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Abstract
Tensegrity structures are composed of tension compression components, where the compression components (bars) are discontinuously enclosed within continuous tensile components (cables). From
an engineering point of view, a tensegrity structure is characterized
by geometric non-linearity and large displacements under loading.
Therefore, its prestressed shape and deformation under loading are
the result of the combined effect of the geometric parameters that
determine the initial conﬁguration of the structure, the level of prestress applied to cables, and the material properties of the component members of the structure. A method for generating the initial
geometric conﬁguration of tensegrity structures composed of tensegrity units and a parametric expression of this geometry have already
been developed (Liapi 2001; Liapi and Kim 2004). A novel technology
that makes possible the construction of tensegrity structures from
the on-site assembly of deployable tensegrity units, which are furnished with a simple mechanism that permits bar-elongation, and, as a
result, an increase of the prestress applied to the cables of each unit,
is also under development (Liapi 2002a). Also under development
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is a static analysis method that takes into account
the above method for prestressing cables (Tassoulas
2003). This paper discusses the features of a system
that supports the combined geometric and structural
design of tensegrity structures, and integrates a graphical interface to display: a) models of initial geometry, b)
geometry of the structure after prestress and loading
are applied, and c) magnitude of forces applied to the
structure’s component members (bars and cables).
The system also provides numerical data to be used
in component fabrication, and is therefore expected
to become a very valuable tool for the design and
construction of tensegrity structures.
Introduction
The potential application of tensegrity structures
in building design and construction has been the subject of a large number of research publications since
the early eighties. For the development of tensegrity
building structures, the method suggested by most
researchers in the ﬁeld is based on the assembly of
tensegrity units of simple geometry, such as tensegrity
prisms of triangular or square base (Fig. 1). A tensegrity unit of prismatic shape is formed by a continuous
network of cables that deﬁne the edges of the prism,
while the compression members, that fall within the
volume of the prism and do not touch each other,
deﬁne the vertices of these 3D structures. Truncated
pyramidal forms, which are similar to the prismatic
ones, but have bases of different sizes, are also recommended for use, particularly when tensegrity structures with a curvature are considered (Hanaor 1992;
Motro 92). The structures that occur from the assembly of tensegrity units are called double-layer tensegrity structures and are typically characterized by a highly
complex geometry. Figure 2 shows digital models of
a 4-unit assembly and a vaulted structure, both composed of square-base tensegrity units.
A basic property of tensegrity structures is that
they acquire their rigidity by the application of tension
on cables. This property also suggests that a tensegrity structure will lose its stiffness if pressure on its
cables is reduced. Indeed, from an engineering point
of view, tensegrity structures are deﬁned as statically

