T φiT ∆Pg = 0 (10)
Eq.10 is an unbalance equation equal to equation 6, the equation in which there is no work acted by
external loads. There exist no equilibrium equation corresponding to geometry softening of systems
and solution of Eq.10 is a geometric configuration under some a generalized load while the geometric
displacement or mechanism could not be acquired from the state of equilibrium at all, where thus
there is no work acted by generalized loads on geometric displacement. Solution of Eq.10 represents a
set of iterative sequence to approach the unbalance solution via constructing a set of vectors, the
procedure of generalized external loads and geometric displacement gradually approaching the
orthogonality, and geometric displacement corresponding to generalized external loads are solved
when there is orthogonality between them or it reach the unbalance solution. It is obvious in theory
that unbalance solution could be gotten at the beginning of any initial vectors at random through a set
of iterative solution but actual procedures of solution are not at will.
6 Geometric stress
Eq.4 represents a critical equilibrium equation and its solution is a unbalance one. Due to incapability
of determining configuration of displacment function, it is unfavorable for the critical state to observe
the elastic or elastoplastic theory, in which displacements are solved from control equation with
equilibrium and compatibility relation and stresses are computated via geometry relation and physical
relation. Therefore, geometric displacement should be gotten according to Eq.6 and then geometric
stress is solved through considering geometry relation and physical relation in elastic or elastoplastic
theory. We assume

∆εTg = ∆uTg BgT = β T φiT BgT
Due to physical relation and there exist no stresses, thus it is
σ g = ∆σ g = D∆ε g = DBgφi β (11)
Employing the above equation into Eq.4 and we get

∫β φ
T

T
i

BgT DBgφi βdv = 0 (12)

V

Solving Eq.12 and geometric stress could be solve in term of Eq.11.
7 Examples
Example 1, it is a single cable with self-weight neglected shown in fig.1. Applying external load on
node 3, we analyze the configuration under load and its geometric displacement.

Fig.1 a single cable with self-weight neglected (mm)
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It is a geometry softening system according to judgment of geometric displacement. Geometric
displacement could be solved according to above equations in the paper under the constraint of loads,
which has 2805 iteration to remove possible geometric displacement. Its trajectory is shown in fig.2
and coordinate of nodes is shown in table 1.

Fig.2 trajectory of a single cable with self-weight neglected (mm)
Table 1. Coordinate of nodes (mm)
No of nodes
x
y
z

2
500.08258
-99.60170
.00000

3
1000.00000
-200.92013
.00000

4
1499.91742
-99.60170
.00000

8. Conclusions
There are two kinds of structural fractures, material softening and geometry softening. Material
softening is a strength problem of structures while geometry softening correspond to stable problem.
The authors propose geometric displacement analysis according to traditional structural theory to
expand the concepts of structures and its field of researches. The authors present a integrate
equilibrium equation via energy principle acting as the control equation and then put forward common
methods for solution of the control equation, which could be effective to analyze the structures with
geometric displacement through employing the above-mensioned methods. It is likely necessary for
practical engineering to solve tracing of geometric displacement or remove geometric displacement
and these problems could be solved effectively via the methods.
The study on geometric displacement is suitable for buckling theory and tracing of buckling path,
form-finding of tensegrity, deployable structures or variable structures, structural relaxation and
morphology analysis of flexible structures and assuming to expand the concepts and methods into the
study on fluid-solid interaction. Above-mensioned theory and methods in the paper are suitable for
every phenomenon of geometry softening.
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PAPER
1 Introduction
The paper presents the study of free form evolution in architectural generation processes and its
transformation from original ideas to a final architectural project. It provides a theoretical background
for advanced geometric modeling, focusing on the conception and creation of architectural designs.
The goal is to learn to read in greater depht and to see in greater dettail- to recognize the visual and
verbal languages that architects use, how they use them and to what end.
It introduces the principle of object-oriented design, complex topological modeling of freeform
designs, animation structures an physical simulation spaces, as well as the study of some basic
processes to create architectural projects. For that end, the study presents an adaptable design process
that introduces the use of theoretical models and prototypes to study the evolution of form in
architectural design. It covers an unconmonly methodology, based on adaptable modeling systems
which support the development of complex geomerical shapes, parametric variations and feature
based models. Special topics, such as the use of computering and manufacturing design processes, the
understanding of related experiences used in architectural design, the study of design methods on the
actual shaping of buildings or the use of three-dimensional digitizing systems to create initial models
and to translate them into physical designs are presented.
2 Adaptable architectural design.
The proposal adaptable design system promotes the use of advanced techniques for an integrated
representation of design contents, the exploration of complementary representations for different
design objectives and the presentation of a systematic framework for developing narrative and for
documenting architectural designs. Theories, methods, concepts, techniques, computer-oriented
procedures and graphic methods of organizing, analyzing, synthesizing and interpreting architectural
designs are proposed. The goal is to explore with those tools, the broad processes of architectural
design to provide a forum for critical discussion of contemporary design practices, emphasizing
collaborative thinking to expand the understanding of architecture and the development of critical
interpretation of form, technology, program, patronage and site.
The study explores the evolution of form via the construction of series of prototypes that represents
different stages of development of an architectural project selected for its ability to exhibit the
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processes from conception to creation. It explores through the analysis of different drawings, issues
such as linearity, fragmentation, the use of the grid, the concept of narrative and the idea of a
“formless” architecture. The attempt is to present it as a way of theoretical constructions in
architecture to discuss their formal configuration in relation to question the reasosns on wich they are
based in ideological, technical and aesthetical terms.
The conceptual models present essential dimensions in connection with formal configuration,
structure, natural light, texture and the outer skin. Later on, another dimensions, such as the
surrounding environment, the climate, the temperature and the functional program are introduced onto
models defining the morphology of the final project. For that purpose, the adaptable models are
inserted into specific locations to resolve a functional program. This way, the original proposals never
lose consistency but rather grow to become a complex design involving the surrounding environment
to make up an architectural whole.

Figure 1. Theoretical model (spacial intuition of an architectural space) and drawing of the
architectural project derived from the prototype model
The research is based on a ongoing exploration of adaptable design system that give rise to the
understanding of unpredictable dynamic systems on architectural design. Architecture derived from
this methodology develops a circular and not predefined processes where several ideas are explored,
tested, compared, modified and rejected. Analysis, synthesis and evaluation provides ideas to define
the path for the development of architectural designs, through diagrams that embraces endless
possibilities. Although no diagram would be able to represent the complex mental process happening
in the brain, the schema maps the design experience to report the process followed by the creative
mind of the architect to translate from ideas to matter.
3 Adaptable morphology in Architectural Design.
The presented design system have demostrated to be an ideal process to lead architectural designs by
including on the first stages of development intuitive parameters such as interpretation, observation,
research, imagination, critical thinking and creativity rather than theoretical considerations, structural
knowledge, last experiences or rational issues, that are introduced in final phases of architectural
processes. This way, theoretical models emerge literally as a result of architect relationships and
dialogue with different parameters from reality through the observation and interpretation. Then,
progressivelly and by intuition, the .architect develops design skills to create different spaces
according to the exploration of selected references. And finally, probably unconsciously, they start
imaging new structural forms.
First phases of development requires conceptual drawings and diagrams to start sketching the initial
design idea through brainstorming sessions. Moreover, it is necessary to translate concepts from
critical thinking to architectural projects, through sketching intuitive ideas to visualize geometries,
textures, shaped of leaves, volumes, light and spaces directly derived from initial ideas. At this point,
it is very interesting to explore structural forms related to building processes, in order to balance
conceptual and technical considerations. Accordingly, the design process suggests the use of
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computer and freehand drawings to produce sketches, diagramas and pictures on the first stages to
report on the design development from its conception to the creation of architectural projects.

Figure 2. Preliminary designs showing intuitive ideas to visualize geometries, textures, shapes,
volumes, light and spaces directly derived from initial ideas.
The second stage promotes a deep study of the building’s structure through the creation of small-scale
models and their transformation to final designs. The consideration of prototype models as sensitive
and adaptable structures, allows architects to transform them on architectural designs, moving on from
ideas to matter. This second phase also attempts to create a sequential evolution of multiple design
models into a single project. This way initial concepts are maintained, although they are constantly
modified to better suit aesthetical, functional and technical issues.

Figure 3. Sequential evolution of architectural design prototypes that modify its morphology to
better suit aesthetical, functional and technical issues
The third stage of development requires the use of freehand drawings, presentation techniques, model
making and detailing to scale up a selected conceptual model to lead the final architectural project.
Also it is focused on drafting some details such as connections, size and shape of elements to identify
assemble details.

Figure 4. Final architectural project derived from the evolution of theroretical models.
Adaptable Morphology in Architectural Design. Covadonga Lorenzo Cueva
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And finally, it requires the logical definition of components and construction methods, the study of
the material properties derived from the construction processes, the modification of the initial design
as a consequence of the change in scale, the rewiew of the geometry and the election of an appropriate
constructive system according to the structure of the final form.

Figure 5. Plan and section of the final architectural project.
Moreover, the relationships between functional, technical, formal and aesthetical concepts and
manufacture, assembly and compatibility processes can be appreciated in optimun structures through
technology details, logical synthesize forms, beauty conceptualization of volumes, harmonic
composition of elements, coherent proportions and shapes of forms, logical lightness of spaces,
sensitive interlocked surfaces and appropriated supporting frames. Technology advances and new
building techniques including standardization, the use of prefabricated elements, simplified
constructive systems or self construction, provides a technically way of thinking on architectural
design. For that reason, mental schemas of architects have changed to include those parametres, being
required a new design system to include all them into architectural design processes.

