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Abstract
Tensegrity, defined as “tensional integrity,” is central to the
design of a semi-open exhibition space that was submitted
as an entry to the international competition for the design of
“Ephemeral Structures for the City of Athens,” in the context of
the 2004 Olympic Games. The main feature of the proposed
exhibition space is a vaulted dome composed of interconnected
detachable and deployable tensegrity units. The most challenging
aspect in the design of the tensegrity vault was the generation of
alternative spatial configurations for form exploration and study.
For this purpose a mathematical code has been developed
that links all the parameters that affect the design of tensegrity
vaults. The code also allows for the parametric graphical
generation of the vault by displaying geometric information in a
3D environment. This paper discusses the geometric basis of
the code and its usefulness in the morphological study of the
tensegrity vaulted dome for the proposed ephemeral structure.
The mathematical code has been shown to significantly facilitate
the study of various preliminary configurations of tensegrity
vaulted structures.
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1

Introduction

In the fall of 2002, and in the context of the Cultural Olympiad for
the 2004 Olympics, an international competition for the design
of “Ephemeral Structures for the City of Athens” was held. The
ephemeral structures, according to the competition programme,
are to be mounted and remain in a site only for a limited amount
of time; then they will be demounted and transported to another
cityscape. Five different categories of ephemeral structures were
identified; each category had a specific theme and was expected
to generate events for cultural activities. Competitors were asked
to choose among these categories and submit only one entry.
The theme of the category that will be addressed in this paper is
“ephemeral semi-open exhibition space.”
According to the competition programme, the ephemeral
structures are also expected to operate as “urban parasites,”
to adapt to the existing infrastructure of the cities where they
migrate, and to invite citizens and visitors to participate in cultural
activities. A contemporary cityscape is defined in the programme
as “a site for experimentation, a site of practice, and a site of
thought” (Cultural Olympiad 2002). The ephemeral structures
are thus expected to promote innovation in meeting practical
needs, as well as to respond to theoretical issues raised by their
temporary nature.
According to the category-specific competition programme,
the main requirement for the semi-open exhibition space was to
design a structure in which the level of spatial enclosure varies
to respond to the needs of the exhibitions or installations to be
hosted. The total area of the semi-open exhibition space, in its
closed form, should not exceed 50 sq m.

2

Tensegrity as the main design theme

Initially a materialization of an aesthetic quest first conceived
by artist Snelson (Snelson 65), the concept of “tensegrity”
(tensional integrity as coined by Buckminster Fuller) (Fuller
75), was later used to denote a novel class of structures with
unique morphological characteristics and mechanical properties;
deployability being one of them. Tensegrity structures are
composed of struts and cables. The struts, which act as
compression members, are connected only to cables, and not
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to each other, while the cables take only tension and form a
continuous closed system. Internal tension holds struts and
cables together and allows tensegrity structures to reach
equilibrium at geometric configurations where bars look like
floating in a network of cables. Stable configurations and related
mechanical and structural properties have been extensively
covered in bibliography (Emmerich 1996; Motro 1994; Hanaor
1998; Skelton 1997; Sultan 1999). Tensegrities, also defined
as “kinematically indeterminate and re-configurable systems
in which all parts coexist in a dynamic equilibrium” (Hanaor
1992), are characterized by an optimum relation of geometric,
architectural, and structural expression (Liapi 2000).
The concept of tensegrity is central to the design development
of the semi-open exhibition space that was submitted as entry
to the competition for the “Ephemeral Structure for the City of
Athens.” The main feature of the proposed exhibition space is
a vaulted dome composed of interconnected detachable and
deployable tensegrity units (Figure 1). The metaphors and
associations of tensegrity to the spirit of the Olympics and the
ephemeral nature of the proposed structures are numerous.
One explicit association is the parallel of the continuum of
tension/ compression in tensegrity systems to the bone/ muscle
interaction in the human body in motion.
According to the competition, the ephemeral structures are
also to be seen as parasites. In this regard, the complex network
of cables and nodes, inherent to the architectural expression of
the tensegrity concept, generates multiple grid lines, which can
be used in determining the relationship of the structure to its
hosting urban context (Figure 2). The proposed structure is not
intended to reside in the urban infrastructure by addressing its
shape, the volume, or edge conditions, but to intrude the city’s
network of motion lines, align with one or more of them, and
provoke the flow through it. The same system of grids will permit
parasite structures, belonging to the same city network, to relate
to each other with the use of sensors mounted on the nodes of
the structure. As the structure migrates from one cityscape to
another, the number of grid lines will keep increasing, which will
allow the public to trace previous stages in its life.
At a different level of interpretation, the proposed tensegrity
structure performs as a hard shell, or exoskeleton, that supports
a system of re-configurable partitions/doors that extend the
structure to the direction of flow through it, as well as a system
of display panels, raised over the ground and attached to the
tensegrity roof bar nodes. The nodes that support the panels
support and penetrate a translucent and stretchable fabric
covering membrane that reveals from the interior the view of the
floating bars against the sky-dome. As the ephemeral structure
moves to a different urban site, the tensegrity vault, as well as
the space defining partitions, can change configurations to adjust
to different functional or contextual requirements.
Regarding the transportability of the proposed structure,
a recently developed method which is based on the rapid
assembly of deployable tensegrity modules, has been proposed
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Figure 1. Semi-Open Exhibit Space : Entry for the international
competition on the design of Ephemeral Structure for the City of Athens.

