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ABSTRACT

The paper presents the application of computational tools in
design and analysis of integrally tensioned (tensegrity) structures.
The shaping process of this specific type of spatial structures is
determined by consideration of form-structure interrelation.
Therefore, the sustainable approach to their design implies the
application of tools which could both represent geometry and
simulate their physical behaviour. With respect to this, in the
research we tested the application of computational tool Fasttens
for design of tensegrity structures. Fasttens programme is based
on the computational procedure for non-linear analysis of
tensegrity systems originally developed by Miodrag Nestorovic.
In order to run the original programme written in Turbo Pascal,
we performed emulation, using emulator software DOSBox.
We tested the application of the tool in the design of concrete
tensegrity structure. Presented design and numerical experiment
confirmed the effectiveness of the proposed approach.
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INTRODUCTION

From the first Richard Buckminster Fuller’s ideas,! David Georges Emmerich’s
studies’ and Kenneth Snelson’s sculptures,® integrally tensioned (tensegrity)
systems have attracted attention and gained interest of designers, engineers and
scientists. Lightness, elegance and distinguishable aesthetics of continuously
spatially tensioned meshes broken by separated rods, then the capacity of
creation diverse, complex forms and above all, efficiency and economy aroused
from the less material consumption undoubtedly are the advantages of these
spatial structures. Their morphology that enables simple, typical production of
elements and application of universal production techniques to achieve diverse
configurations was suitable for industrial production.* The age of digital design
and production brought opportunities in terms of innovative design methods and
technologies, mass-customisation in production contributing to diversity and
complexity of designs.’ And smart materials with advanced properties, facilitate
resolution of the problem of collapse, or enable creation of regenerative and
adaptive structures.®

The sustainable way of designing structures for which the principle form
follows force is applied involves the application of form-finding tools that
facilitate shaping through modelling of physical performances. The principle
that implies that shape is determined by force and vice versa is especially
true for axially stressed structures such as tensegrity, a type of discrete spatial
structures stressed both in tension and compression. Form-finding is the process
of ‘finding (optimal) shape that represents (or approximates) the state of the
static equilibrium,’” and according to Haber and Abel (1982) ‘initial equilibrium
problem.” Form-finding is not a random search, but experiment or simulation
based on physical principles set within defined boundary conditions. And in
the case of tensegrity structures, that exhibit geometrically non-linear behavior
and large displacements under loading, it is important to bear in mind that their
prestressed shape and deformation under loading are the results 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 of the structure.

Independently of the applied technique — experiments with physical models
or digital simulations,® the roles of form-finding tools are shape exploration
and structural behavior estimation, implying that they are both conceptual
and analytical devices. With respect to this, these tools should be capable to
simulate physical processes and flexible for design research and fast production
of alternative designs, especially important for the conceptual design. Although
experiments with physical models are still interesting for the explorations in the

9
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initial design phase and for the education, since the last decades of the twentieth
century, due to the developments of CAD (Computer Aided Design) and virtual
modelling techniques, the application of computational tools is dominant.
Computational tools simulate behavior of the physical models, enabling more
sophisticated, precise, efficient, reliable simulations, and flexible interactively
based researches. They also allow far simpler manipulation with the models,
variations of parameters (materials, load cases that have a dominant effect on
shape, boundary conditions, etc.), and their digital outcomes can be directly
used for structural analysis as well as for digital production. The development
of new applications designated for the design, and improvement of the existing
(especially in terms of creation more user-friendly environments), transformed
the position of these tools from a specialised to more available design resources,
contributing to the expended interest of designers for unconventional spatial
structures, including tensegrity.