Figure 6. Cross section of the final architectural project.
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As you have seen in the related design experience, architecture derived from the adaptable
architectural design system, keep a closer relationship between conceptual ideas and design processes
allowing to avoid negative considerations on architectural projects such as complexity,
inappropriateness, high cost, misinterpretation of concepts, copying another structures without
thoroughly analyzing the reasons behind them, bad translation of principles, inappropriate analogies,
poor detailing, unawareness of execution implications or unpredicted human errors. In contrast, this
methodology promotes the critical thinking, the development of design skills, the logic performance
of structural models into architectural designs, the use of an appropriate scale in relation to function
and the consideration of material properties such as forms, textures, shapes, colours or size. All this
provides the architect an intuitive understanding of architectural design, that allows him to include in
design processes conceptual ideas such as efficiency, order, stability, growth, sensitivity, harmony,
coherence and logical thinking.

Figure 7. Detail of the final architectural project.
In conclusion, the present design experience is presented as an iterative cycle, a dialogue between
ideas and projects; abstracting principles and specific structural properties; structural forms and
constructive systems or conceptual designs and imaginative solutions. After all, architecture is no
longer defined by geometrical relationships between different elements but it is highly influenced and
configured by several interdisciplinary decisions derived from design processes.
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1. INTRODUCTION
Nature is an infinite source of inspiration for all designers; the performance of the designs observed in
its creatures surprises us every day. The principles of design used by nature are countless; in all of
them we find an harmonic combination of parts that are destined to one purpose, This purpose is to
create a perfect balance with the environment.
Biological analogies
Moderns architects like Gaudí, Wright, Le Corbusier, R. Buckminster Fuller, Eladio Dieste and Otto
Frei employed “biological analogies” and the concept of the “organic”. Both of these concepts are
central to the twentieth century.
In this study, three specific characteristics that we observe in the constructions of nature can be used in
the creation of analogical designs of adaptable structures with excellent earthquake-resistant
performance and minimum quantity of mass:
a) Traction and resilience.- Is the study of organic structures composed by fibers, which
strategy of design is the create forms where predominate the efforts of traction with materials
of high elasticity and resilience. These two characteristics are used to achieve a high
performance with minimum energy consumption; we observe them in the spider webs,
structures made with organic material and excellent properties of traction and resilience.
(figure 1)
b) Self-similarity and homotecy. Is the strategy of repeating a formal pattern in different scales,
the goal is to generate a stable mechanism that can extend its volume and mass without losing
the original form; we can observe this strategy in the vegetable kingdom and in the shells of
molluscs. ( figure 2 )
c) Expansible pneumatic membrane. Is the analysis of mechanical design of insect wings
(figure 3)

2

Figure 1. Spider OF
webPROTOTYPES
Figure 2. Nautilius Shell
DEVELOPMENT

Figure 3. Dragonfly wing
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2.1 The pentatensegrity house
The inspiration comes from the spider web, which uses the fibers to minimize the quantity of mass
in the structure. The spider web has several structural devices designed to absorb the impact
energy.
Space frame - This prototype is constructed in a module named “Dodecahedral space frame”, the
“dodecahedral module” is assembled by the platonic bodies (tetrahedron, cube, octahedron,
dodecahedron and icosahedron). The mathematical relationship between the bodies is the classic
golden ratio. This module is very similar to the Kepler's model of the Universe.

Figure 4.
The Platonic bodies

Figure 5.
Dodecahedral module

Figure 6.
Dodecahedral tensegrity

The word 'tensegrity' is an invention: a contraction of 'tensional integrity. The theory developed by
Buckminster Fuller in the 1950s is used to convert the “dodecahedral module” (figure 5) to
“tensegrity dodecahedral module”. (Figure 6) ,this model of “dodecahedral tensegrity” is made of
rigid post and coil spring to absorb the impact of the outer forces.

Figure 7. Architectural model
Figure 8. Tensegrity system
The pentatensegrity house is the integration of five “tensegrity dodecahedral modules” that work
in perfect structural unit. The construction and test of prototypes is an integral part of adaptable
structures development

Figure 9 .The prototype absorbs the
impact of the outer forces.

Figure 10 . The prototype recovers its
original form

2.2 Logarithmic Geospiral Dome
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The geometry used for the space frame of this model, is the spiral generated by a recursive nest of
Golden Triangles. This is the classic shape of the Chambered Nautilus shell. The curve of this shell
is called Equiangular or Logarithmic spirals and is common in nature to build armours, horns and
tusks. Creatures use the same proportions for each expanded chamber that is added; growth follows
a law which is everywhere the same.
This prototype is based on a pattern of the fractal geometry. The geometric characterization of the
simplest fractals is self-similarity: where the shape is made of smaller copies of itself. The copies
are similar to the whole: same shape but different size.

Figure 11. The protoype is assembled by a
stable mechanism that can extend its volume
and mass.

Figure 12. The spaceframe is made of
smaller copies of itself.

The “Logarithmic Geospiral Dome” is based on a geometry which allows an unlimited growth
according to the increase of needs of space. The model uses the strategy of repeating a formal
pattern in different scales. The goal is to generate a stable mechanism that can extend its volume
and mass without losing the structural performance.
The Logarithmic Geospiral Dome is also retractable by pulling outwards at the base. The driving
system used to open and close the retractable dome is a wire traction system, which has a simple
movement and does not require a lot of maintenance.
5%

85%

100%

Figure 13 . Percentage of opening of the retractable dome.

2.3 Kaleidocyclical Pneumatic membrane. The design is based around a few basic ideas:
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a) The Metamorphosis of the Dragonfly, The inspiration comes from the transformation of
the nymph in a flying creature; there are a series of special mechanisms that help the dragonfly
to shed its skin. The body of the dragonfly shrinks and becomes wrinkled in the old body. In
order to open this body, a special pump system and a special body fluid are created to be used
in this process. These wrinkled body parts of the insect are inflated by pumping body fluid
after getting out through the slot. In the meantime, chemical solvents start to break the ties of
the new legs with the old ones.

Figure 14 . The Metamorphosis of the Dragonfly,

body parts of the insect are inflated by pumping
body fluid.

Figure 15 . Inflatable Geodesic
stabilized by pressure of gases

developed in the 1940s

b) The inflatable structures These structures are typically classified as Pneumatic structures
(figure 15) and are structural forms stablized wholly or mainly by pressure differences of
gases, liquids, etc. Tensile stress pneumatic structures can be readily made from light
collapsible, very strong membranes. They basically fall into three categories: single-layer air
supported, air-inflated structures, and inflated ribbed structures.
c) The Kaleidocycle (Greek: kálos [beautiful] + eîdos [form] + kyklos [ring]).
The kaleidocycle are three-dimensional ring made up of tetrahedrons united by their edges.
They can turn on if same infinite times without breaking themselves nor becoming deformed
themselves around his centre.
The Kaleidocyclical Pneumatic membrane
This prototype is a radical new form; It is the combination of three concepts: air-Inflatable
structure, the kaleidocycle and the process of transformation of the dragonfly.

Figure 16. The four kinetic transformation
of the new “Kaleidocyclical Pneumatic
module”
3

Figure 17. The kaleidocyclical pneumatic
membrane is the integration of several
“kaleidocyclical pneumatic“modules.

DEVELOPMENT OF PROTOTYPES
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The potential of these adaptable structures is enormous, thanks to the characteristics of flexibility,
rapidity of assemblage, excellent earthquake-resistant performance, minimum quantity of mass,
savings on installation costs and the potential for more rigorous factibility studies by computer.
All of these possibilities for the application in architecture, structures and construction industry can
be adapted to multiple functions: Pavilion, auditorium, theatre, gallery, house, playground
equipment for kids, etc.

Figure 18 The structure of the pentatensegrity house

Figure 19 The logarithmic geospiral dome
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In the western society, there are numerous examples of how motion can be applied in buildings. These
examples can be seen in films, commercials and music videos. Although these movements are
technically impossible, they do have a reason why they are shown. There lies a sort of beauty in them,
a beauty which is difficult to grasp. It looks mysterious and sometimes impossible, because people are
not familiar with motion in buildings. The motion looks very complex, but actually, it consist of very
simple movements. Combined it looks complex, and beauty will arise from it.
This study offers a glimpse of how we can incorporate movement into buildings, so that it will
become present in our everyday life. For this to become true, the ideas of utilizing motion seen in
motion pictures have to be translated into constructive concepts and be implemented into actual
buildings. If kinetic architecture is going to be a major field within architecture, systems will have to
be developed which are widely applicable. Most of the systems build today, are project based which
hold back the further development of such systems.
Kinetic architecture
The motions shown in the examples all have their own reasons why they were applied. In
contemporary architecture, there are just tree main reasons for applying motion in buildings. The first
one is for visual means. Applying them for architectural reasons: for the beauty of the motion [Tzonis
1999] or to express some input, like weather or emotions [Oosterhuis 2002]. The second reason is to
control or influence the climate inside buildings. This can be done by creating openings (visual or
physical) or by adjusting volumes to control the amount of light, air or water entering the building.
The last reason is to improve the spatial functionality, where scenarios are created to modify spatial
relations [Price 1984]. This can be done through altering volumes or moving objects.
Adaptive space
This project aims on the spatial functionality. If successful concepts can be found, they could have a
great impact on architecture in the near future. The objective is to utilize space more efficiently.
Buildings are mostly used as efficiently as possible, due to the high cost of a building. But if you see
the actual used space through time, you’ll see that most of the time the rooms are empty. They are
serving as a storage space and are waiting for a person to use the room. But what a large storage
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space, filled with mostly empty space. Normally storage space is packed very densely with objects,
because of this the space can‘t be used very functional for activities other than loading or unloading
goods. This study tries to create an environment in which rooms act as storage space, when they are
not being used, and act as fully functional room, when they are being used. To achieve this, the rooms
will have to contract and expand. Therefore, some building elements must move.
First, the study looked on where motion could be applied usefully. Moving (parts of) the exterior shell
of a building will not help the spatial functionality of the building. We build because we want a space
that differs from the surrounding space. Creating a motion where the size of the building will increase
and decrease doesn’t add much value. It will be easier to create a static building that is as large as de
building with motion expanded. Thus, only the elements inside a building qualify for the motion:
floors and the partition walls. Although moving the floors can add great value, it has its
disadvantages.
By moving the walls you can increase the surface of the floor and because they are mostly not
structural elements, it is easier (and cheaper) to move the partition walls instead of the floors.
Sensors, rules and events
The goal is to create an environment in which the space can be used more efficiently. For this to
happen there will have to be a scenario of some kind describing various events that can take place. By
setting a few rules, a scenario can be created, so that the goal can be achieved. To trigger the events,
data-input is needed in order for the walls to react. This data-input is gathered via sensors that will
monitor the users.
There are two types of sensors needed to operate the adaptive spaces. The first ones are sensors to
locate persons in the rooms. The second type of sensors is attached to the kinetic walls and is able to
scan the space in front of that wall. These sensors are mainly used for safety and operate very similar
to the ones used in the doors of an elevator. Therefore, if anything comes within half a meter of the
wall, the wall will stop moving. There is no physical interface, the sensors detect persons and locate
them in the room and therefore space itself becomes the interface.
The walls will move on specific events. When a person enters a room, the walls of this room will
move outward until they reach an object and stop. If a person leaves the room, it will contract and the
next room will expand. If both rooms on either site of the wall are not occupied, the walls move to his
base position. The same will happen when both rooms are occupied. The base position is a predefined
point and can be in the middle of the two rooms or a point at which both rooms can still be utilized. It
can be adjusted by the users by changing some variable in the software.
Because of the rules, the configuration of the room will adjust itself to any influence the users give it.
The rooms can be modified just by placing or removing objects in front of the kinetic walls. So if a
person moves all the furniture from one room into the next, the empty room will get very small and
the full room very large. This will give him the ability, within some limitations, to influence his own
floor plan. The user gets the control over the proportions of the rooms and distances will become
variable.
Example
Adaptive space can be applied in almost every building. Examples are: housing, offices (flexible
working spaces), hotels, clubs, museum, pavilions, storage space, etc. The most interesting are urban
sites with a high building density and ground price.
In the next example, a five-storey building with small apartments, you can see what adaptive spaces
can do for a building.
The relevance of kinetic architecture for the future set out through one project: Adaptive Space
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Figure 1. Example: a five-storey building with small apartments
The building was designed on a site in Amsterdam, with a surface area of 7,6 m wide en 13 m deep.
The building consists of 10 small apartments stacked onto each other and are 6,6 x 6 m. The target
group exist of students, newcomers, singles or as a second home. The apartments are quite small, but
they do offer privacy. The floor plan consists of an entrance hall, living, bathroom and bedroom,
which contains a folding bed. If a person walks through the apartment, the rooms will automatically
adjust themselves. In the figures below you can see that the room the person stands in is expanded,
taking the space from the other rooms. This room is now fully functional, while the other rooms
resemble more like a storage space.

