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Novel conceptions of structures consisting of spatial formations of struts and
cables present a uniquely defined morphology and structural performance, and
offer opportunities for innovative applications in building design. A common
feature of these structures is that their spatial geometry is not “a priori” given.
This paper is focused on a specific type of cable-strut structure that occurs from
the assembly of self tensioned cable-strut modules The spatial configuration of
these structures is very complex and necessitated the development of elaborate
geometric algorithms that permit the generation of their formal geometry in a
virtual 3D environment. To facilitate both the design and the construction of
such structures, a spatial visualization system, which integrates a) algorithms
for initial form generation, b) geometric parameters that simulate construction
stiffening processes, and c) appropriate structural analysis methods, has been
developed. The structural organization and parts of this system are presented in
this paper. The system renders feasible the exploration of alternate geometries
with various levels of pre-stress and displays initial and final configuration of the
structure. It also allows for structural analysis data visualization. Examples of
projects designed with the assistance of this system are included and discussed.
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Cable-strut structures: Possibilities and
challenges
The growing interest in the use of lightweight structures, has given rise to many novel applications of
cable-strut structures in building design. These have
opened a world of unlimited possibilities for architectural creativity, while, at the same time, are pushing engineering inventiveness to the limits. Very often such structures, characterized by an optimal rapport between geometric, architectural and structural

features, present unique expressions of structural
morphology.
A characteristic of cable- strut structures is that
in most cases a stable form is not a priori given, and
only heuristically, through experimentation with
physical models that simulate the material properties of the basic components of the structure, compression for struts and tension for cables, one can
claim that an almost stable new geometry is possible
(figure 1). Yet once an initial geometry is achieved,
for the study of their pre-stressed configuration
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Figure 1
Physical models of cable-strut
structures

and their performance under loading, non conventional tedious analytical procedures need to be
investigated.
On an effort to come up with methods to classify the vast morphological variations that cablestrut structures offer, one could first group them in
categories based on their topology, which is, at any
rate, the most important variable in their design.
Following the definition of Bayer (2004) there exist
“open” and “closed” cable-strut formations. “Closed”
cable-strut formations or systems are usually selfsupported structures. The term “self-tensioned structures” refers to closed cable-strut formations held
together by internal prestress (Emmerich, 1996) and
describes coherently structures characterized by a
continuous system of cables and a discontinuous
system of struts, in which struts do not touch each
other. Tensegrity, is the term given to the same class
of cable structures by Fuller, placing emphasis to the
state of integral tension: tensional integrity (Fuller,
1976).
Among actual applications of the concept of
self tensioned structures, a significant number is
encountered in disciplines outside the domain of
architecture, as in biology, where the concept has
been used to describe or simulate the function of an
organ or, in its most general form, the muscles and
bones’ interaction in our bodies. At the other end of
the spectrum, structures such as deployable space
antennas (Skelton, 1997), belong to the domain of
mechanical engineering and invest on the special
mechanical properties of such structures; the study
of cable-strut structures in this context has led to the
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development of tedious methods for their analysis.
(Pellegrino, 1996)
Attempting another classification of cable-strut
structures, in reference this time to their application in building design, one can distinguish them
into structures in which the usable space is confined
within the imaginary solid they enclose, that is between the struts and the cables, or, to applications in
which the cable-strut structure serves as a boundary
between exterior and interior, such as cable-strut formations that cover spaces of various sizes. Most proposed configurations of self-tensioned space covering structures occur from the assembly of identical
self-supported units of simple geometry which are
attached to each other by following particular patterns and rules (Hanaor, 1996) (figure 2). Depending
on the connection pattern between the units, two
basic configurations of self tensioned structures can
be generated: configurations with disjointed struts
throughout the entire structure, and configurations
containing both strut to strut and strut to cable connections (Motro, 1992).
This paper is focused on a specific type of an
adaptable cable-strut structure, that falls within the
category of closed or self-tensioned structures that
occur from the assembly of self- stressed 3-dimensional cable-strut modules. Significant challenges
in generating their initial spatial geometry and their
geometry after prestress has been applied has led
to the development of computer modeling methods that offer significant assistance during both the
design and the construction of such structures. The
features of the discussed cable-strut system and the
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Figure 2
Self tensioned cablestrut units and method of
connection

method developed for the generation of their geometry and analysis are described in the following
sections.