A number of procedures and tools have been developed for design of tensegrity
structures. Following the works of the 1960s pioneers, the contribution in the
development of tensegrity structures is represented in the various researches.’
Since the 1960s, the researchers are focused on the development of numerical
methods and computational tools. Generally, both geometric stiffness and
dynamic equilibrium methods'® are applicable for form-finding of tensegrity
structures. Many methods were formulated over the past decades based on
dynamic-relaxation, force density,'? kinematic formulation,'* and minimisation
function.' The tools created on the basis of these methods are developed both
in engineering research groups (e.g. force density method, dynamic relaxation)
and in the research group involved in physic based animations or gaming
software (e.g. particle spring). Geometric stiffness methods are developed
from the traditional methods of finite element analysis. They are capable of
precise calculations and independent from material, only the geometric stiffness
is represented in them. An example of application of these methods within
design software is RhinoMembrane (IxRay 2014), a plug-in for Rhinoceros
(Robert McNeel & Associates n.d.), which (from the Version 1.22) implements
a tensegrity form-finding algorithm based on force density method. Dynamic
equilibrium methods (e.g. dynamic relaxation and particle spring) reduce the
problem of dynamic to the problem of static equilibrium, so that the solution
is equivalent to a static equilibrium. An example that explores double layer
tensegrity grids and integrates dynamic relaxation with associative modelling
tools is represented in the work of Gustav Fagerstorm (2009). On the other hand,
form-finding with particle-spring systems is widely used in computer graphics
to produce visually correct interactive animations. The research carried out at
Massachusetts Institute of Technology (MIT) into the sustainability of particle-
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spring systems as design tool has demonstrated their usefulness in finding
the form of tensioned structures in a real-time environment.'* The research of
Tristan D’Estree Sterk and Andrew Payne about tensegrity form-finding with
animation tools represents one example.'® Another example of the tool for form-
finding of tensegrity structures based on particle-spring system is Java Struck
applet developed by Gerald De Jong (1998). The application of this applet
for genereting three-dimensional tensegrity structures from two-dimensional
topologies was conducted by Thomas Seebohm (2008). An example of the tool
for interactive simulation, form-finding, optimisation and constraint solving is
Kangaroo Physics by Daniel Piker (Piker n.d.). Kangaroo Physics is a plug-in
for Grasshopper (Davidson n.d.), graphical editor for Rhinoceros, that consists
of a solver library and a set of Grasshopper components including those for
tensegrity structures.

This paper focuses on the application of computational tool in design and
analysis of tensegrity structures. The previous brief review infers that
calculating the shape of tensegrity structure in digital environment requires
form-finding procedures that can establish ‘a geometry compatible with self-
stress state.”!” Currently, this functionality is not supported within the majority
of conventional CAD software. With respect to this, in this research we tested
the application of computational programme Fasttens created for design of
tensegrity structures. The programme is based on the computational procedure
that enables non-linear analysis of integrally tensioned (tensegtity) structures
developed by Dr Miodrag Nestorovi¢ (1990).The original algorithm was
written in Pascal and used on IBM PC in 1990. For the purpose of this research,
we needed to perform the emulation of the Fasttens programme. Starting
from the hypothesis that the programme should be three-dimensional tool for
research that can be used in conceptual design phase, and that the tool should
find approximate shape and evaluation of the aesthetic, spatial and structural
aspect of the tensegrity structure, we tested the application of the tool in the
design of specific tensegrity structure. The results confirmed the effectiveness
of the proposed approach, benefits of the application of the tool in the design
process, and enabled us to detect advantages, as well as weakneses of the tool
which will be improved through further development.

METHOD AND TOOL

Methods of computational form-finding are numerical procedures that simulate
the physical performance of the system, a numerical verification of the physical
experiments. With respect to this, the method and tool for simulation of tensegrity
structures should be able to represent phenomena of coherence of the forces of