Figure 2. As a person walks through the various rooms,
he will experience only the expanded rooms.
When a person enters a room, it will expand. This way the person will only experience the expanded
rooms and the entire building will look larger than it really is. However, it is not just the perception of
the space, in fact it is actual space that has become larger, providing extra space for walking or to play
in. Therefore we can say that the entire building has become larger. The extra space gained can be
seen in figure below. In this example the persons will experience the building 40% larger. Because of
this it will become possible to reduce the size of the entire building. The extra space will definitely
compensate the costs of moving the walls.
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Figure 3. A person will experience the building up to 40% larger than the original.
To realise adaptive spaces a system has been developed to provide movement to the dividing walls.
This technique can be applied to all sorts of spaces that contain partition walls. The system that will
provide the motion works independently and every type of wall with a rigid structure can be attached
to it.
Experience
When walking through an empty building, the rooms will expand and contract, making the whole
building a dynamic landscape. The wandering person will detect when a room is occupied, because
the walls that make up the room will only move to their base position. The presence of movements of
the building will indicate that other persons are nearby. In this way buildings are starting to act as
individuals that react on the users. And people should take into account that buildings can move. This
will definitely intensify the relationship between the users and the building. It will have great
implications on the human psyche. We don’t know how the people will react, living in an
environment which constantly moves. Will we adapt to it easily or will it become annoying in the long
run? The only way to find it out is to actually live inside a building with adaptive spaces.
Conclusion
This project shows that kinetic systems can have benefits that exceed static concepts. They can solve
problems that otherwise could not be solved. If kinetic systems become more widely applicable it can
have a great impact and expand the field of architecture. The first steps toward building actual kinetic
structures are being taken. This research has given just one example of kinetic architecture and the
developments of such systems are still in its infancy. Imagine what could happen with architecture if
more kinetic concepts are conceived. Combined together and you will get an environment that reacts
on every move you make. The possibilities are endless and the only limiting factor are we ourselves.
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Mobile shelter systems are a type of building construction for which there is a vast range and diversity
of forms, structural and construction solutions. They are designed to provide weather protected
enclosure for a wide range of human activities. Enclosure requirements are generally very simple,
with the majority needing only a weather protecting membrane or skin supported by some form of
erectable structure. In all applications, both the envelope and structure need to be capable of being
easily moved in the course of normal use, which very often requires the building system to be
assembled at high speed, on unprepared sites. Structures can vary in scale from the smallest 6.0 metre
span tent to 50 metre plus warehouses designed for storage and aircraft maintenance at the other.
Consequently, design requirements vary considerably with application and size of enclosure. [Burford
& Gengnagel 2004]
Some of these systems contain very basic, inexpensive structures, having been derived from
conventional building technologies. However, alternative solutions have been developed that adopt
sophisticated structures and deployment mechanisms contained wholly within the systems structure
with no requirement for cranes and large plant for their erection. Design innovation in the use of new
materials, detail design and new structural forms may be found in almost all areas of application and
at all scales of enclosure, making this a very rich field in alternative construction ideas and
technology. One area that merits particular study is those structures that are themselves transformable
and can change their form from one state to another state or form and where the structural system is
changing from a kinematic to a statical system.

Figure 1. concept model for a mobile grandstand canopy with a transformable supporting
structure based on a cantilevered truss with a highly elastical compression member,
[ Burford&Gengnagel 2004 ]
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A transformable structure is a primary structure that is able to change its function from a mechanism
to a statical system and the geometry of its form. As a statical system it distributes the applied loads
and self weight of the construction. As a mechanism it gives the construction the ability to reversibly
change its form from one geometrical state to another.
In mobile shelter systems this normally means that the structure will change from a largely non-space
defining form into a two- or three-dimensional space enclosure. In almost all transformable systems, it
is the main structural element of the primary structure that is responsible for giving the construction
the ability to transform. When the transformation is complete, the whole system is fixed at its supports
in order to stabilise the soft or moveable components of the structure.
Transformable structures can be classified by the process of form-change in relation to the internal
strain, which provides three principle Groups. ‘Fig.2’ One group are structures containing rigid
pivoting elements. For these systems, geometrical changes do not produce internal strain. Another
group are structures of elastically rigid elements, that develop internal strain during their
transformation. The third group are structures of soft elements, such as membranes, without bending
stiffness that allow geometrical changes, producing either no or minimal internal strain. [Gengnagel
2005]