Figure 1. Triangular and square-base tensegrity units

Figure 2. Digital models of a 4-unit assembly and a vaulted
tensegrity structure composed of square-base tensegrity units
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indeterminate reticulated systems, often referred to
as ‘self-stressed’ or ‘prestressed’ equilibrium networks
(Hanaor 1992; Motro 2003). As such, these structures
are typically characterized by geometric non-linearity
in their structural behavior, and by large displacements
under loading.
A novel technology that is based on this property of tensegrity structures and which makes possible
the construction of tensegrity structures from the assembly of deployable tensegrity units is under development (Liapi 2002a; 2002b). The deployable units
are furnished with a simple mechanism that permits
bar-elongation, and, as a result, an increase of the tension applied to the cables of each unit. The shape of
a tensegrity structure and the level of its deformation
under loading are therefore the result of the combined effects of the geometric parameters that determine the initial conﬁguration of the structure, the
level of prestress applied to cables, and the material
properties of the component members. Accordingly,
for the full scale application of tensegrity structures
in the construction and, particularly, in the deployable
building industry, where most of the potential of this
new type of structure lies (Hanaor 1992), methods
that allow for a comprehensive exploration of their
geometric and structural form are required.
In the past decade, partly because of the increased interest in the application of the tensegrity concept in space structures, several form-ﬁnding
methods were introduced to estimate the prestressed
conﬁguration of a tensegrity structure. The introduction of form-ﬁnding methods applicable to tensegrity
structures, such as force-density (Vassart and Motro
1999), dynamic-relaxation (Motro 1984), minimization
function (Pellegrino and Tibert 2003), and kinematic
formulation (Hanaor 1998), has led to greater promise
for application of the tensegrity concept in engineering in general. However, these form-ﬁnding methods,
which are useful in the conﬁguration of new tensegrity
units, linear stacking of units, or units connected bar to
bar, are of limited use in the form-ﬁnding of tensegrity
structures, in which units are connected by a partial
overlap of their cable sides and in two-way arrangements of units, which are more likely to ﬁnd applications in building structures.
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To overcome this limitation, a geometric method
that allows for the generation of double layer tensegrity structures composed of interlaced units of square
base has been developed (Liapi 2001a; 2001b). A
parametric expression of the geometry of tensegrity
structures which allows for the generation of both
numerical values and a graphical display of the geometry of the structure has also been developed (Liapi
and Kim 2004; Charalambides 2004). Speciﬁcally, the
developed geometric algorithms can be used for the
automatic generation of the geometry of tensegrity vaulted structures. This approach has been very
successful in providing alternate models of tensegrity structures by changing geometric parameters in
a graphical environment. However, the models that
are thus generated are of initial geometry only, which
means that the form of the structures that occurs
from the application of the geometric algorithms does
not address displacements due to prestress.
As already mentioned, since the behavior of
tensegrity structures involves geometric non-linearity
and large displacements, once the initial conﬁguration
is deﬁned, prestress and loading analyses are required
steps of a process that will provide the actual conﬁguration of the structure, which may end up being
signiﬁcantly different from the one originally assumed.
Accordingly, since the designer has usually very limited
understanding of the effect of the interrelated geometric parameters on the prestressed conﬁguration
and loading capacity of a tensegrity structure, it is of
critical importance to develop a method that will allow him to explore how various structure features,
including geometric parameters, material properties,
loading conditions, and applied tension on cables affect the complex synergy of stresses and form-ﬁnding
of a tensegrity structure. Visualizing the effect of such
parameters is obviously of paramount importance for
the designer for making decisions about the shape
of the structure. In addition, from the ﬁnal functional
conﬁguration of the structure, member lengths can be
calculated, and the design of construction details at
the nodes can be ﬁnalized.
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Figure 3. Flow-chart diagram of parametric design system for
tensegrity structures

This paper discusses and expands on the features
of a system that supports geometric and structural
design and allows for the generation and comparison
of models of initial geometry and the geometry of the
structure after prestress and loading are applied. The
development of an integrative visualization environment is an important feature of the system, because
it breaks through the restraint on the implementation
of tensegrity structures in architectural applications
and allows for decisions on member fabrication and
constructability.
System Description
The basic features and processes of the proposed system are illustrated in the ﬂow-chart diagram
in Figure 3. Geometric Design and Analysis are the
two main processes on which the ﬁnal conﬁguration of the structure depends, and which determine
all other design and construction parameters, such as
materials to be used, component member dimensions,
etc. The features of the system are discussed in more
detail below.

Figure 4. Tensegrity unit dimensions
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Figure 5. Tensegrity unit connection: Upper and lower base
overlap lengths

1. Features of the Geometric Design Process
The morphological variations considered in this
study will be based on double-layer tensegrity structures with curvature (vaulted or domical) composed
of square-base tensegrity units, connected by a partial
overlap of their upper and lower base cables. The
same morphological variations result from the application of a novel technology for the on-site assembly
of tensegrity structures from deployable tensegrity
units (Liapi 2002b). A feature of this technology is
that a large number of geometric conﬁgurations of
the structure can be obtained easily by using the same
units and by varying the amount of overlap on each
or both bases. The shape of a tensegrity structure that
occurs in this manner depends on the dimensions of
the composing tensegrity units and the method of unit
connection. Unit dimensions include unit height, upper
base length, and bottom base length. With regard to
the method of connection, the dimensions that are
required are upper-base overlap and lower-base overlap lengths (Fig. 4 and 5).
As already mentioned, a geometric approach
that takes into account all interrelated parameters
for the investigation of the spatial conﬁguration of
tensegrity networks composed of interlaced units of
square base, has been developed. Departing from this
approach, a parametric method for generating tensegrity networks that allows for experimentation with
many design variables has also been developed. The
most critical advantage of implementing a parametric design method is that new conﬁgurations can be
generated automatically by changing only the numerical values of certain parameters rather than having to
redesign the entire structure.