Adaptable space covering cable-strut
structures
The motivation that led to the development of the
new concept of a space-covering structure described
here was the need for a building system that would
adapt to various functional requirements and site
conditions. An additional requirement was that the
new structure was also expected to partially transform in size, that is, it could grow or shrink, while still
in place.
At a theoretical level, the concept of an adaptable space covering structure, pointed to space-tiling
methods and structures of unlimited growth. A modular 3D puzzle-like assembly method which would
permit the addition or subtraction of modules while
the structure is still in use was thus considered.
The development of a modular cable-strut structure composed of self-supported self-tensioned
units was the chosen approach. Significant research
on self tensioned cable-strut structures, otherwise
called tensegrities, has been carried out for over
three decades. Specifically, studies on spherical configurations that occur from the assembly of simple
tensegrity units that maintain cable continuity

and strut discontinuity were carried out by Hanaor
(Hanaor, 1992). For him the basic building block was
a tensegrity anti-prismatic units of triangular base,
while Motro (1996), has proposed cable strut structures composed of antiprismatic tensegrity unit of
square base and connected at their nodes, as mentioned before
The proposed structure combines features of the
work of these two researchers in the sense that the
basic module is a tensegrity unit of square base, like
the one Motro (2003) has used, but, unlike Motro,
units are not connected at the nodes but by following
patterns that maintain compression (strut) discontinuity. An important feature of the method is that the
square based module allows for the creation of both
single and double curvature configurations, which
are assembled from identical units. By changing the
pattern of module connection, the overall structure’s
form and dimensions are changing.
Departing from this morphology, a building technology application is also developed which makes
possible the rapid assembly of structures from prefabricated and pre-assembled modules (Liapi, 2003).
This method permits re-usability of existing modules
while allowing for variability in the overall structure
form and dimensions.
Closed cable-strut structures in general, and in
particular self-tensioned structures of the disjointed
type are characterized by a very complex geometry
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which is primarily due to the many sets of asymptotic
cables and bars exist in large structures. This has hindered their systematic study and application. In addition, as already mentioned, the equilibrium position
of cable-strut structures in general depends not only
on the topological and geometric relationships of the
composing members (struts and cables), but also on
the level of prestress applied to the cables and on the
static and dynamic loading of the structure. Hence,
for an effective exploration and study of self-tensioned space covering structures, the development
of a modeling method that takes into account topological relationships, geometric constrains, prestress
conditions and static and dynamic loading is necessary. A spatial visualization system that integrates
the modeling method and that generates models of
initial and final configuration in a virtual environment
has been developed and discussed in the following
section. This system is expected to become a very
useful tool for architects and engineers who wish to
explore the full potential of self tensioned cable-strut
structures

Modeling methodology and spatial
visualization system
Since the form of cable-strut structures is not a-priori known, the construction of traditional physical
models, when that is possible remains, the very first

stage and probably the most efficient approach to
the exploration of a basic self supported cable-strut
structure with a relatively low number of members.
When the envisioned structure though involves large
numbers of interconnected members, then heuristic approaches may be cumbersome or simply impossible. In self tensioned structures composed of
identical modules, although patterns and general
rules for their assembly already exist, the geometry
that occurs when these patterns are applied was
very hard to determine and to generate in a physical or virtual modeling environment. Once though
the overlapping geometry of modules that allows
for space packing of cable-strut structures of various
single and double curvature structures was solved
(Liapi 2001) (figure 3), then an algorithm was developed which integrated all the steps in the geometric
solution of the problem.
The algorithm allows for the study of the effect
of each of the interrelated parameters of the structure, such as proportions and size of units, overlap
conditions, structure height and curvature etc. It also
generates detailed models of initial geometry in a virtual 3D environment. The geometric algorithm was
initially developed in the form of a MATLAB code that
made use of its own graphical interface for output
data visualization (Kim, 2004).
At a following stage a VBA code that generated
data directly in a CAD environment was developed
Figure 3
Overlapping geometry and
solving method
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Figure 4
Automatically generated
models of structures