Figure 2. an arch as a transformable structure, a. comprised of rigid pin-jointed elements, b.
comprised of a elastically rigid element c. comprised of a soft element (e.g. membrane)
The group of systems with rigid pin-jointed elements contain the majority of the existing
transformable structures. In the following paper 9 basisc types of transformable sytems are defined.
These will be used to classify all the other existing transformable structures in a morphological
overview, where the typical transformable systems are contained in the first row and the basic primary
structural systems are contained in the first column of a matrix. ‘Fig.3’
Type 1 and 2 systems are predominantly based on rigid, bending resistant members that are connected
to each other by pins. Chain systems are the most basic of these and contain a minimum of two rigid
members pinned at B and pivoting about support C. Support A is free to slide in a horizontal
direction. For type 1 a vertical force F applied at B in a vertical direction is used to initiate the
transformation. The system has the advantage that elements can be added to the chain as it is erected
thereby making it possible to erect thestructure within the footprint of the final deployed enclosure
form. Additionally, the forces required to erect the system are lower than the previous example as
only a vertical component of force is required to initiate the mechanism.
For Type 2 a force F is applied at A which produces a moment about A and a horizontal displacement
towards C, causing a displacement of B in a vertical and horizontal direction. Members of the system
are first connected on the ground in a horizontal position prior to the erection. This mechanism can be
used in pin-jointed and bending frameworks, portals,plates and arches. In arches curved members or
multiple, short, straight members can be used which are assembled in chain type configurations
Type 3 systems contain a minimum of two rigid members and a third telescopic member. Member a is
pinned at support A. Support B is free to slide in the horizontal direction. Members b and c are pinned
to each other at C. Assembly b/c is attached to a pin at A and B. An outward horizontal force applied
at B produces a horizontal displacement in the direction of B which causes C to move horizontally
and vertically in a downward direction. The mechanism contained in member a may be initiated by
hydraulic pressure or a mechanical system.
Transformable Structures, Gengnagel C., Burford N.
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Figure 3. Matrix of Transformable Stuctures for Mobile Shelters
Transformable Structures, Gengnagel C., Burford N.
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Type 4 systems are pivot-jointed rigid systems containing two rigid members a and b whichare
connected at B in a scissors arrangement. Each member a/b needs to continue through the pin to
transmit bending to either side of the joint to maintain stability. Assembly a/b is reflected about the
vertical axis and connected at pins C and E producing a quadrilateral form having all sides equal
length (linear/flat scissor arrangement) or two sides equal length (linear/curved scissor arrangement).
The assembly is pinned at support F and free to slide in a horizontal direction at support A. An
outward horizontal force at A reduces the vertical distance between C and E while increasing the
horizontal distance between B and D in the opposite direction. This has the effect of extending the
system in the horizontal direction. The mechanism may be used in one-dimensional, two-dimensional
and three-dimensional curved structures.The global structural behaviour will be either a bending
frame, arch or shell. It can be used as a combination of linear rigid and soft surface elements or
pivoting rigid plates. The individual members of the system transmit applied loads in bending which
means that structures using this mechanism tend to be less efficient than axially loaded structures.
Systems of Type 5 containing an element or system of elements that are free to slide along a
predefined path. The path can be linear or curved, stiffor soft. A basic system consists of a single
member or assembly that may be rigid or soft a, with two fixed pinned supports at A and B. This is
attached to another member b by one or more sliding connections C.The displacement F should
ideally be applied along the axis of the path a.
System 6 containing a minimum of three rigid members which combine pinned and sliding
connections. One member a is pinned at supports A and B and members b and c are pinned to each
other at C. Assembly b/c is attached to a by a pin at B and a sliding connection at D. A vertical
displacement applied at D producesa vertical displacement in the direction of B which causes C to
move outwards and upwards. This mechanism is commonly used in umbrella type systems.
Systems of Type 7 contain flexurally rigid members that developinternal strain as a result of the
deployment. A basic system comprises a single, flexurally rigid member, or a system of multiple
members rigidly connected.The member is pinned at support B and free to slide in a horizontal
direction at support A. An inward force at A produces a moment and rotation at support B which
causes it to flexurally deflect upwards into a curved form. The deflected profile during thedeployment
varies depending on whether a moment is applied to both supports or just one. The deployment may
also be initiated by a vertical upward force in the centre of the member. The mechanism can be used
in two-dimensional and three-dimensional structures such as arches and shells.
Systems of Type 8 contain a surface such as a membrane which has no resistance to compression
forces. Surfaces can be thought of as a finely discretized cable mesh comprising very shortbars or
links with pinned connections having 360 degrees of rotational freedom. The surface has to be a soft
element. Mechanically prestressed surfaces are deployed by applying outward forces along the
boundaries or at corners of the surfaces and at areas or lines within the surface. Surface forms may
beflat, or curved in two opposite directions. Mechanically prestressed surfaces rely on an additional
rigid structure to develop and maintain their three-dimensional deployed form. The surface can be
described as the main primary structure where the surface itself is responsible for defining the internal
shape or form of the enclosure and the rigid structure has no space defining sectional properties, e.g. a
mast.
Systems of Type 9 are air pressurized surfaces comprising either a single surface that is sealed around
its perimeter to the ground or two surfaces that are joined around their perimeters. Air pressurized
surfaces are deployed by increasing the internal air pressure of the enclosed volume causing the
surface to move radially outwards.
The variations of transformable primary structures are generated by comparing the main structural
system types with the transformable system types. One of the oldest forms of transformable structure
is the umbrella, developed as a form of personal transportable weather protection. However,
Transformable Structures, Gengnagel C., Burford N.
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adaptations of this basic mechanism have been used inapplications ranging from small scale space
enclosing camping tents to comparatively wide span canopies such as the Pink Floyd, USA Tour and
The Prophet’s Holy Mosque, Madinah, Saudi Arabia. In most systems the umbrella mechanism is
used as a modular canopy supported by a central column which contains the mechanism for the
cantilevered, radial, folding arms. This produces a planar roof without enclosing walls which has the
ability to extend in two or more directions. It is normally limited in this respect by the problems of
forming and weather protecting the junctions between adjoining modules. Additionally, the system
relies on a single column and moment resisting connection to the ground which tends to limit its span
due to the foundation requirements. The basic mechanism has been adapted for closed form systems
where the arms or legs have been extended to the ground thereby providing a second means of support
to the central column.Rectilinear, volumetric systems tend to be limited in their ability to transform
and so there are only two principal variations. A rectilinear volume can be transformed to a non-space
enclosing volume bycollapsing the module in on itself. This can be achieved by using hinged
connections along the connecting edges of orthogonal panels and / or in the centre of two of the
panels so that the panels can fold inwards. A fixed rectilinear volume can expand outwards using a
similar mechanism or by sliding walls or roof planes,outwards along predefined paths.Pole supported
mechanically prestressed membranes can be used in a variety of regular and free-form plan shapes and
may be produced in an equally wide variety of three-dimensional forms. These can range in scale
from the smallest single pole supported camping tents to very widespan multiple pole supported
marquees such as the RSSB Shelter. Internal air pressurized enclosures have a limited area of
application due to the problems of maintaining a large pressurized volume of air. However, in small
scale applications skin or air-beam pressurized systems are widely used in applications where very
rapiddeployment is an issue. These systems have the advantage of being lightweight and low bulk. A
drawback is the requirement to have some form of powered generator to pressurize the structure. By
far the greatest diversity of transformable structures combine pinned / sliding elements or
flexurallydeformed elements in frames or arch primary structures. This produces a range of primary
transformablestructures that may be principal hierarchical elements of a primary structure or principal
structures of a non-hierarchical structure. Consequently, structures may expand in two or three
directions and can be packed into small areas or simply flattened to a non-space defining form.
Mechanisms and systems are used at all scales of enclosure. However, flexurally bent mechanisms are
limited in span unless a second system of restraint is used.
The study shows that there are a far greater number of transformable mechanisms that could be
applied to different principal structural elements which produces a wider range of primary
transformable structural systems. Although a number of current shelter systems utilize innovative
transformable structures, these are comparatively rare in practice. Furthermore, there remain
significant potential in further exploring the relationship between the alternative possible
transformable mechanisms and shelter constructions. This area of mobile shelter technology is
potentially very important, having the widest possible impact both within the specific area of mobile
shelters and in wider building construction applications, such as retractable roofs or adaptable
facades.
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1. Introduction
Spherical domes are often built as metal space trusses with covering made from plastics. The next
conditions are usually respected in the design process as the result of tendency to simplify of
prefabrication and site assembly of the structure:
(i)
minimization of the number of various lengths of bars,
(ii)
minimization of a ratio of the extreme lengths of bars,
(iii)
minimization of the number of various meshes in the spherical lattice.
Geodesic lattices generated on the base of the icosahedron respect the above requirements in the
highest degree. A large number of geometrical solutions of such structures are presented in the
literature [Clinton 2002, Kitrick 1990, Rębielak 1992, Tarnai 1987]. Each one of them grounds on
assumption that geometrical places of all joints of the structure lie exactly on the same sphere. This
assumption not only raises difficulties on the way to satisfy requirements (i), (ii) and (iii), but also
makes impossible to use the same components to construct domes of different sizes.
The autor has elaborated a method of shaping of structures, which are topologically equivalent with
geodesic lattices, but with joints located on few concentric spheres, that radiuses are slightly different
[Piekarski 2001]. These structures were named spheroid to differentiate from spherical structures. An
important feature of them is ability to construct various domes from the same components.
2. Reduced description of the method of shaping
Spheroid domes are shaped in a opposite manner to the traditional one. First, choice of the number of
different lengths of bars has been done and the arrangement of bars of particular lengths has been
established. Next, geometrical places of structural joints are determined as the result of analysis of the
geometrical relations between particular elements of the dome.
Preliminary determination of the lenghts of bars is made on the base of the assumption that the dome
is supported on the fragment of icosahedron (Fig 1.), and the geometrical model of the dome is a
convex polyhedron. Respecting the condition of the convex polyhedron, that geometrical features are
described in Eqns 1 and 2 and in the Fig. 2a, limits the possibility of full exploiting the symmetry of
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icosahedron and limits the size of the structure possible to build from the bars of the established
number of lengths. For the first reason, taking into consideration only the division of icosahedron on
12 congruent parts or also division of each part on only 3 symmetrical fragments (Fig. 1) is optimal.

Figure 1. The general principle of creation the topology of spheroid domes.
Full measurable description of sferoid dome, through finding the measures of dihedral angles between
plains of neighbouring faces of the polyhedron, is possible as a result of solving a system of equations
describing geometrical relations in sets of faces integrated in particular tops of the polyhedron. For
sets of five triangles connected in tops of basic icosahedron – the relation is described in the Eqn 3
and in the Fig. 2b, and for units of six triangles connected in remained tops of the polyhedron –
relations are described in Eqns 4, 5 and 6 and in Figs 2c and 2d. Detailed description of the method of
shaping and derivation of formulas of the Eqns 4 and 5 were introduced by Piekarski [2001].

∑ωi

< 360°

(1)

i

φ i < 180 °
l KL ⋅ sin 54° = l KT ⋅ sin ω KTL ⋅ sin

(2)
φ LT
2

(4)
d A−C = f1 (l AW , lCW ,ω AWB ,ω BWC ,φ BW )
(5)
d
=
f
(
l
,
l
,
ω
,
ω
,
ω
,
ω
,
φ
,
φ
,
φ
)
P A−C
2
AW CW
FWA
EWF
DWE
CWD
DW
EW
FW

L

L

(6)

d A −C = P d A −C

(3)

a)

b)

c)

d)