9
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pressure and tension characteristic for these systems. This logic is derived from
the nature. To build natural systems, nature uses equilibrium between tension
and pressure, and the law that elements subjected to pressure are usually heavier
and larger than tensioned components. The previous is necessary because the
components subjected to the tension should be strong enough to withstand
the imposed loads, while the components exposed to the pressure should be
thicker to prevent their buckling as well. In every structural system, there must
be a continuity that allows force flow. In most of the man-made structures,
this continuity is achieved by the components exposed to the pressure, with
the partial inclusion of the tensile components where they cannot be avoided.
In the tensegrity system, the continuity is achieved by a continuous mesh of
tensioned elements, while the elements subjected to pressure are discontinuous.
Or as Fuller defined ‘the system of integrally tensioned (tensegrity) entities
is established by the interaction between discontinuous components exposed
to the pressure and continuous tensile components that form a stable shape in
space.’'® So, the tool for form-finding of tensegrity structures should be able to
simulate tensional integrity or floating compression, as illustratively termed by
Kenneth Snelson. In any case, it is important for the tool to correctly represent
the structural principle behind the structures in which the tensile components
are continuous, and compression components discontinuous. It should be
noted that in the definition, the terms rod and cable (that will be used in the
paper) were not used because the components are not always rods and cables.
For example, tensile membrane could be used for construction in the case of
textegrity or pneumatic (inflated) tubes for compressed elements in the case of
tensairity structures."”

The analogies of the behavior of tensegrity structure and other systems such
as balloons, spider webs, fish webs, etc., could be made. In this respect, Fuller
showed similarity of the shape of tensegrity structures with the balloons and
air-supported structures.?” The air in the balloon is under the higher pressure
in comparison to the air pressure of its surrounding. It presses into the field
opposite to the membrane that is pressing towards the inside. Similarly, in
tensegrity structure made of linear elements, rods push into the field, and cables
towards interior (like balloon membrane). If the air pressure in the balloon
increases, the tensile forces in the membrane increase and it becomes more
difficult to deform the balloon. By increasing the force in the components of
the tensegrity structure made of linear elements, its strength and the resistance
to the external load are also increased. Vibrations are almost always transferred
to the whole balloon. Similar behaviour can be noticed in the most tensegrity
structures made of linear elements. If the tensegrity structure is pressed
downward, it deforms, but it recovers its initial position when the action of the
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forces terminates. It is similar in the case of the balloon. If the pressure is strong
enough, the tensegrity structure collapses, and under the sufficiently strong
impact, the balloon can also be broken. Reverse analogies are also possible.?!
The concept of tensegrity was expended to the field of biology by Donald E.
Ingber (1985), to explain the behavior of the biological systems. The work on
tensegrity led him to investigate the role of mechanical forces in biological
development, and moreover, to propose it as the fundamental design principle
and mechanism that governs how living systems are structured, from individual
molecules and cells to whole tissues, organs and organisms.?

The Procedure for the Analysis
of Tensegrity Structures

The procedure for non-linear analysis of tensegrity structures developed by Dr
Miodrag Nestorovic is explained in Integrally Tensioned (Tensegrity) Structural
Systems I and Il (Integralno zategnuti (Tensegriti) konstruktivni sistemi I i II).
The procedure belongs to dynamic equilibrium methods, and describes the
behavior of tensegrity structures that are extremely nonlinear both in terms of
geometry and stiffness, by iterative algorithm.

The development of the algorithm and its computer implementation required
treatment of several aspects of the problem — topology, linearisation, relaxation
and local equilibrium. The topology describes all relations between the elements
of the system, and resolving this aspect of the problem implied the creation
of relation database generated through the arranged data that are accessed by
indices. This system solution avoids more degrees of nested loops, enabling
direct data access and efficient program implementation. Linearisation of the
problem is realised by the application of the iterative calculation that implies
estimation of the reaction (force) caused by the arbitrary node displacement, and
then its addition to the anterior node force, resulting in new external (residual
force). If the intensity of thus obtained residual force is less than the remaining
external force from the initial configuration, by successive replacements of
the current into the initial configuration, we obtain a smaller residual forces
in nodes, until the moment in which the largest residual force in a node is less
than the technically determined boundary residual force (that cannot affect the
accuracy of the solution in technical terms), which is considered as the end of
the process, and obtained forces and displacements as actual/real values. Instead
of arbitrary node displacement, the application of the displacement obtained by
the linearisation of the local equilibrium conditions the number of the iterations
could be reduced. Considering that the effect of the force in a node is transferred
to its neighbours, and that transferred force performs displacements of these
adjacent nodes in the following iterations causing relaxation of the subject