Figure 6: Unit-Based Design method

Figure 7: Structure-Based Design method
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Speciﬁcally, for the geometric design of tensegrity
structures, two parametric design methods are
developed which cover most design scenarios during
the initial design phase of a tensegrity structure. The
ﬁrst, named Unit-Based Design, applies to cases in
which the dimensions of a tensegrity unit are given
and the conﬁguration of the structure that results
from a given unit and assembly pattern needs to be
determined (Figure 6).This scenario also applies when
the deployable tensegrity units are to be re-used in
new conﬁgurations.
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The second, named Structure-Based Design, applies to cases where the actual size of the structure
is given and unit dimensions and connection patterns
need to be determined (Fig. 7). This is in essence a
reverse design method that provides more than one
solutions for unit dimensions and overlap lengths. In
addition this method allows for three different ways
of inputting overlapping conditions. These are: a) the
overlap length on the upper or lower bases is deﬁned as a design constraint and thus the dimensions
of the units are determined on this basis, b) the overlap length of the upper base is given as a percentage
of base-cable instead of actual numerical value, c) the
upper base length is ﬁxed and used as a constraint
which determines the overlap of the lower bases. Figures 8 and 9 show diagrams that indicate the steps
involved in the design process of each method. These
steps have been formulated in mathematical expressions and algorithms that apply to both methods and
are presented in a recent publication of the authors
(Liapi and Kim 2004).
2. Features of the Analysis
From an engineering point of view tensegrity
structures are classiﬁed as highly nonlinear structures.
Due to nonlinearity, prestressed or externally loaded
conﬁgurations are typically different from those of
initial geometry. Therefore, their design involves three
distinct stages: 1) initial geometric design, 2) prestress
analysis, and 3) loading analysis.
Accordingly, once the intial geometric conﬁguration of a tensegrity structure is derived by following one
of the two methods described in the previous section,
prestress analysis needs to be performed. For the prestress and loading analyses a non-linear structural analysis program (NONSA0) has been developed (Tassoulas
2003).This program is based on virtual work and a direct
stiffness principle using Newton equilibrium iterations,
and has been adapted, by its author, to address tensegrity structures. The software takes also into account the
method by which collapsible tensegrity units are deployed and tensegrity structures are prestressed during
assembly. Speciﬁcally, the estimated initial geometry of a
tensegrity structure is adjusted through NONSA0 until
a prestressed form is computed by including the initial
elongation of the bars and self-weight of members.

Figure 8: Unit-Based Design: Steps in the process

Figure 9: Structure Based Design: Steps in the process
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After computing the prestressed conﬁguration
of the structure, the NONSA0 is used for the static
load analysis. Similar to the prestress analysis, the static
loads are applied in increments to ensure convergence. The geometric and mechanical characteristics
used for the cables and bars are determinant factors
in the analysis.
The program calculates displacement and internal forces, as well as support reactions of the tensegrity structure subjected to external loads. Among
other output values, the program provides member
dimensions which can be used for the fabrication of
tensegrity units.
Like most analysis programs, this code requires
various input data such as (1) material properties, (2)
element 3D node coordinates, (3) element connectivity, and (4) applied load information. An interface to
easily input data deriving from the initial design stage
and to allow for the addition of all other required data
has also been developed.

