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ABSTRACT

The word tensegrity is a contraction of tensional integrity. [n simple structural terms, tensegrity
systems are self-stressed pin-jointed networks.  Each node receives at least one strut {compression
member) and  three  cables (tension members). Tension members are thus prestressed against
aljoining compression members, This is a pure {orm of lensegrity where only compression and
tension members co-exist to form free-standing structures requiring minimum anchorage sysiem
compared with conventional types ol structures. Double layver tensegrity syslems are mlercsting
because the compression members are relatively shorl. making the network quite rigid and compact.
In the non-prestressed stale, the system could be casily deployed. The present paper reviews limited
research so far conducted at Coventry University on double layer tensegrity networks, [1also
reviews future directions in research into this fascinating field that has yet to be fully explored and
exploited to find proper applications for it in the civil engimeering discipline,
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1. INTRODUCTION

Tensegrity, a contraction for tensional integrity, is a fascmating concept developed by sculptar
Kenneth Snelson [1] [2] (Fig 1) and later patented and explored by Buckminster Fuller [3]. Since
then. these structures did not stop posing mtriguing and interesting questions to mathematicians,
architeets. and  engineers alike. The concept of tensegrity relies on using a suspension of
discontinuous compression, which effectively acts as a stiffening system, in a continuous tension
2yslem.

To date some work has been done with the aim of understanding these structures from gooImetry
point of view bul alse from an engineering vicwpoint (structure and its mechanies), However. the
main problem s to find applications of the system in practical lerms as 1o its suttability in
construction.
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Ower the years, rescarchers have atempted to find a suitable defmition to the svstem. but the
characteristic that is unique to rensegrily is the fact that they are hightweisht self-stressed and self-
supported systems. [t must be stated thar, while the cables are obviously rectilinear, the struts,
hewever, don't have to. they could be rectilinear but they could alsa be curved for example (although
this would introduce bending in the struts because of the eccentric loading). Work undertaken 1o
understand their structural performance has been conducted by Emmerich [4], Motro |5] and 6], and
Hanaor [7] and [8] amoeng others. Howewver, there is still a lot to be achicved before
tensegrity could compete with traditional structures.

(aj (b}

(2) " The needle tower, Kroller Muscum, Holland”™ (Courtesy of Kenneth Snelson)
(b} “Equilateral quivering tower, Osaka, Japan” (Courtesy of Kenneth Snelson)

Figure 1 Examples of tensegrity

some of the problems hindering the use of this fascinating system are:
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fi) large deflections s compared with comventional forms of construction even for relatively small
."L:-arr'.'f:rg.

{ii) difficalty in pre-dewermining with  precision the initial geomeny of the strucinre (dependent on
fie feved of pre-siresy preseny);

{iii} complexity of the fabrication process, tis is exasperated by the difficulny in connecting all the

different efements together without introducing bending forees in the struts (meaintaining pin-
Jointed connections);

fiv congestion of elements especially for large structures (such as_for space enclosing purposes);
absence of adequate soffware and design tools whick again make the use of the svstem a difficulr
task famelvsis world requive lavge-deformation nanerical methods);

v} difficulty of covering the system becanse of the geometry i1 Lerteraies;

i fack of naderstanding of juilure mechanisms for such svstems.

fwit)  there v w dock of knowledge on the failre mechanisms of such systems, maindy as concerns
pragressive failnre. How would the siruciure respand if say one of the cables break or one of the
struds fail?

Therefore. it scems that a lot needs o be done on the structural behaviour side of the subject,
2. NATURAL TENSEGRITY

Tensegrily 15 part many natural processes and is present even in our own human body as noticed by
Levin in his address to  the North American Academy of Manipulative Medecine [9]. Levin noted
how the support system of the spine, and indeed the remainder of the body as well, is a function of
conlinuous tension (museles and htr’tm-,,nrs} and a suspension of discontinuouns [(H'I'I[}JEQSL{JH {the
skeleton). He suggested that the mechanics of the human anatomy could be modelled and analvaed
as a tensegrity system. He even suggested a total rethinking of concepts so far used in biomechanics.

On the other hand, Ingber [10] discovered how living cells use a form of geodesic architecture.
known  as tensegrity. w organise their molecular scaffolds into porous 3D forms that simullaneously
provide high mechanical strength and enhanced Mexibality. [ is also said that the methane molecule,
one of the most basic organic substances, has in iself the physical shape and properties of a
lensegrity structure. Such systems are omnidirectional and are stable in any direction independent of
gravily. [tis becoming increasingly evident that lensegrity when applied (o biological systems could
have many advantages.