9
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node, it is obvious that the node will move more than it is calculated from the
conditions of the local equilibrium. Therefore, it is necessary to increase thus
calculated displacement by relaxation factor. The relaxation factor improves
convergence, and theoretically is between 1 and 2; however, in the case of
tensegrity structures, the applied factor should be between 1 and 1.5 — at the
beginning of the process — 1.5 and 1 when approaching the solution. In the
iterative process, some elements can be initially compressed, and then tensioned
or they can remain compressed, which results in the change of geometry, and
therefore, a change in the stiffness. Since it is a local and temporary occurrence,
the local mechanism cannot be solved by the application of the global stiffness
matrix. In the case when there are no inverse stiffness matrices, the node is
locally unstable, i.e. with its environment it represents infinitesimal mechanism.
The analysis uses 3x3 matrices for the equilibrium condition of each node, thus
giving forces in the elements that are connected in the node. Repeating this
procedure with a special infinitesimal mechanism, which allows an element that
cannot be compressed to be only temporary excluded from the action, and to
reactivate when it becomes tensioned again during the iteration.

The Implementation of the Algorithm for
the Analysis of Tensegrity Structures

The algorithm for nonlinear analysis of integrally tensioned systems is
implemented as a Turbo Pascal application Fasttens. The execution protocol
of Fasttens is summarized by the flowchart in Figure 1. Since the programme
was written for the x86 PC architecture computer processor, an emulator which
simulates it is necessary for programme execution. In this research, DOSBox
emulator is used (Figure 2), which emulates an Intel x86 PC, complete with
sound, graphics, mouse, joystick, model, etc.

Before running Fasttens, the following steps are necessary:

— Download the archive which contains Turbo Pascal IDE (Integrated
Development Environment) and unpack it in designated TP folder (for
example c:\tp\). The authors recommend that the Turbo Pascal archive from
the appendix is used since it already contains all the additional libraries
required by the programme.

— In the installation folder, a file named DOSBox version number Options.
bat should be modified so that the following lines are added at the end (if
the TP folder is c:\tp\):

mount d c:\tp\
d:

cd bin

tpx

9
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After running DOSBox, Turbo Pascal IDE is active. The program requires an
option for 8087/80287 numeric processing to be active, which can be found
under Options/Compiler/Numeric processing.

Once loading and running file FASTTENSE.PAS, the user is prompted to select
the name of the model, which must be the same as the name of four input files.
Afterwards, the user can choose between new and old model, where the former
starts a new calculation, and the later option continues previously stopped
calculation. Finally, a relaxation factor is defined, after which the programme
starts calculation in a terminal. The procedure can be halted in any iteration,
and current undistributed force in the system, also the deformation of the
current node can be read. When the system reaches equilibrium, calculation
is finished, and the user is prompted to press a key which closes the terminal.
The described process is illustrated by Figure 3. The parameters in the iterative
process of form-finding of tensegrity structure are relaxation factor and relative
prestress force.

DESIGN EXAMPLE

The design task was to propose innovative design for chair, unconventional in

terms of form, structure, material and design search process. Chair design has

always been challenging for designers and architects. Two main objectives of

this design experiment were:

— to test of the design approach that implies inclusion of data on structural
performances in design process and

— to test the application of the developed computational tool in the design
context.

Figure 4. Tensegrity chair designed by Nebojsa Vortovsek at the Spatial Structures course
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The design process included the following steps literature review, anthropometric
study with the focus on control of dynamic movements and position of the human
figure using the usual anthropometric units. Design development was based on
the approach proposed by David Georges Emmerich (1972), who hierarchically
divided the creation process into five phases: 1) morphological (imaginary), 2)
metric (dimensional), 3) mechanical (stabilisation), 4) physical (calculative),
and 5) technological (performative). According to Emmerich, this division is
analogous to the evolution of our ability of spatial perception. Following this
line of thoughts, formally complex but optimal design solution, illustrated in
Figure 4, emerged in synthetic design process characterised by interaction of
form, structure and material. Distinctive aesthetical effect was accomplished
using tensegrity structure as a support of anatomically designed chair seat. The
result is rational, light structure that uses minimum of material and reveals
underlying structural principles. Elegant but expressive chair design imposed
importance of the issues of structure and materialisation. Regarding that, the
approach which included the application of computational tools ensured an
efficient design. This experiment indicates the potential of involving different
technologies in the design process, and that the development of new product
should be synthetic process with equal consideration of all design aspects —
form, functionality, structure, materialisation and production technology.