Figure 10:Top view of initial geometry of a 30 foot span vaulted
tensegrity structure

Figure 11: Front view of initial geometry of a 30 foot span
vaulted tensegrity structure
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3. Visualization
One of the most important features of the proposed system is its visualization capability. The system
provides a parametric visualization output that enables
the architect, structural engineer, or construction manager to understand the geometry of the structure and
to visually assess the effect several design or material
parameters have on the geometric form and structural behavior of the structure. As discussed earlier, due
to the nonlinear nature of tensegrity structures, the

Table 1. Material properties of component members in
a 30 foot span vaulted tensegrity structure (Liu 2004)
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prestressed shape might be very different from the
initial geometric design. For the structures considered
in this research, the self-stressed or prestressed shape
is achieved by unit bar elongation, which provides tension to all cables. Accordingly, the system allows for
visualizing: a) the initial geometry, b) geometry after
prestress is applied, and c) geometry after both prestress and loading are applied. In addition, the visualization environment also provides the architect and
structural engineer a visual display of: a) stress ﬂow of
the structure under load and its magnitude, b) nodal
displacements and their magnitude (both prestressed
and under load), and c) support reactions including
magnitude and direction.
Figures 10, 11, and 12 indicate respectively the top
view, including support positions, the front view before
prestress, and the view after prestress and loading are
applied on a 30 foot span vaulted structure composed
of 9 units across the radius and 5 units along the vault’s
axis. A table with the component characteristics of the
structure is also indicated (Table 1).
System Applications
The system has made possible the exploration of
several aspects in the design of tensegrity structures
that affect their geometric conﬁguration and their structural performance. As an example, a research study has
indicated that the 30’ span structure shown in ﬁgures
10, 11, and 12 does not perform well in non-symmetric
loading conditions (Fig. 13 and 14) (Liu 2004).
In addition, the system allowed for conducting
studies to determine the effect of prestress on the
shape of the structure. The study has shown that by
increasing prestress, the geometric variance of the
structure decreases (Fig. 15). The study also showed
that, although a low geometric variance may be a desired feature for the structure, from a constructability
point of view, increasing prestress creates problems
during the assembly of the structure because more
manual effort is required. The studies performed conﬁrm the usefulness of the proposed system in evaluating geometric and structural parameters involved in
the design of the prestressed conﬁguration of tensegrity structures, and in making decisions about component member dimensions and material properties.
Conclusions

Figure 12: Front view of a 30 foot span vaulted tensegrity
structure where a) initial geometry, b) geometry after prestress,
and c) loading are indicated

Figure 13: Symmetric load displacement

Figure 14: Non-symmetric load displacement
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Figure 15: Geometric variance visualization for different values
of initial bar elongation

The proposed system supports geometric and
structural design and allows for the generation and
comparison of models of initial geometry and the
geometry of the structure after prestress and loading
are applied. Speciﬁcally, the geometric algorithms that
were presented at a recent publication of the authors
(Liapi and Kim 2004), and which provide models of
initial geometry only, have been integrated with nonlinear analysis to provide the ﬁnal conﬁguration of
tensegrity structures.
In order to facilitate the tensegrity design process,
the proposed system offers an integrative visualization
environment that breaks through the restraint on the
implementation of tensegrity structures in architectural
applications. Speciﬁcally, the system allows the
designer to explore how various structure features,
including geometric parameters, material properties,
loading conditions, and tension applied to cables,
affect the complex synergy of stresses and form ﬁnding
of a tensegrity structure. Generating and visualizing
the effect of such parameters in determining the
ﬁnal shape of a tensegrity structure is obviously of
paramount importance since, in addition to providing
the architect a visualization of the initial and ﬁnal
conﬁguration of the structure, it also provides the
structural engineer visualization and display of stress
ﬂow of the structure under load nodal displacements
as well as support reactions. A signiﬁcant beneﬁt of
the system is that it also provides numerical data
useful in making decisions about the dimensions
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and material properties of all component members
of the structure, as well as in ﬁnalizing the design of
construction details at the nodes.
Examples of the implementation of the features
of the system in the design of a vaulted tensegrity
structure indicate the usefulness of the proposed system. An important advantage the system offers is that
it becomes of use during the entire design/construction process of a tensegrity structure, since it permits
the visualization of alternative conﬁgurations while at
the same time addressing engineering design and fabrication issues.
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