Figure 2. Grid line directions generated by the network of cables and
nodes in tensegrity structures.
(Liapi 2002). In assembling the structure, tensegrity modules are
not connected at nodes but by cable overlap, which, in principle,
allows for variable configurations of the resulting tensegrity
networks (Figure 3). The main advantage in using this feature is
that, by varying the pattern of cable overlap between adjacent
units, several configurations can be achieved.

3
Challenges in the design of tensegrity
structures
The most challenging issue in the proposed design for the semiopen exhibition space was the generation of alternative designs
of the spatial configuration of the tensegrity vault. Indeed, as
already reported in relevant literature, among other critical issues
in the design of tensegrity structures, geometric complexity, that
is inherent to their structural and mechanical basis, accounts

Figure 3. A four unit assembly of tensegrity modules

for significant difficulties in their study, and for their limited
application in building design (Hanaor 94).
In general, the geometric configuration of double layer
tensegrity networks, which are the most appropriate for building
applications, depends on the configuration of the composing unit,
and the method by which units are attached to each other to form
a network. In order to maintain bar independence throughout
the structure several patterns for connecting the units have been
proposed (Emmerich 1988, Hanaor 1992). However, although
patterns and general rules for the assembly of such networks
exist, there is no mathematical expression that incorporates
the geometric principles and parameters that determine the
configuration of the network.
Unlike regular space trusses, tensegrity networks are
composed of tensegrity units which are antiprismatic and
therefore do not fall within the range of regular polyhedra.
In addition, in order to ensure cable continuity and bar
independence throughout the structure, as seen in Figure 3 that
illustrates an assembly of 4 square-based units, the units do
not connect end to end, but, by a partial overlap of their upper
and lower base cables. Taking the above into account, the
configuration of tensegrity networks cannot be addressed as a
regular space packing problem. The main issue therefore is to
determine the geometric basis of the problem and to come up
with a geometric method and an analytic expression that takes
into account the interdependence of the various parameters and
constrains of the problem.
A geometric approach for the investigation of the spatial
configuration of tensegrity structures of spherical shape
composed of tensegrity units of square base has already been
developed (Liapi, 2001). Specifically, fundamental geometric
principles that govern the generation of form in tensegrity
networks are demonstrated, and a method for the graphical
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generation of spherical tensegrity networks, based on the
integration of CAD tools with Descriptive Geometry procedures,
has been formulated. The method allows for the visualization
of the effect of each of the interrelated parameters, such as
proportions of units, overlap of upper and lower unit bases,
etc., that determine the design of a tensegrity network (Liapi
2001). The method allows designers to resolve and visualize the
complex geometry of such structures by following a step by step
graphical procedure based on constructive geometry methods.
Though the above method is of critical importance since it sets
the geometric principles for the generation of any spherical
network, when a number of different configurations need to
be generated during design exploration, the step by step
graphical representation still requires a significant amount of
time, especially when the designers wish to experiment with
several design parameters. In addition, for the generation of the
geometry of the proposed vaulted structure for the competition,
an adaptation of the geometric principles that determine the
configuration of spherical tensegrity networks to address
cylindrical configurations had to be developed. Accordingly, a
new method to address the geometry of vaulted structures as
well as the automatic generation of graphical models of vaulted
configurations was needed. The main points of this approach are
described in the following section.