(Charalambides, 2004). Several methods of processing structure related geometric data, each of which
may correspond to the needs of the designer, are enabled within the interface; domical, vaulted and slab
configurations are the main geometries addressed
(figure 4).
Emphasis in the software application was placed
on the development of a user friendly interface and
an interactive visualization environment that assist
in the generation and modification of the numerical
input and the unobtrusive regenerations of alternate
solutions (Charalambides & Liapi, 2005).
The following stage in the modeling process
addresses the prestressed configuration of space
covering cable-strut structures. In the last decade,
numerical structural analysis methods were introduced to estimate the prestressed configuration,
known as form-finding of tensegrity structures. Vassart and Motro’s force-density method (Vassart, 99],
the dynamic-relaxation method (Motro, 2003), Pellegrino’s minimization function (Pelegrino 86], and
Hanaor’s kinematic-formulation (Hanaor, 1992], are
all methods that address cable-strut structures and
in several cases the specific configuration we are currently considering.
The structural behavior of tensegrity structures
involves geometric non-linearity, thus, the design
of a tensegrity structure once the initial geometry

is determined, requires that both prestress analysis
and loading analysis are performed. For the modeling of the structural analysis of cable-strut structures
a non-linear structural analysis program (NONSA) has
been used. The program strategy is to use the direct
stiffness method to satisfy equilibrium, coupled with
Newton’s equilibrium iterations to increment and
iterate non-linear geometric behavior (Tassoulas
2003]. The program application takes also into account the method by which pre-stress is applied in
modular tensegrity structures. After the prestress
configuration is obtained, loading conditions are
applied to the model, also through NONSA. The
software code provides numeric values for member
stresses, nodal displacements, as well as support reactions encountered.
Once the analysis is successfully completed, the
supported visualization environment in addition
to providing the digital models of the initial, parametrically generated, configuration of the structure,
it also provides visualization and display of: (a) Stress
flow of the structure under load and its magnitude,
(b) Nodal displacements and its magnitude (both
prestressed and under load), as well as (c) Support reactions including magnitude and direction (Liu and
Liapi, 2004). The system renders feasible the exploration of alternate geometric configurations with various levels of pre-stress, and displays initial and final
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Figure 5
Structural analysis data
visualization

configuration of the structure. This process was also
generated within the graphical interface environment of MATLAB.

The method was developed primarily for the discussed space covering cable-strut structure. The same
method could be applied to any other cable-strut
Figure 6
Studies of alternate configurations and realized structure
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Figure 7
Pavilion at the construction
stage

formation once its geometric relationships are resolved and formulated in an algorithmic expression.

Testing the system: design and
construction of an art-display pavilion
The modeling methodology has been applied to
a few design projects and to the design and construction of an art-display pavilion erected at Patras,
Greece, during Patras’ tenure as the 2006 Cultural
Capital of Europe. The pavilion, 14 m by 6m in plan,
served as demonstration of this state of the art space
covering concept and technology that combine
unique aesthetic and mechanical properties.
The modeling methodology was proven to be
particularly useful during the design stage since it
rendered feasible the exploration of various geometric parameters. A large array of configurations

was generated in which several design parameters
such as curvature, unit proportions and number,
and overlapping conditions were explored and
compared before the final configuration was chosen
(figure 6).
The system also allowed for comparing construction related numerical data, such as the total linear
length of tubular aluminum members to be used at
each configuration. Obviously the system was also
helpful in addressing structural performance issues
that related to overlapping conditions, unit proportions and dimensions, and levels of prestress.
In conclusion, the developed system that integrates a modeling methodology which displays initial and final configurations of alternate space covering design concepts while providing numerical data,
has significantly facilitated both the design and the
construction of the pavilion (figure 7). It also became
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obvious that additional basic configurations of
cable-strut structures need to be described in an algorithmic mode so that the same methodology and
system can be applied to a greater range of typologies and morphologies of cable-strut structures.
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