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Abstract. In the present paper a novel cellular metamaterial based on a 
tensegrity pattern is presented. The material is constructed from supercells, 
each of which consists of eight 4-strut simplex modules. The proposed 
metamaterial exhibits some unusual properties. It is possible to control its 
mechanical characteristics by adjusting the level of self-stress or by 
changing the properties of structural members. A discrete model is 
introduced to identify the properties of the considered metamaterial and to 
estimate how the applied self-stress and the characteristics of cables and 
struts affect the whole structure. The performed analyses is an attempt to 
the future design of tensegrity lattices which can be recognised as a 
metamaterial for engineering applications.  

1 Introduction  

Metamaterials are usually defined as man-designed and man-made, not observed in nature, 
composite structures with unusual or non-typical properties [1-3]. Features of metamaterials 
are determined mainly by morphology of the structure in the scale bigger than molecular, 
and in smaller degree by chemical or phase composition. This area has been under 
considerable and important scientific research in recent years. Many state-of the-art 
applications refer to electromagnetic waves and phenomena [4-6], solar photovoltaic cells 
and panels [7,8],  energy absorption, including seismic [9] and acoustic waves [10,11] and 
mechanical metamaterials [12-16] (for example with unusual dynamic properties, negative 
Poisson’s ratio, non-typical modulus of extension and volumetric changes, ultra-light and 
ultra-stiff materials). In the context of various definitions [17], the metamaterial is more 
close the term smart structure then smart material. 

Standard engineering materials when compressed along a particular direction are most 
commonly observed to expand in the directions orthogonal to the applied load. This 
property is measured by a Poisson’s ratio, which is a good example to characterize the 
mechanical metamaterial. Positive Poisson’s ratio in the range of 0.0 to 0.5 is observed for 
the majority of engineering materials, which means it is a typical material property. 
However, theory of elasticity permits negative values and for anisotropic materials also the 
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coefficients bigger then 0.5. Negative Poisson’s ratios are not observed in nature and this is 
why metamaterials with such a property are being looked for.  

An interesting type of structures which allow to build materials with negative 
Poisson’s ratios are tensegrities [18,19]. For the purpose of this paper, a tensegrity structure 
is defined as a pin-jointed system with a particular configuration of cables and struts that 
form a statically indeterminate structure in a stable equilibrium. Tensegrities consist of a 
discontinuous set of compressed elements inside a continuous net of tensioned members, 
which have no compressive stiffness. To major advantages of tensegrity systems belong: 
large stiffness-to-mass ratio, deployability, reliability and controllability [17].  

The properties of tensegrity metamaterials within the continuum mechanics model 
were recently analyzed in [20]. The objective of the present paper is to develop a 
metamaterial based on the 4-strut simplex tensegrity module within discrete model. Its 
mechanical characteristics can be controlled with the self-stress state and cable to strut 
properties ratio, including positive or negative values of Poisson’s ratio.  

2 Tensegrity lattice   
The aim of this paper is study behaviour of structure stabilized by cables tension. To do this 
infinitesimal mechanisms and self-stress states should be determined and next the influence 
of the level of self-stress on displacements should be analysed. Identification infinitesimal 
mechanisms and a self-stresses in structures is possible by using the second order theory. In 
order to take account the effect of additional compression the third order theory should be 
used. 

2.1 Unit cell and metamaterial 

The proposed metamaterial is based on one of the best known tensegrity modules – a 4-strut 
simplex (Figure 1). As all typical tensegrity structures, it is a pin-jointed system consisting 
of isolated compressed elements (four struts) inside a continuous net of tensioned members 
(twelve cables) [18-19]. The 4-strut simplex module is obtained from a regular prism by 
rotating one of its bases 135 degrees clockwise or counter clockwise. 

 

Fig. 1. Geometry of a unit cell – a 4-strut simplex module. 

One of the unique features of tensegrities are infinitesimal mechanisms that are 
balanced with self-stress states [18-19]. The considered simplex module has one 
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One of the unique features of tensegrities are infinitesimal mechanisms that are 
balanced with self-stress states [18-19]. The considered simplex module has one 

infinitesimal mechanism (Figure 2a) and one corresponding self-stress state (Figure 2b) – 
self-stress is expressed by the relative forces in struts and cables with a multiplier S0.  

a)  b)   

Fig. 2. 4-strut simplex: (a) Infinitesimal mechanism; (b) Self-stress state. 