®
s

wly
-
°
|

Figure 5. Truncated tetrahedron Figure 6. Geometry of the tensegrity structure that supports the
and truncated tetrahedron tensegrity ~ chair seat — truncated tetrahedron and its spatial coordinates
structure
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Genesis of Tensegrity Structure

The geometry of the tensegrity chair support was generated starting from the
platonic polyhedron, truncated tetrahedron given in Figure 5. The geometric
model serves as the best check for the calculation of the longitudinal relations,
angles, determination of interaction between the rods and treads, and node
geometry. The computer analysis began with the establishment of the
dependence of the geometric coordinates of the spatial system on the length
of the edge of the tetrahedron which triangular base ABC lies in the horizontal
plane. The vertices are marked with numbers A, B, C and D, the length of the
edge of the tetrahedron is @, and the chosen coordinate start O is in point A.

The vertices obtained by trimming are marked with the latter of the trimmed
vertices and index number. By the simple calculation, we can obtain information
on the coordinate dependence illustrated in Figure 6. The analysis of the
spatial node implied an analysis of the angles that cover the axial directions
of the structural elements in a single node of structure, having in mind that in
Platonic polyhedral all nodes are equal. The starting assumption was that the
materialisation of the nodes will be by spherical elements, which is common
solution in the case of discrete spatial structures.

Angles in the node B,
<A B,B,=<A BB =120°
<B,B,B,=60°
<C,B,B=63,435°=a
<C,B,B,=47,780°=b
<C,B,A=77,079°=¢

P=0.25k!

h=37.27cm

Figure 7. The model of the tensegrity structure Figure 8. The static scheme of the tensegrity
that supports the chair seat structure that supports the chair seat
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If the side of the tetrahedron is AB=AC=AD=BC=CD=a, then we have 18
tensioned cables A A=A A=A B=A A=AD=AC=BB=BB=BC=B,
B,=B,D,=C C,=C C=CC,=CD,=D D,=D D,=D,D.=a/3, and 6 compressed

2 173
rods A D,=A,C,=A,B,=B.C,=C D,=a/3\5.

The Analysis of Tensegrity Structure

In design proposal, triangular face of truncated tetrahedron is used as lower
basis of the structure, and on the upper hexagonal face seat is placed (Figure 7).
As described model of the spatial structure is composed of 24 linear elements, of
which 18 tensioned cable elements are 18.5 cm, and 6 compressed rod elements
are 46.3 cm. Linear elements are connected with 12 nodes. The structure is
supported in three node points (vertices of lower basis), and loaded in six node
points (vertices of the upper basis) with the concentrated forces of P=0.25kN.
Static scheme of the analysed tensegrity structure is given in the Figure 8. In
the next steps form-finding of the equilibrium structure was conducted, and
displacements of the initial geometries were calculated.

The analysis was also done for the structure which has the same geometry, with
the difference that the hexagonal face was used as lower basis, i.e. the structure
was supported in six node points, and vertical load of equal magnitude was
distributed and applied in the node points of triangular face.

Results and Discussion

The results of the analysis of spatial structures done by Fasttens are presented
in Figure 9.