Figure 2. Geometrical relations establishing the base of precise analysis of the shape of domes.
3. Results
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In the opinion of the author, limiting the number of different lengths of bars is reasonable only to two
or at most three. Bars of two (short and long) or three various lenghts (short, average and long) are
easily distinguishable on the place of the assembly of the structure. Moreover, limiting the number of
bar lengths results in limiting the number of different meshes of the lattice, what is contributing to
limiting the assortment of covering elements. Results of current investigations of the author concern
exclusively spheroid domes built from bars of two and three different lengths.
Spheroid domes have been formed on the base of geodesic classification known by the author from a
paper of Kitrick [1990]. First, the author analysed the possibility of forming spheroid domes from
bars of two lengths. For the domes based on polyhedrons notaded {3,5+}b,c and of the next values of
subscripts b,c: 2,0; 2,1; 3,0; 3,1; 3,2 [Kitrick 1990] precise analysis of the accuracy of the
approximation of the sphere, in the dependence on the relationship of the lengths of bars, was carried.
A ratio between the radiuses of the biggest and the smallest spheres, on which the joints of structures
are placed, has been recognized as the main criterion of this accuracy and the grandeur of the
compartment of the measures of dihedral angles, as the support criterion. Results of the analysis are
presented in Figs 3 and 4 in the form of graphs.
One can see from graphs, that construction of few different domes from the same elements is possible.
In spite of assumptions made to begin, geometrical models of domes are not always convex
polyhedrons. Construction of domes of another values of subscripts b,c (b,c = 2,2 and b,c = 4,0), from
bars of two lengths, is also possible, but the author didn't manage to assure circumscribing them on
icosahedron. For this reason analogous analysis of the property wasn't carried since it wouldn't have
value of comparative analysis.
Shapes of domes built from bars of two lenghts are shown in Fig. 5. Choice of the attitude of the
lengths: 1.17:1 isn't optimal from a point of view of the accuracy of the approximation of the sphere,
but it let to construct as many as possible different domes from the same elements. Identical elements
are marked in the drawing by the same colour, various ones – by various colours. All domes are
presented in the same reduced size.
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Figure 3. The ratio of the radiuses of the biggest and the smallest spheres, on which the joints of
structures are placed, as the function of the relationship between the lengths of bars.
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Figure 4. The maximal and the minimal measures of dihedral angles between plains containing
neighbouring faces of the domes, as the function of the relationship between the lengths of bars.
{3, 5+}2,0

d = 3.054, h = 0.944
{3, 5+}3,1

d = 6.350, h = 2.364
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Figure 5. Models of domes built from two different types of bars which lengths are staying in
the relationship: 1.17 : 1 (symbols of the notation are put above drawings of domes, lower down
- diameters of circles on which the supports are arranged and heights of domes)
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Demonstration models of spheroid domes possible to construct from bars of three different lengths
are presented in Fig. 6. Shapes of domes, as alike as previously, aren't optimal from a point of view of
accuracy of the approximation of the sphere, but there is a possible assembly of all domes exactly
from the same elements.
{3, 5+}4,0

{3, 5+}4,1

{3, 5+}5,0

{3, 5+}5,1

d = 6.532, h = 2.019

d = 8.086, h = 2.987

d = 8.152, h = 2.519

d = 9.662, h = 3.418

Figure 6. Models of domes built from three different types of bars
which lengths are staying in the relationship: 1.17 : 1.035 : 1.
(the description above and under drawings is analogous as in Fig. 5)
4. Conclusion
The presented method of shaping spheroid domes can find practical applying in constructing of
demountable roofs, of repeated use, and rather of the little span. Limitation of the assortment of bars
(long and short or long, average and short) and covering elements is simplifying a site assembly. The
possibility of applying the same elements in domes of different size permits to flexible using typical
prefabricated elements in objects adapted for individual needs of the investor. However one should
remember, that using exactly the same bars in domes considerably different oneself with sizes, albeit
possible from seeing the geometrical point, is economically unjustified from the attention to different
values of internal forces. At right refining technological details, there is no however analogous
obstacles to taking back to covering elements.
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PAPER
The paper will briefly give an introduction to the structural properties of randomly generated patterns
of intersecting 1D and 2D elements in 2D and 3D space. The conclusion is that these random
configurations create patterns for basic structural types as lattice and plate structures. This issue has
already been discussed and proven in [Wester 2003 and 2004]
In this paper I will concentrate my investigations on the structural behaviour of the relatively recently
discovered - partly chaotic and partly orderly - geometries as Penroses (found by Roger Penrose in
1970th), described in [Gardner 1989] and quasicrystals (found by Daniel Schechtman in 1980th),
described in [Senechal 1996 and Robbin 1997]. These new geometries give almost unlimited
possibilities for configurations and shapes in 2D and 3D, geometries which can form single and
double layer facetted domes, two or multilayer space trusses as well as 3D mega structures – all as
pure lattice or pure plate structures or a combination of these. The topology of these geometries turns
out to be duals to the random patterns mentioned before and described in [Wester 2004], following
the topological duality and embedded in the Euler-Descartes theorem for the topology of polyhedra
and polytopes:
V–E+F–C=K
linking the number of Vertices (0D elements), Edges (1D elements), Faces (2D elements) and Cells
(3D elements) - and K is a constant, depending on the genus of the configuration [Coxeter 1973].

Figure 1: A random 2D pattern of 1D elements (represented by human hair) (left) and the
similar planar bar-and-node counterpart (centre) and a dual penrose configuration (right).
Centre and right have similar rigidity conditions as lattice structures.
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Figure 2: The puzzle of combining the two building blocks to a close packing quasicrystal
system (two left). Examples of 2D and 3D architectural quasicrystal structures (two right).
The concept of the structural duality [Wester 1984 and 1997] discovered by the author in 1976
follows the topological duality, and this gives a key to the understanding of the structural behavior of
the penrose and quasicrystal geometry. It is the first time that the rigidity of these semi-chaotic
structural configurations have been described.
The quasicrystal geometry seems to imply many potential possibilities for architectural structures
[Weinzierl and Wester 2001], not least because they easily can adapt to function, landscape, different
spans etc, using a minimum of different structural elements: In a configuration you will find only one
length of bars (1D) making up only one type of facet (2D), enclosing only two types of cells (3D) all
joined by only one type of nodes (0D).
The system, so far neglected in architecture, seems to contain a huge amount of unrealised
possibilities for architectural expressions because of the simultaneous morphological simplicity and
complexity.
2 The Rhombic 2D Penrose Pattern as a Plane Lattice Structure

Figure 3: How many bracing bars are needed for rigidity? – and where to put them?
The Structural Morphology of Penrose and Quasicrystal Patterns - Ture Wester
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The rules of duality tell us that vertices swap with facets while edges remain the same number (see the
Euler theorem above where C is 0 or 1 in 3D). The result is that a penrose composed of rhombs is
dual to the pattern formed by random intersection of 1D elements (fig. 1 left) which consists of 4 valent vertices. This implies that the average vertex in a large penrose is 4-valent i.e. the penrose fulfil
internally the necessary number of bars to nodes for rigidity and the number of bracings is related to
the border [Wester 2004].
As the rhomb-based penrose pattern consists of two different rhombic 4-gons, it will be possible to
identify bands (so-called “ribbons” or “pasta-bands”) through the pattern. These ribbons cut the
parallel edges of the rhombs. Because of the underlying pentagonal symmetry we find parallel ribbons
in the five directions. If all ribbons are marked then they form a pattern crossing each other in 4-way
vertices and they will include all rhombs even the ribbons are not identical. The parallel lines crossing
the ribbons belong to the orderly part of the penrose pattern while the differences of the individual
ribbons belong to the chaotic part, see fig.4.
Observations show that if one ribbon is fully braced hence rigid, then it is possible to extend the rigid
domain as non-braced rhombs by the rule: “one new node is fixed by two new bars”. In this way the
entire domain from the braced ribbon until the next parallel non-braced ribbon is rigidly connected to
the braced ribbon. This is valid for both sides of the braced ribbon. To continue it is necessary to
brace only one rhomb in the neighboring parallel ribbon. Then the whole ribbon has become rigid and
hence is the seed for the rigidity until the next parallel band, etc. See fig.6, left.
As indicated above then the average vertex for a penrose is 4-valent. The “regular version” of this
could be the 2D pattern of squares which have the same characteristics. The (two straight) ribbons in
the square net cross each other and cut parallel edges. This property is used for the method by means
of a subgraph to determine the number and position of bracing bars to evaluate if such a pattern is
rigid or not [Baglivo and Graver 1983]. The proofs for the stability condition for the square net and
the rhombic penrose are similar because the possible movements (gliding) of the parallel bars crossing
the ribbons are the same. Where the square net operates with numbered rows and columns, the
penrose operates with the five rows of different orientated ribbons called a,b,c,d,e all numbered
according to the selected part of the penrose. The minimal number of bracing bars is the total number
of ribbons minus one – just as for the square net. The five different systems of ribbons have the same
ability to glide as the two directions in the square net.

Figure 4: Penrose with 3 x 5 ribbons

Figure 5: The b2 gliding ribbon.
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If the bracing subgraph
connects all points and is
forming a single tree i.e.
without circuits, then the
penrose is rigid using the
minimal number of bracing
bars (or plates). The needed
14 bracing bars for the left
example can be verified by
successively fixing one new
node by two bars, starting
along the rigidly braced b3
ribbon.
Figure 6: Braced penroses and their subgraphs
3 The Quasicrystal Pattern as a 2D Lattice (Surface) Structure in 3D
Imagine a large quasicrystal cleaved into two halves and use the surface as a single layer structure.
The rigidity of such shapes follow the rules for polyhedral combined lattice and plate structures as
described in [Wester 1991], i.e. for an unsupported closed polyhedron, all (rhombic) facets must be
either braced into triangles with bars or with plates in all rhombs to be rigid, see fig.2c.
4 The Quasicrystal Pattern as a 3D Lattice Structure in 3D
The rules of duality tells that the number of vertices and cells swap while edges and facets swap (see
the Euler theorem above). The result is that a quasicrystal composed of golden cubes is dual to the
pattern formed by random intersection of 2D diaphragms which consists of 6-valent vertices, only.
This implies that the average vertex in a quasiqrystal is 6-valent i.e. a “large” quasicrystal fulfil the
necessary number of bars to nodes for rigidity [Wester 2004].
As penroses have ribbons with parallel bars, the quasicrystals have double layers separated with
parallel bars (sandwiches) of similar regularities. Six sets of such sandwiches intersect each other
with the same kind of parallel qualities as the five sets of ribbons in the penrose. One could expect
that the similarity between the penrose and the quasicrystal as lattice structures implies similar
operational methods for designing rigid quasicrystals, but this seems not to be the case. Such methods
are still under discussion. Until useful methods are found then the rule that: On the basis of rigid 3D
The Structural Morphology of Penrose and Quasicrystal Patterns - Ture Wester
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elements, the step-by-step method: “three new bars is needed to fix one new node” can be used to
successively establish a rigid 3D quasicrystal structure.
The sandwich seems to be an interesting alternative to space trusses as it has possibilities in its
functionality by adaptation to small and large rooms, to the landscape, high and low areas etc.
The content of chapter 3 and 4 will appear and be discussed further in part II of this paper, which will
be presented at a future conference.