square base, the two cable bases are rotated with respect to
each other by a 45 degrees angle that is dictated by stability
requirements (Hanaor 1998).
A general geometric principle that applies to both spherical and
vaulted configurations, when unit size and upper bases overlap
are given, can be described as follows: When two units are
placed parallel to each other and connected at the upper level
only, in order to acquire the lower base overlap and the center of
curvature, the units need to rotate around an axis that: a) passes
through the middle point of the upper base overlap; b) lies on the
upper bases’ plane before rotation (Figure 4) (Liapi 2001).

Vaulted structures, in pure geometric terms, are understood as
structures of cylindrical shape. They may also be referred to in
this paper as single curvature networks to distinguish them from
spherical, which are configurations of double curvature.
For the generation of the geometry of vaulted tensegrities the
following objectives had to be met:
I) Define the geometric principles that allow for the
generation of tensegrity vaulted (single curvature) networks.
II) Develop a mathematical expression that takes into
account the interdependence of the various parameters and
constrains of the problem.

Taking into account these observations and principles, it occurs
that the conditions for the generation of the vaulted configuration
are:
a) When unit size and proportions are given, both upper
base-overlap and lower base-overlap of adjacent units along
the axis of the cylinder are fixed.
b) When unit size and proportions are given, unit overlap
across the vault can be varied so that different curvatures
can be generated.
In the scheme in Figure 5, the position of unit overlap in a fourunit cluster of a cylindrical configuration is indicated (only upper
and lower cables are shown). It is proven, and shown in this
scheme, that for a vaulted structure in which the dimensions
of the composing are given, the upper and lower base overlap
of adjacent units along the longitudinal section of the cylinder
(the axes of adjacent units are parallel to each other and
perpendicular to the cylinder’s axis) are fixed. Regarding the
placement of two adjacent units across the cylinder axis, the
scheme shows that for a given amount of upper base overlap,
the two units need to rotate around an axis that passes through
the mid point of the overlapping part of their bases until their
lower bases meet. Accordingly, the amount of unit overlap
across the axis of the cylinder determines the relative rotation
of one unit in respect to the other and thus the curvature of the
vault. Figure 6 shows the relative position of the 4 units of figure
5 after rotation, and the plan of a vaulted structure that results
from the assembly of 24 units.

4.1. Geometric principles that determine
tensegrity vaulted configurations

4.2. Development of a mathematical expression
that generates parametric tensegrity vaults

Regarding the geometry of vaulted, or single curvature, tensegrity
networks, the following observations were made: a) the axes
of adjacent units along the axis of the cylinder are parallel to
each other and perpendicular to the direction of the cylinder’s
axis; b) the axes of adjacent units along a cross section of the
cylinder intersect at a point that lies on the axis of the cylinder;
c) assuming that the upper bases of tensegrity units overlap,
the lower bases of adjacent units need to overlap as well.
Determining the amount of overlap of the lower bases, when the
upper base overlap is given, is the main problem in this case.
It needs to be reminded at this point that in tensegrity units of

The geometric conditions and principles that determine the
form of vaulted tensegrity networks were implemented in a
parametric mathematical code. Analytic geometry procedures
have been followed which generate 3D coordinates of all nodes
in a tensegrity network. A detailed description of the algorithm is
included in a forthcoming publication.
The code has been developed in a MATLAB software
environment which provides a 3D graphical interface. The
code takes into account the interdependence of the various
parameters and constrains and allows for input on: a) unit
dimensions (bases and height); b) value of overlap between

4
Vaulted configurations: Geometry
generation
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parameters needed for the generation of a tensegrity network.
Figure 7 shows models of vaulted networks with varying
curvature and number of units.

5

Figure 4. Overlap conditions for adjacent units of all curved tensegrity
networks.

Figure 5. Overlap conditions for vaulted tensegrity networks.