It can be noted that the structure supported in six points has better structural
performances. However, the aesthetics of this structure was unacceptable.
This brings us to the problem that it is not always easy to apply the results of
simulations and form-finding in design. Although simulations represent very
direct way to find form, which by its nature passed through the process of
optimisation, design solution cannot be seen only in relation to structural design
factors, but other design aspects must be included. Readiness to compromise
and to adapt the condition of simulation setting to complex design conditions
in order to realise a good solution in every sense is important for this approach.
And the synthetic approach to design is tendency which insists on a concept
of object as organic whole created by balancing diverse requirements, through
complex interaction of form, function, structure and material. The essential
feature of this approach is rationality, conducted by the search of solution that
can meet the maximum requirements. Considering that, the choice of tensegrity

9
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Figure 9. Results of the analysis of the tensegrity structure
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structure was done in the way that best fits all conditions and achieves harmony
with all design aspects, and the design took several iterations until technical
and aesthetical requirements were finally satisfied. It should be pointed that
possibility of diagnostics of structural performance of the design offers
opportunities in terms of efficiency and economy of the proposed solution.
Respectively, working in common framework is quite attractive.

In designing tensegrity structures, the inclusive approach of shaping and
analysis is essential, since aesthetical and mechanical decisions cannot be
separated. To enable fully integrated cross-disciplinary investigation between
architecture and engineering teams, additional software components are needed.
These programme components should augment standard computational design
environments by assigning the physical (material) attributes to the geometric
substrate, i.e. they must address material properties (elasticity), gravity (self-
weight), external loads, geometric constraints between elements and user-
defined boundary constraints. With respect to this, Fasttens programme applied
in this research supports design exploration of complex tensegrity structures. It
enables structural evaluation and handles large numbers of elements. Although
Fasttens is not adequate full design and engineering resolution, it is an example
of a programme that extends computation beyond the inert representation realm
characteristic of standard CAD tools. Fasttens is introduced here as an example
ofthe type of design tool necessary to explore statically indeterminate structures.
The tool facilitates the testing of the design solution, the comprehension of its
behaviour/performance due to the applied loads, and stress and strain estimation
in the iterative process. The application of this tool facilitates the use of structural
logic to tune a form towards an ‘optimal’ solution. This approach to design not
only initiates early stage interdisciplinary collaboration but also helps to bridge
the divide between architectural design conception and construction.

CONCLUSION

Computational form-finding tools that simulate the behaviour of the equilibrium
physical models,are useful vehicles for design explorations of structural forms,
visualisation, and mediums of the communication between architects and
engineers in the collaborative design of tensegrity structures. Currently, the role
of these tools in design process changed from problem-solvers to stimulating,
interactive design tools for form-improvement or form-exploration. Since they
replicate real physical situations, provide insight and facilitate understanding
of the mechanical principles underlying behaviour of the real structures,
the application of these tools enables architects to directly participate in the
shaping of the structural forms. This kind of connection between structural and

9

Computational Design And Analysis Of Tensegrity Structures

Jelena Milosevi¢, Porde Nedeljkovi¢

—
~



15

S AJ _ 2017

9

visual researches through this medium have advantage in comparison to the
conventional design approach, because these simulations have real character,
introduce physical behavior, and demonstrate structural weaknesses and
advantages of the designs.

Despite the impression left by simulation tools, the challenge is to apply them
actively in the process of form conception and articulation. In that way, optimal
and aesthetically satisfactory design solutions could be obtained. Although
Fasttens can simulate the behavior of tensegrity structures, at this stage of
development it is cumbersome and inadequate for comprehensive design
exploration. The process is deterministic and produces a single optimal solution
to a given set of constraints. To comprehensively explore the architectural
potential of tensegrity structures, a computational method is needed where
global geometry can be transformed in real-time by manipulating the properties
of local connections between and within modules. Furthermore, structural
feedback is needed to determine which parts of structure are in compression
and tension, and to communicate where a given assembly conforms to a state
of tension integrity. The designers in the early stage of design process need
more intuitive, interactive, flexible tool that should facilitate fast production and
evaluation of variant solutions. Though promising, there is a need to develop
this tool further before it is directly useful for design application. Full potential
of this software could be realised by the development of bidirectional link
with standard CAD software, or its implementation as plug-in. In this way the
advantages of CAD, especially parametric modelling environment (familiar to
designers) could be extended with physical simulations necessary in the case
of designing structures characterised by the complex synergy of stresses and
form-finding.
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