Figure 7: An architectural quasicrystal composition.
References
Coxeter, H.S.M. 1973 Regular polytopes Dover Publications, Inc. New York.
Gardner, M. 1989 Penrose Tiles to Trapdoor Ciphers 1-29, W. H. Freeman and Co. New York, US.
Baglivo, J.A. and Graver J.E. 1983 Incidence and Symmetry in Design and Architecture, 76-83,
Cambridge University Press.
Robbin, T. 1997 ‘Quasicrystal Architecture: The Space of Experience’ Article in Beyond the Cube ed.
J. Francois Gabriel. 427-438, John Wiley & Sons, Inc
Senechal, M. 1996 Quasicrystals and geometry Cambridge University Press, UK.
Weinzierl, B. and Wester, T. 2001 ‘Quasi-Crystalline Geometry for architectural Structures’. CDProceedings of the IASS Symposium on Theory, Design and Realization of Shell and Spatial
Structures, Nagoya, Japan.
Wester, T. 1984 Structural Order in Space, the Plate-Lattice Dualism, School of Architecture,
Copenhagen, Denmark.
Wester, T. 1991 ‘The Structural Behaviour of Arbitrarily Plane-Fatted Spatial Nets’ Proceedings of
IASS Symposium on Spatial Structures at the turn of the Millennium, Vol.2 pp.119-124.
Copenhagen, Denmark
Wester, T. 1997 ‘The Structural Morphology of Basic Polyhedra’. Article in Beyond the Cube
Wester, T. 2003 ‘Structural Patterns in Nature - part 1’ CD-proceedings of IASS Symposium on New
Perspectives for Shell and Spatial Structures and Extended Abstract pp 14-16. Taipet, Taiwan
Wester, T. 2004 ‘Structural Patterns in Nature - part 2’ CD-proceedings of IASS Symposium on Shell
and Spatial Structures from Models to Realization and Extended Abstract pp 42-43,
Montpellier, France.
The Structural Morphology of Penrose and Quasicrystal Patterns - Ture Wester

Adaptables2006, TU/e, International Conference On Adaptable Building Structures 10-295
Eindhoven [The Netherlands] 03-05 July 2006

Modernization of The ‘Yurt’ Tensile Structures

K. Apak
Yasar University,
Sehitler Cad. 1522 Sok. No: 6 35320 Alsancak –
Izmir TURKEY
kerimcanapak@hotmail.com

KEYWORDS:
Yurt, tensile, mobile, structures

Paper
In the Middle Asia, as the need of migrant life, shelters, tents that can be assemble and dismantle in a
short time. They have to be carried easily and suitable for the climate. Tent has become a
characteristic of people having migratory lives. The tents are the symbol of migrants’ culture, art,
traditions, customs, family structures and economy [Onuk 1998].
Yurt is a traditional tensile structure, which is used by Turkish people with a huge territory spanning
from Mongolia and Southern Siberia to Turkey. In all of these areas, the form and the details of the
yurt are very similar [Oliver 1997].
Yurt, is an traditional Turkish tensile structure which is known as a spiritual Turkish house. In
Kazakhstan and Kyrgyzstan the Yurt structures which are covered with black felt and white felt. Also
the Yurt structures names are come from the color of the felt [Onuk 1998].
The Yurt structures are built with two types. One of these types called ‘Conical Yurt Tensile
Structures’ and the other type called ‘Multi Corner Yurt Tensile Structures’ [Onuk 1998].
Conical Yurt Tensile Structures
In these types of structures 15-20 posts are used in the structure of the Yurts. The lengths of the posts
are between 150cm and 200cm. They are located in a circular form. The thin parts of the posts are
joined in the top of the Yurt structure. The shape of the structure looks like conical form. The posts
are joined very tightly. The door assembles to the door frame. The height of the door is 150cm. In
front of the door there is a door sill which is made for the cleanness of the interior space. Sometimes
thick textile used as a door. There are no window opening for the Yurt structures for this reason the
interior part of the Yurt structure is very dark [Onuk 1998].
After constructing the skeleton of the tensile structure the Yurt is covered with felt, wood shield and
they are tied with a rope. The top of the Yurt structure is open as a fireplace. The smokes get out and
the sun shine come through from this hole. But in a heavy rain this hole is closed with a piece of felt
[Kronenburg 1995].

Modernization of The ‘Yurt’ Tensile Structures by K. Apak

Adaptables2006, TU/e, International Conference On Adaptable Building Structures 10-296
Eindhoven [The Netherlands] 03-05 July 2006

In winter the migrant Turkish colony changes the palaces. They prefer to live in low altitude and
warmer places. When they migrate the owner of the yurt decided to leave the wooden skeleton parts
of the tensile structure which are very heavy. The owner of the Yurt takes the felt cover with him
[Onuk 1998].
Multi Corner Yurt Tensile Structures
The walls of the yurt structure is straight and vertical, the roof of the yurt structure is similar to
conical form. The roof is sloppy and all the construction of the yurt is made up of wood. The wall
structure of the yurt is constructed with straight walls which are produces four or more corners. The
walls are made up of 125-150 cm of vertical woods which are covered with felt. The yurt tensile
skeleton system combines with a tension ring on the top. This ring does not close. It uses as a smoke
and light hole [Onuk 1998].
The Turkish yurt structure roof looks similar to dome and the Mongol yurt structure roof looks similar
to conical form. This is the main differences between the Turkish and Mongol yurt tensile structures
[Onuk 1998].
The portable structures are used in wide perspective in the world. Especially prefabricated geodesic
structures are used for the home purposes. Buckminster Fuller who takes the patent of these structures
first uses geodesic structures as home purposes. May be the form of the ‘yurt’ is an inspration of these
structures.
The new yurt’s structure are suitable for heavy snow load and wind resistance. The insulation options
are efficient for confortable interior environments. The new yurt’s are planned and fabricated
according to the modular design. The doors and windows has got a wide configuration options.
Interchangeable, zip-together modular walls and windows are easy to move, set up and replace.
Therefore it is possible to change the locations of the windows according to the season
[www.rainieryurts.com].
By the modernization of the new yurt, the materials of the structure are changed. New connection
techniques in structure and modular elements are used. Additionally the living conditions and style is
modernized but the mobile concept, geodesic form and the thermal strategies of the ‘yurt’ are kept.
Both new and old yurt structures, all of the concepts and properties can be compared in graphical
tables. Therefore by the help of these graphical tables the modernization possibilities of the old yurt
structure can be more apprehensible [Table 1, Table2, Table 3, Table 4].
THE HISTORIC YURT TENSILE
STRUCTURES PROPERTIES
Used by Turkish and
Mongol peoples

THE MODERN YURT TENSILE
STRUCTURES PROPERTIES
Used by American
people on the
mountains or
vacations.

Table 1. Comparison of the historic and modern yurt tensile structures properties
[Kronenburg, 1995], [Kronenburg, 1998], [www.rainieryurts.com].
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THE HISTORIC YURT TENSILE
STRUCTURES PROPERTIES

THE MODERN YURT TENSILE
STRUCTURES PROPERTIES

Transportable dwelling type of the Asian
continent

Yurt tensile structure uses as a transportable
dwelling type in U.S.A.

The design of the yurt structure heritage
stretches back thousands of years. And the yurt
construction has been standardized for
centuries.

The unique designs of
the yurts are
preserved.

Lightweight
structure, the wall of
the yurt structures is
called 'khana' which
are easy to transport
and expanded for
use.

Three roof poles inserted in a circular crown
which are the complex part of the building.

Yurts have built upon
this unique design to
craft modern yurts of
uncompromising
quality. They are easy
to set up. Many people
have discovered the
versatility of these
outdoor living
structures and are
using them for a
variety of purposes
across the country.

Dome is the complex
part of the modern
Yurt structure

Table 2. Comparison of the historic and modern yurt tensile structures properties
[Kronenburg, 1995], [Kronenburg, 1998], [www.rainieryurts.com].
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THE HISTORIC YURT
TENSILE STRUCTURES
PROPERTIES

THE MODERN YURT TENSILE STRUCTURES
PROPERTIES

The wall element 'khana' is
erected in a circular shape
and tension band is placed
around the top and tied to
the door frame. The juniper
wood is used for lightness.

Yurts are one of the strongest and
most resource efficient structures
ever created. They are circular,
domed canvas and wood structures
that feature an elegant integration
of tension and compression
components, allowing the yurt to
withstand heavy wind, rain and
snow.

The yurt covered with 8
layers of felt. This made the
Yurt; warm, weatherproof
dwelling. Perfectly
adaptable both winter and
summer conditions.

Yurt construction technique is
.similar but the construction
materials are changed. These
materials provide the yurt to
withstand heavy wind and rain. So
it is perfectly adaptable to both
winter and summer conditions.

The yurt transported by a
horse. If owner of the yurt is
wetly, the tent transported
by cart.

Now days it transported by a truck.
Its structure is so strong that it can
be lifted up and moved short
distances.

Man made wooden parts of
the yurt. Woman has a
responsibility for erection
and dismantling the yurt. It
takes about 30 minutes.

The new yurt tensile structures are often installed by their
owners, but some prefer to hire a contractor for the installation.
The time spent to install the yurt will vary depending on the site,
weather conditions, the number of people that are helping for the
construction and which functions the yurt has. A smaller yurt can
set up in a day, while a large yurt may take a couple days.

In winter the floor covered
with ten centimeters of dried
grass as insulation. And
further rugs lay on the top.
This made the yurt; warm,
weatherproof dwelling. In
summer the floor simply is a
layer of felt.

Yurts are designed to stay warm in winter and cool in summer.

Table 3. Comparison of the historic and modern yurt tensile structures properties
[Kronenburg, 1995], [Kronenburg, 1998], [www.rainieryurts.com].
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THE HISTORIC YURT
TENSILE STRUCTURES
PROPERTIES
.The interior plan of a yurt is
established by the rules of
etiquette. These rules are come
from Mongol to Tibet. The interior
part of the yurt is divided into
three parts. The west part of the
yurt is the woman side, the east
part of the yurt is the guest side
and the men may sit in the guest
side during the day. And the bed is
made at night.