Simplex tensegrity modules described above can be arranged in different patterns to form a 
material with certain properties. Depending on the type of the module used (with the basis 
rotated clockwise or counter clockwise) and the way in which the modules are connected, a 
material with different mechanical characteristics can be obtained. In the present paper a 
material with orthotropic properties is proposed, as it exhibits some special features such as 
a zero or even negative Poisson’s ratio.  
Following this reasoning, an eight-module supercell (Figure 3a), built from two four-
module layers, was considered. The upper layer of the system was created by putting the 
four-module layer upside-down and connecting it with the bottom layer through common 
cables. Metamaterial based on the proposed sequence of modules is presented in Figure 3b. 

a)  
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b)   

Fig. 3. Geometry of an eight-module supercell (a) and metamaterial (b). 

2.2 Mathematical formulation – finite element method  

The equilibrium equation for geometrically nonlinear model (third order theory) is 
presented in the form: 

  PqKKK  II
NL

I
NLL        (1) 

where q is displacement vector and P is the load vector, LK is the linear stiffness matrix 
and I

NLK  is the pre-stress stiffness matrix called the geometric stiffness matrix and II
NLK  is 

the initial strain matrix [21,22]. For truss structures the linear stiffness matrix can be write 
as: 

EBBK T
L         (2) 

where B is the compatibility matrix and E is the elasticity matrix [23].  
As it is developed in [24] the geometric stiffness matrix can be also expressed in algebraic 
form: 

I T
NL K C SC        (3) 

where C is the rotation matrix and S is a diagonal matrix of self-stress forces.  
 
Based on singular value decomposition of compatibility matrix B infinitesimal mechanisms 
and self-stress states are identified [25]. Next the pre-stress stiffness matrix depended on 
the self-stress state is calculated and spectral analysis taking into account this matrix is 
used. Geometric non-linear analysis, including the initial strain matrix, is made using the 
Sofistik software.  
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b)   

Fig. 3. Geometry of an eight-module supercell (a) and metamaterial (b). 
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and self-stress states are identified [25]. Next the pre-stress stiffness matrix depended on 
the self-stress state is calculated and spectral analysis taking into account this matrix is 
used. Geometric non-linear analysis, including the initial strain matrix, is made using the 
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3 Results of the analysis 

The eight-module supercell is analysed as an introduction to the study of mechanical 
properties of the proposed metamaterial. The supercell of the dimensions 4 4 ( 1 )a a a m   
is expanded by an uniformly distributed pressure 22.5 /q kN m  transformed to the nodes 
(with the forces 20.5P qa ) as it is shown in Figure 4. Boundary conditions are applied to 
avoid rigid body motions. The following data are selected: strut cross-section 

20.0726sA m , strut and cable Young modulus 600sE GPa . The parametric study can 
be done for the ceble to strut ratio /c c s sk E A E A  and the self-stress ratio 0 / s sS E A  . 

 
Fig. 4. Tensegrity metamaterial with load (P),  boundary conditions and selected displacements

1 ,
2

,
3  . 

The results presented below are selected to show the influence of the parameter k for the 
level of displacements in the direction perpendicular to the pressure applied (displacements 

, 1,2,3i i   in Figure 4). Second- and third-order theory provide to  nearly identical results 

for the selected sequence of the modules.  
An example of results obtained for the parameters 0.1, 0.1k    are presented in Figure 5. 
Figure 6 gives a comparison of three displacements on the planes perpendicular to load 
direction. The values decrease if the parameter k increase (if the cables are more stiff). The 
most interesting is the curve for the displacement 3       in the middle of the wall. The 

value is positive for small k, then is close to zero and finally is negative. It means that 
negative value of the Poisson’s ratio can be designed for the analysed metamaterial.  
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a)   

b)  

Fig. 5. Horizontal displacements in two directions: following the load (a), perpendicular the load (b), 
for 0.1, 0.1k   . 
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a)   

b)  

Fig. 5. Horizontal displacements in two directions: following the load (a), perpendicular the load (b), 
for 0.1, 0.1k   . 

 

Fig. 6. Relation between selected displacements and the stiffness of cable to the stiffness of struts 
ratio (k) – obtained for 3/ 10000s sE A qa  . 

4 Conclusions 

The present paper focuses on the development and analysis of a novel cellular metamaterial 
based on the simplex tensegrity pattern. The proposed material is constructed from 
supercells, each of which consists of eight 4-strut simplex modules. Using a discrete model 
an eight-module supercell is analysed.  
The proposed unit cell is an anisotropic structure. However, it can be arranged in such a 
way that that the material based on the simplex tensegrity pattern exhibits orthotropic 
properties. Such a material is considered in this paper. The developed metamaterial has 
some unusual properties, which are typical for smart structures. It is possible to control its 
mechanical characteristics by adjusting the level of self-stress or by changing the properties 
of structural members.  
One of the most important features of the proposed cellular metamaterial is a unique 
behaviour of some of its Poisson’s ratios. Depending on the applied control parameters they 
can be positive, zero or even negative. It is possible due to the occurrence of infinitesimal 
mechanisms balanced with self-stress states.  
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