Figure 6. Four unit assembly and 24 unit vaulted structure.
upper or lower bases; and c) number of units in the longitudinal
direction and across its curvature. The output provides numerical
values for: a) the remaining unit dimensions (bar lengths,
diagonal cables); b) radius of the structure; c) angle of rotation
between adjacent units; and d) overlap of lower or upper bases
respectively.
The parametric code, by displaying geometric information in a
3D graphical environment, allows for an initial form exploration
of tensegrity networks. It also provides numerical values for all

Tensegrity Vault: Form exploration

For the design of the tensegrity vault for the proposed ephemeral
structure, various factors had to be taken into account including
technical considerations such as constructability, efficiency
of deployment, and structural performance. Each of the main
parameters in the design of tensegriry network (number of units,
proportions of unit, size of units, and overlap), as indicated
earlier, is linked to the others, and any change in one parameter
affects not only the form of the structure but also the above
mentioned considerations. As an example, since the structure
requires the on site assembly of modules, reducing the total
number of units is, in principle, a desired feature. However,
reducing the size of units and maintaining their proportions will
significantly increase the depth of the structure. From a purely
geometric point of view, to maintain the same depth of structure,
when larger units are used, requires reducing unit height, and
thus changing unit proportions, and possibly changing upper and
lower overlaps. But, lowering unit height and keeping the same
size of lower bases, will lead to units with bars at a very low
angle which will affect structural performance.
Figure 8 shows two configurations that were originally
considered for the design of the ephemeral structures. Both
configurations are identical in terms of their basic geometric
features: overall width, depth of structure, and curvature. Their
main difference is that the first one consists of four units and
the second of six. From a constructability point of view the first
one is easier to assemble, due to the reduced number of units.
On the other hand, in the second configuration bars are shorter,
less prone to buckling, and at higher angle than the ones in the
first one, which may result in improved structural performance. It
becomes obvious at this point that additional analysis is required
for determining an optimized design.
In addition to the above, since in the proposed solution space
defining elements, roof membrane, and display panels are all
attached to the nodes on the interior layer of the structure, any
change in the system of nodes will affect space features and
definition (Figure 9).
Although an optimized approach that takes into account
all the above aspects in the geometric design of the network
was not the objective of this study, the parametric code has
facilitated form exploration and experimentation with various
design parameters. After a number of alternative configurations
were explored in the MATLAB environment, two different
configurations of the same square footage in area, composed
of 5 by 7 units, and 4 by 6 units respectively, were selected for
development in a CAD environment. From the MATLAB model,
angular measurements, measurements or radii and distances,
as well as coordinates at the nodes were obtained. These
values were used for the generation of the selected network in
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Figure 7. Tensegrity vault configurations automatically generated by the MATLAB code.

Figure 8. Tensegrity vault configurations composed of four and six units across the axis
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Figure 9. Ephemeral structure floor plan
the CAD environment. Figure 10 shows consecutive stages in
the development of the final solution. The approach followed in
the design of the ephemeral structure has also indicated that a
further automation of the process is needed so that any model
generated in MATLAB can be automatically recreated in a CAD
environment.

7

Conclusions

The mathematical code that has been developed has
successfully addressed the challenges faced during the design
of a tensegrity vaulted dome of the structure that was submitted
as an entry to the “Ephemeral Structures for the City of Athens”
Competition. The code integrates the geometric principles that
determine the form of vaulted tensegrity networks and allows
for the automatic generation of a 3D model of the structure in a
graphic environment. The code has been shown to significantly
facilitate the study of alternative configurations that result from
changes in unit proportions, unit number, or unit assembly
pattern.
The code provides an initial configuration of such structures.
In the actual configuration, after assembly, the square bases
of each unit are composed of eight non co-planar segments.
Further elaboration of the code requires some refinements and
adjustments to more accurately represent the geometry of a
curved structure. In general this approach has been shown to
resolve issues related to geometric complexity in determining
and representing the configuration of curved domical structures
that have rendered the study of tensegrity structures inaccessible
to architects and engineers. The approach followed in the
design of the ephemeral structure has also indicated that a
further automation of the process is needed so that any model
generated in MATLAB can be automatically recreated in a CAD
environment.

Figure 10. Stages in the development of the final solution
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