Yurt is placed facing
to South to allow the
sun entering through
the smoke hole to
act as a sundial. The
building can be
ventilated by rolling
some felt from the
sides.

THE MODERN YURT TENSILE STRUCTURES
PROPERTIES

The interior functions of the yurt
are developed. The new yurt
structures have many functions
like a kitchen, bathroom and room.
Interior partition walls are often
added to provide separate
bathrooms, bedrooms or kitchen
areas. You can easily build these
walls into the yurt after it has been
erected. The partition walls should
be freestanding or attach to the
floor.

Open skylight and
screened opening
windows are
excellent for
ventilation.

Table 4. Comparison of the historic and modern yurt tensile structures properties
[Kronenburg, 1995], [Kronenburg, 1998], [www.rainieryurts.com].
Finally, yurt is a traditional tensile structure that evolved over centuries of use and still has potential
ideas for today’s designers. The innovations in the materials help to the designers for improving the
concepts of yurt tensile structures.
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Abstract
Self-tensioned structures composed of cables and struts usually involve simple connections at the nodes
that allow for easy cable detachment. These structures are therefore potentially deployable, since, once
a single or a system of cables are detached or loosened, the structure can loose its stiffness or collapse;
respectively when the cables are back in place, the structure acquires stiffness and rigidity. This paper
presents a new concept of a modular self-tensioned structure that is composed of sets of struts forming
a triangular shape, and two disjointed struts held in place by a cables. By changing strut sizes and cable
lengths the structure can change form to respond to various functional needs and contextual
requirements. The configuration of the basic module, variations of the module, and methods of creating
larger structures by attaching modules to each other, are described in this paper. An application of the
proposed self-tensioned structure to be erected at the port of Patras in Greece, during Patras’ tenure as
the 2006 Cultural Capital of Europe, and which responds to set requirements and to a specific urban
environment, is presented.
1 Introduction
“Structures autotendant” or “autondue,” translated as “self-tensioned structures,” is the term used by
their inventor, George Emmerich [1996], to define a class of structures that can be described coherently
as internally prestressed cable networks. The term ‘tensegrity’ coined by Buckminster Fuller [1975],
who also came up with the same invention at about the same time, refers to the same structures but
places emphasis on the continuity of the tension elements of the structure. In their most common
configuration, these structures are composed of tendons (straight cables) and struts (a strut is prestessed
in compression) and are prestressed pin-jointed structures that do not require any external anchorage
[Hanaor 1973].
In most existing configurations of self-tensioned structures the network of struts is disjointed, so that
each strut is connected to several cables but to no other strut. A technological characteristic of selftensioned structures is that they usually involve bar to cable connections at the nodes, which are
typically simpler than the bar to bar connections, and allow for easy cable detachment. These structures
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are therefore potentially deployable, since, once a single or a system of cables are detached or loosened,
the structure can loose its stiffness or collapse; respectively when the cables are back in place, the
structure acquires stiffness and rigidity.
Most existing configurations of self-tensioned structures occur from the assembly of identical selfsupported units of simple geometry which are attached to each other by following given patterns and
rules. Depending on the connection pattern, two basic configurations of self tensioned structures can be
generated: configurations with disjointed struts throughout the entire network [Hanaor 1976], and
configurations containing both bar to bar and bar to cable connections [Motro 1992]. In this paper an
application of the general concept of self-tensioned structures is presented. The geometry of the
proposed structure deviates from both the geometry of existing configurations of typical tensioned units
and from structures that occur from the assembly of such units. The configuration of this new structure
is described in the following section.
2 Geometric configuration and morphological variations
The form and shape of the proposed new structure is subject to an orderly and hierarchical organization
of parts. The structure presents a bi-axial symmetry and consists of two counter symmetrical triangles,
the sides of which are struts rigidly attached to each other. The two triangles are placed at a slanted
position with regard to their planes of symmetry and a long strut that also lies at the plane of the
triangles’ symmetry passes through their centers of gravity and extends on both sides of the structure’s
center. The vertices of the two triangles are attached to the ends of the long strut with cables. Similarly,
the vertices of the triangle are connected to each other with crossing cables, completing in this manner
a closed network of cables that holds in place all rigid members ‘Fig. 1’. The two nodes of the crossing
cables are connected to each other with a strut lying on an axis perpendicular to the axis of the long
strut.
As shown in Fig.2, several morphological variations of this typical module have been developed. In
each configuration, the dimensions of the members may vary affecting both the overall geometry of the
structure and the level of pre-stress that has to be applied to each set of cables. Identical modules can
be connected to each other in a linear mode to form larger structures.

Figure 1. Basic module and variation.

Figure 2. Structure that occurs from the repetitive use of the basic module.
Easy assembly and disassembly of the structure is one of its main features. Several methods for the
assembly, erection and prestressing of the proposed module are considered. Depending on the size of
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the structure and proportions of its parts, the structure can be either entirely assembled on site or
partially pre-assembled before transportation. The triangles that consist of struts can be collapsible, as
well as the long strut which can be retractable or composed of three members bolted or screwed to each
other. All struts at their ends will include a simple mechanism that will allow for minor length
extension which will be used to apply pretension to the cables after assembly.
3 Full scale application of the typical module: Conceptual approach

During the planning of the cultural activities, that will take place in Patras, Greece, designated
as the “2006 Cultural Capital of Europe,” a proposal has been submitted for the design and
construction of transformable structures/ installations which are expected to change Patras to an
urban site of architectural innovation and experimentation. One of the proposed structures that has
been approved for construction is a landmark structure based on an application of the pre-tensioned
module described in the previous section; its location and features are described below.
The landmark structure will be placed on the mole at the Patras port, which is central to the most lively
section of the city that combines, commercial, administrative, entertainment, leisure and other public
activities, and is visible from various view points on the major circulation arteries. The main body of
the structure, as seen in Fig. 3, 4 & 5, is an adaptation of the basic module discussed in the previous
section. In this application, three tensioned membranes are added to the structure: One central piece of
diamond shape that has its two vertices attached to the upper vertices of the slanted triangles and the
other two at the nodes of the intersecting diagonal cables that connect the two triangles. Another two
symmetrically placed membrane members, also of diamond shape, with one of their axis shifted away
from the center of the diamond, that have their two ends connected at the lower vertices of the
triangle, one in the mid point of the long strut and the other at the end point of the strut. The resulting
structure, with the addition of the symmetrically placed fabric membranes, bears strong figural
references to recognizable images in cities with a seafront (seagulls, sailing boats). The struts of the
structure that seem to fly in the cables network intensify this image.
The placement of the structure, with its main axis in a vertical direction with regard to the axis of the
mole, accentuates perspective and pulls the eye of the observer to the unlimited sea and sky horizon.
The structure, which embodies an innovative structural and technological concept that is inherently and
uniquely linked with its formal expression, with the added imagery that that the fabric members and the
flying bars, that seem to fight gravity create, and with its placement on a focal seafront location, is
expected to draw a subtle metaphor to the unlimited potential the integration of arts and science can
offer; an expression the structure itself tries to capture.

Figure 3: Self-tensioned structure to be erected at the port of Patras in Greece, during Patras
tenure as the 2006 Cultural Capital of Europe.
The proposed structure is thus opting to become a new landmark of the city that will symbolize its
significant role as the host of the 2006 Cultural Capital of Europe. At a practical level, the space
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underneath the structure can be used for mounting information on cultural events and activities on a
daily basis.

Figure 4. Study models of the proposed structure

Figure 5. Views of the structure in its final configuration
4 Technical considerations and challenges
For the structure at the mole, as mentioned, an adaptation of the basic unit has been proposed. The
main bar is placed parallel to the ground level and the two sides of the triangles have been extended to
reach the ground. They are thus forming ‘A’ shaped frame supports that are directly attached to the
ground.

Modular Transformable Cable-Strut Structure, K. A. Liapi & A.Goulas

Adaptables2006, TU/e, International Conference On Adaptable Building Structures
Eindhoven The Netherlands 03-05 July 2006