3. SOME ANALYSIS AND DESIGN CONSIDERATIONS

Fuller stated that the apparent behaviour of geodesic tensegrity is similar to that of a prneumatic
structure  (Fig 2) [3]. Motro and Raducanu also describe tensegrity as a system of “discrete
preumatic systems™ [11]. OF course the reality s that the behaviour of lensegrity systoms is very
complex, since such systems can undergo very large deformations for quite small loading, The
response of a tensegrity system to loading s function oft
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the magnitude of the Toad

structure configurstion
o rigidity of the individoal components (rods and cables)
o and the level of prestress

The shape of the original structures may change so much even for small loads that such structures
are referred to as kinematcally indeferminate (they are also intermally statically indetermiate
struciures  since cach node would have at least one rod comnected 10 it and thres cables - a
consideration of compatibility requirements is, therefore, required). It is therefore expected thal a
large-displacements analysis approach be adopted in analysing such structures, Since even the tital
geometry is nol knows (since it 15 dependent on the level of pre-stress present in the structure), a
form-finding  procedure will be very difficult 1o carry-out as is the case with membrane and cable
siructures, An iterative procedure could be followed, Alternatively, and thanks to advances in
computer numerical software, it is possible to model and predict the geometry of the initial structure
and o undertake detailed  large-deformation analysis (zeometric non-linearity) for a given loading
arrangement [12]. The displacements at the nodes as well as the forces in the cables and the rods
could also be obtamed with case,

A condition of self-stressing of the network is that the topology at a given nods is such that at
least three cables and one strut meet. In addition the compressive element (strut) should lie in space
within the solid angle defined by the three tensile elements (cables). These conditions are necessary
but not suffcient on their own [5],

In the case of basic tensegrity prisms (see example of wiangular prism, Fig 3). the relationship
between the (minimum) number of tendons requived (T and the number of cables (C)os: © = 3xT

Table 1 Examples of basic tensegrity prisms

Tensegrity No. of tendons No. of cables
prism type required T required C
Triangular 3 b

Square 4 12
Pentagonal 5 15
Hexagonal & 18 :

Obviously, the number of joints is always equal to twice the number of tendons, since in a pure
tensegrity, at each joint, there is only one tendon and at least three cables. There s no obvious
relationship for other tyvpe of tensegrity, such as tensegrity polvhedra. The relationship wendons-
cables would depend on the kind of geometry generated and level of prestress required.

Like in any structural network, at each node the conditions of staue equilibrium and displacement
compatibility must be sausfied. [0 s possihle o determing  the number of possible states of seli
stressing and independent mechanizms by detenmining the rank of the equilibrium matrix for the
network [12]. The use of sophisticated finite element suites may solve many of the problems
associated with both understanding the mechanics of tensegrity and ultimately their design
requirements, Also, it is possible to use work previously undertaken on cable nerwarks [13] and
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extend it 1o tensegrity for the development of theoretical and analytical models.

There iz no doubt that the guestion for the future will not be how 1o analvse such structures bt
rather how o fnd efficient and effective wsage of them as highly visible and functional structures,
like any of the rraditional strectures knowan to mankind. However, it may be argued that these
structures will probably find their application in some non-traditional tvpe of civil engineering

structures. Only time will tell,
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{a) geadesic lensegrity (b) pneumatic madel

Figure 2 Geodesic tensegrity and model as cnvisagzed by Fuller [3]

Figure 3 Triangular tensegrity prism
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4. DOUBLE LAYER TENSEGRITY GRID (DLTG)

The DLTG is a special concepl of tensegrity svstems. Ina DLTG. the bars (struts) are confined
hetween two  paralle] lavers of tendons {Hes), A natural vy of constructing 1XLTG's is by means of
Joining together tensegrily prisms or truncated pyramids. The wrid is ctfectvely made of an outer
and an iner layer of tendons interconnected by struts and additional rendons. Models of double
layer tensegrity domes have already been  built by Burkhardl [ 14], An experimental investigation
{probably  the first of its nature?) on a type of a double-layer tensearity erid supported an & columns
was carried out by Kono e af inJapan [15]. This work showed elear evidence of hysterasis. The
waork s quite promising since it is the first evidence of use vl tensegrily fora proper structure,
Current work at Coventry concentrates on studying double laver lensegriny sysiems and some simple
models have been built (Fig 4) to assist with understanding 1he seometry and mechanics of the
system. This will in turn assist in the preparation of a numerical and analviicnl model.

s PR
R N

(a) compuier model {b) physical model
Figure 4 Grid studied at Coventry Universily

The Formian software [16] is used to generate the grids that can then be transferred to a finjte
clement (FE) software for analysis. The use of FE is a powerful way of in simulating the behaviour
and easing the understanding of tensegrity systems. In turn, the design and construction of tensearity
structures will eventually become a normal routine once fabrication and assembly technology have
become mare capable of dealing with complexitics (especially those resulting from making the
connections) caused by such systems,

The flowchart shown in Figure 5 the process used in researching into tensegrity. Research is still
in its early stages and it s haped that progress will lead to the development of an mtegrated view
encompassing geomelry gene-ration, design, fabrication, and construction.
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Figure 5 Methodology adopted

Typically, the analysis of tensegrity structures consist of two phases:
(i) form finding;
(it} lead analysis of the prestressed geometry.

DLTGs constructed of tensegrity prisms (i.e. flat) do not involve shape finding as the pre-stressed
geometry is defined by the pre-stressed geometry of the individual units [17].

An intermediate analvtical phase, exploring internal mechanisms. state of prestress and the extent
of non-linearity of the prestressed geometry can be introduced in the analysis [18]. Figure 6 shows
the self-stress state of the grid being described.

Research at Coventry  University is still in its early stages and it 15 hoped that progress will lead
to the development of an integrated view encompassing geometry generation, design, fabrication,
and construction.

Figure & Self-siress state in the grid.
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