10-304

In the configuration that has been adapted to fit the dimensions and setback requirements of the current
location at the mole, the beam on the symmetry plane of the structure is 24 m long and at a distance of
about 6 feet from the ground. The A shaped supports are also placed at a distance of 6 m from each
other at their bases. The nodes of the crossing cables are connected with a horizontal beam, the ends of
which lie on an axis vertical to the axis of the main beam and at 1, 4 m away from their plain of
symmetry. As for construction materials, tubular steel members will be used for all struts, and flexible
steel cables for the tendons. For the membrane members a translucent fabric has been selected.
A major challenge in this project was the design of the structure to withstand the strong winds that
prevail in the area. The structure has been designed for wind velocity in the range of 30 m/sec. For the
analysis of the frame, consisting of the two triangular members, the horizontal tubular bar and the
cables, wind loads are considered concentrated at the nodes and non linear displacements have been
calculated with the use of stiffness method. Except for the support points, which are considered as
articulations, all other nodes have 6 degrees of freedom. For the analysis of the entire structure,
including the pretension applied to cables, and the dynamic analysis of the tensioned membrane, the
commercially available software FORTEN has been utilized. The steel frame is dimensioned according
to EUROCODE 3 and member dimensions are determined as follows: a tubular section of exterior
dimension Φ323, 9 mm with thickness 8,8 mm has been used for the long strut, and cables of circular
section with diameter 10 mm.
As for the assembly and erection of the structure, several approaches and methods are considered. The
collapsible triangular components will be assembled after their on site transportation, while the long
strut will be constructed out of three parts, where the two end-parts will be of smaller radius that the
central part. Due to the large size of the structure, alternative methods for membrane attachment,
tensioning, and cable pre-tensioning, need to be considered and evaluated. The authors will further
collaborate with the construction engineers in developing the most efficient method not only for the
assembly and prestressing of the structure but also for identifying the most efficient reverse process,
that is the disassembly and re-erection of the structure at another location.
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The project ARCHIMEDIA is based on the search to find new forms of communication through the
medium architecture. ARCHIMEDIA consists of projects and products to make architecture possible
as a medium and embodiment symbol of uniqueness, identity and personality of the user or inhabitant
instead of architecture as an excuse to create an ecstasy of visual, technical and esthetical abilities.
URBANIZE!
Caged in serried housing, archived and stashed in multi-story buildings and working in
vitreous towers the western orientated civilian seems to have it all worked out quite well. Though
when culture is seen as a balance between the inner and the outer body of human existence, I think
this balance is well disturbed. Where the ancient farmer had all the freedom to find a place for his
housing in the hundreds of acres of field, and did build this with the surrounding materials by
connecting these to create a shelter for himself, his family and his cattle, the urge to live and work in
municipal surroundings seems to lead to an annihilation of these values of culture. Housing for
humans as well as for companies are rare and are mostly assigned instead of chosen. The attention for
individual desires weakens, the way of generality dominates.
General desires still provide general demands. Public spaces get filled out of a sense of
generality in where anyone should find his place. A universal standard of living is created so anyone
can have a shelter, which is covered with a skin that connects several units to a building and several
buildings to the endless monotone streets we live in. Due to this generality and relatively low
interference with the surroundings we take place in, alienation sets in. Thanks to modern media the
change that the streets we live in and walk through can be identical to streets in cities, even countries
nearby is getting bigger and bigger. Alienation by this uniformity is even more strengthened due to the
influence of other media like phones and internet. Communication with family and friends through
these media is common and make these connections with surroundings even weaker than ever before.
In the end it seems it doesn’t really matter where we live, or what we live in.
This anonymous exterior seems to get compensated by layers closer to the skin. Layers like
the clothes we wear, the interior we live in and the cars we choose to ride succeeded to escape from
the iron fist of architecture and are this way susceptible for fashion and trends. Due to the fact that we
can choose what to wear and only the rich and the famous can afford the buildings they dream of, the
distance between the inhabitant and the designer increases. Since our culture is nowadays hard to get,
something else has to stand instead to fill the gap between user and designer. These layers like
clothing and fashion can be of use to find a way to get some kind of identity or at least characteristics
back into architecture and be able to bridge the gap between inhabitant and designer.
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Figure 1 “NIKETOWER” is an example of a building that communicates through its external
skin. Not only the interior is soaked in its brand identity, but also its exterior speaks for itself.
To avoid banal graphics, expression is found in the ornaments and patterns used in clothing and
attributes of the brand.
BODYTALK
Heinrich Wölffling once said that the physical organization of the human body is seen as the
starting point from where we interpret physical objects. When we look at this human body we can say
that this volume with its static surface can be seen as the basis for our identity. Several reasons made
it necessary to find ways to modify the surface of this body to a better almost perfect basis. Through
cosmetics, ink and paint up or in the skin and even elements, inserts and ornaments under it, it is made
possible for everyone to modify its basis for length of time.
With a basis, the body, we got or made, clothing is the second layer, which is shown to the
people. Due to the fact that fashion is easier and faster to change than the skin, fashion is one of the
most significant forms of non-verbal communication. By means of this clothing the human exist in
several different layers. The first layer is the skin, which can be modified and manipulated. The
second layer is the clothing we choose to wear. The third human layer consists out of the shelter with
which we enwrap and protect ourselves from external influences.
The third layer, the layer that visually represents us to the outer world, is something we
mostly can’t lay our fingers on. The fact that most of the buildings are finished before a user is
known, tells us that the user has had no influence or what so ever on the exterior of the room he uses
as a shelter. Sometimes a brand name or sign is placed on the façade, but in the end, when we take the
human body as starting point this is no more than an earring or small tattoo to a building.
Solutions of a possible interference of the inhabitant to its exterior can be found through the
work of Gottfried Semper. In the work “der Stil” Gottfried Semper wrote of a separation between the
construction and the aesthetics of architecture. He said that both these two different things should be
worked on in different ways which could result in a basis and its clothing, a core-form and its artform. When we take the step back to human being this is already the way we work in daily life.
Humans start with the naked skin as a basis, which is dressed by an aesthetic layer like clothing.
Strangely in architecture we stop at the skin.
Realizing or not, ancient Turkish and Mongolian tribes already worked following this model
of core- and art-form. Mobile tent like housing consisted of a basis of woven willow branches, which
were covered with a layer consisting of goat and camel skin. The quantity and kind of layers depended
strongly on the seasons so the aesthetics and construction of the housing changed through the year.
This separation between construction and skin made it possible to decorate the housing in any way
cause of the fact that the art-form was not depending on its core-form.
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Figure 2 “THE STREET” is an example of what a façade can look like when people can choose
where to live in. Endless monotone streets change into lanes of chained self-expression so cities
become readable for its viewers and visitors.
ARCHIFASHION
From realization on architecture is static. She has never lived, is born dead and fades most of the time
step by step to an unacceptable whole. Cause of the fact that in modern architecture, thousands of
years after the ancient Turkish tribes triumphed, we already made it to a perfect skin. Through modern
techniques like sealant and the use of thermoplastics and elastomers, façades with a relatively low
amount of detailing can be made possible.
While previous generations fade architecture has become some kind of certainty, a place on where we
can orientate ourselves after days, years or even centuries. The fact that this static character has
survived through these centuries is shown by a quick look around us. Cause of the acceleration in the
streams like modern media that surround the architecture the static character is nevertheless getting
ludicrous. Architecture becomes the death of dynamics and screams this way for a redefinition of her
basis to survive these streams without drowning. Several alternatives for solving this problem are
found. Physical dynamics were found in flexible building methods and temporary building. Though
most of the times physical dynamics never got beyond the prototypes flexibility in a visual way found
its way to the surface. The use of light and visuals is used more and more to bring about some kind of
dynamics in the municipal surroundings.
Nevertheless our time of instable media demand fashion. Within a society that is characterized by the
ability to adapt new lifestyles and technologies architecture needs to take part more and more to live
through the trends without falling from the shadow into the void. One of the only ways to survive the
surroundings of superabundance of visuals and moving pictures is to keep changing according to the
given situation. This way architecture stands out without impeding and begs to differ anyone who sees
architecture as a field full of faceless bottle banks and concrete piles. Therefore the ornament needs to
be reinvented to provide this time, how short-lived it may be, with a unique face so the beholder can
identify himself with his surroundings instead of detaching himself of a city that is characterized by
trophies of the past.
The lack of interaction in modern cities is partly caused by the fact that we only take part corporal.
The buildings we live in are mostly identical to buildings nearby. The fact that these buildings mostly
finished before its user is know shows that the fact that no characteristics or identity of its owner is
used to form its aesthetics.
An identical translation of the identity shown by our clothing to the aesthetics of architecture
is hard. Identity only succeeds by recognition, rockers look like rocker cause of the fact that we
somewhat know what people must look like within these subcultures. Within architecture we still
have this kind of history and so we will fail to succeed until we recognize what buildings for rockers
must look like. So when the beholder can read architecture through recognition we can say that we no
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longer only take part in the city corporal but can also take part architectural. In this way we can bring
our identity to the façade and reduce the feeling of alienation in the former faceless and endless
municipal surrounding because we take part.
MATERIALIZATION
When we take the separation between “core-form” and “art-form”, a basis and its clothing, we talk
about two different things that should be worked on in two different ways. The core-form should
survive several art-forms and asks this way for materialization in heavy, stiff and durable products. Its
clothing on the other hand is of shorter use and suggests materialization in lighter, formable products
to become a layer that protects its expensive, heavy and still fragile basis.
When we take our own clothing for example it is distinctly visible that it easily finds its way
around the body. On short distance of the skin it follows the arms and legs and protects our body to
external influences. To create relatively easy move ability the clothing needs to be quite light. Thick
and heavy textiles should not only hamper the move ability but will also increase the pressure on the
bone structure with injuries as a consequence. The same things work for buildings. Starting with
existing architecture as a basis these buildings are constructed on carrying the loads of its own skin
and interior. Safety factors could make it possibly to play a little without being at risk but demand
light clothing stay in one piece. Light materials also make it easier to create an entrance for dynamics.
This way changing the clothing from time to time is easier than with heavy stiff materials.
PROJECTS

Figure 3 “EXPO 001” is the thirst exposition room in a trilogy. Consisting of a steel frame, the
“core-form” and its clothing, the “art-form” it provides movable space to exhibit furniture.
Denying its basis the clothing finds its own form around it and this way enwraps its interior
without harming it.
Within every discipline clothing has affinity with fabrics and textiles. Architecture is no exception, so
the ways of materialization should also not differ from these other fields. When we cover the
architectural skin by the use of textiles with a relatively low weight and a high formability we will
make it possible to express identity not only by color or graphics but also by curvature and formwork.
To test and work with the separation between construction and its skin, the core-form and its
art-form a core was found in a concept for a mobile exposition for the designers of ontwerpers.nu.
A square form made out of metal tubing was placed around a small truck. The dimensions were just
small enough to drive it across all borders to Milan where it was used to exhibit furniture of these
designers. From this core, layers were created in which the balance between inner and outer body was
recovered. To create this third layer of the human existence textile was used as material.
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Figure 4 “EXPO 002” is the second exposition room in a trilogy. Consisting of a steel frame, the
“core-form” and its clothing, the “art-form” it provides movable space to exhibit furniture.
Acknowledging its basis the clothing finds its own form through it through a constant
overpressure.
With some satisfying results of the whole core and art-form theory one thing still remained. Through
this theory a shorter lifecycle in the aesthetics of architecture could make its entrance to make it
possible to live with its given circumstances. Nevertheless with this shorter aesthetic existence still a
static surface will remain for the time of existence. For this physical dynamics could be found in
changing the form and material of a building from time to time, visual could for instance be used for
dynamics during a shorter period. The use of these dynamics can be seen in the closing of the whole
expo-trilogy in where physical dynamics will strengthen the visual ones to become a mastrepiece.
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