
Proceedings of the IASS 2024 Symposium  

Redefining the Art of Structural Design 

August 26-30, 2024, Zurich Switzerland 

Philippe Block, Giulia Boller, Catherine DeWolf,  

Jacqueline Pauli, Walter Kaufmann (eds.) 

 
 

 

 

Copyright © 2024 by < Zhaojun Liu, Xian Xu, Meijia Wang, Ruhe Mei> 

Published by the International Association for Shell and Spatial Structures (IASS) with permission. 

 

Impact resistance of six-strut tensegrity 

Zhaojun Liu, Xian Xu*, Meijia Wang, Ruhe Mei 

Space Structures Research Center, College of Civil Engineering and Architecture, Zhejiang University, 866 

Yuhangtang Road, Hangzhou, Zhejiang 310058, China 

Key Laboratory for Space Structures of Zhejiang Province , 866 Yuhangtang Road, Hangzhou, Zhejiang 310058, 

China 

Innovatgion Center of Yangtze River Delta, Zhejiang University, 828 Zhongxing Road, Jiashan County, Jiaxing, 

Zhejiang 314100, China 

xianxu@zju.edu.cn 

Abstract 

Tensegrity is a special structural system consisting of struts and tendons. The system possesses 

remarkable deformability, rendering it suitable as a foundational framework for soft robots. The impact 

resistance of tensegrity-based robots is a critical property when they are used in extraterrestrial and 

disaster rescue scenarios. In this paper, a dynamic model of a six-strut tensegrity with a center payload 

is developed and the finite element method is used to simulate the dynamic behavior of the tensegrity 

free-falling from a given height to a rigid ground. The center payload of the system is assumed to be 

contained by a cubic box which is connected to the tensegrity by 24 tendons. To ensure the safety of the 

system, it is required that all the structural components including the tendons, struts, and the cubic box 

do not yield or buckle. Various properties of members, such as stiffness of tendons, prestress, cross-

sectional area, length and material of struts, are examined to assess their influence on the maximum 

allowable free-falling height achievable by the six-strut tensegrity. It is found that using struts with high 

stiffness-to-density ratio and tendons with high stiffness can enhance the impact resistance. Furthermore, 

it is observed that, within a specific range, increasing the size of the tensegrity can enhance its impact 

resistance. 
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1. Introduction 

The word ‘Tensegrity’ is used to describe a special structural system consisting of compression elements 

(struts) and tension elements (tendons)[1]. By definition, all the one-dimensional structural members of 

the system are axially loaded[2]. Thus, the shape of the tensegrity system is closely related to the 

prestress in the members. This unique property gives it many advantages such as scalability, high 

payload-to-mass ratio, and robustness[3], which renders it suitable as a skeleton of some engineering 

platforms, such as smart structures[4], deployable structures[5], and robots[6]. 

Much attention has been paid to tensegrity robots due to their remarkable deformability and efficiency 

recently. Many researchers focus on locomoting control of tensegrity robots for the exploration of 

extraterrestrial and disaster rescue scenarios. For example, Paul et al. designed a three-strut tensegrity 

robot that realized crawling gaits by using servomotors to drive tendons[7]. In [8], a small tensegrity 

robot that moved simply by using motors to vibrate it at specific frequencies was designed. NASA and 

the Agogino team proposed several types of spherical tensegrity robots to achieve rolling motions by 

driving tendons[9]-[12]. Zheng et al. presented a strut-actuated tensegrity robot to realize rolling 

motion[13].  



Proceedings of the IASS Symposium 2024 

Redefining the Art of Structural Design 
 

 

 2 

 

Tensegrity robots have the ability to distribute forces in the members globally by changing systems’ 

shape when they are subjected to unexpected impact forces. This feature makes them well-suited for a 

robust platform to explore complex environments, such as extraterrestrial11 and disaster rescue12 

scenarios. Then, some researchers began to pay attention to the response of the tensegrity system during 

the landing impact. Rimoli used a discrete model to perform virtual drop tests on a tensegrity planetary 

lander considering the post-buckling behavior of tensegrity members[14], [15]. Zhang performed lots of 

drop experiments of the tensegrity lander prototypes to study the effect on the acceleration of payload 

under different designs of prototypes[16]. Wang et al. investigated the dynamic behavior of a DHT 

tensegrity lander during impact, using the finite element method for nonlinear tensegrity dynamics and 

ground dynamics[17]. However, these studies focus more on the effect of structural parameters on the 

maximum acceleration of the payload due to the work scene of the system, and the collision between 

struts and payload was not considered due to the payload was simplified as a node with mass. In this 

study, according to the failure criteria of the structural components, various properties of members are 

examined to assess their influence on the maximum allowable free-falling height achievable by the six-

strut tensegrity.  

This paper is organized as follows. Section 2 describes a dynamic model of a six-strut tensegrity with a 

center payload and introduces the simulation of the dynamic behavior of the tensegrity free-falling from 

a given height to a rigid ground. Section 3 gives simulation results of the tensegrity dynamics behavior 

with different tendons stiffness, prestress, struts cross-sectional area, struts length, and struts material. 

At last, Section 4 concludes the paper.  

2. Modelling of a six-strut tensegrity with a center payload 

2.1. Control equation on tensegrity dynamic 

The control equation on tensegrity dynamic can be described as 

 𝐌�̈� + 𝐃�̇� + 𝐊𝐔 = 𝐅 (1) 

where 𝐌, D, K are mass, damping, and stiffness matrices of the structure respectively; 𝐔, �̈� are nodal 

coordinates matrices of the structure; F are external forces on the structure nodes. 

By the centered finite difference form, the nodal velocity can be approximated as  

 �̇�𝑡 =
�̇�𝑡+𝛥𝑡 2⁄ −�̇�𝑡−𝛥𝑡 2⁄

2
 (2) 

the nodal acceleration can be approximated as 

 �̈�𝑡 =
�̇�𝑡+𝛥𝑡 2⁄ −�̇�𝑡−𝛥𝑡 2⁄

∆𝑡
 (3) 

Substituting Eq. (2) and Eq. (3) into Eq. (1) yields 

 

 �̇�𝑡+∆𝑡/2 = �̇�𝑡−∆𝑡 2⁄ (
𝑴

∆𝒕
−
𝑫

𝟐
𝑴

∆𝒕
+
𝑫

𝟐

) + (
𝐅𝑡−𝐊𝐔𝑡

𝑴

∆𝒕
+
𝑫

𝟐

) (4) 

Hence, the nodal coordinate can be expressed as 

 𝐔𝑡+∆𝑡 = 𝐔𝑡 + �̇�𝑡+∆𝑡/2∆𝑡 (5) 

2.2. Simulation model 

For a six-strut tensegrity with a center payload, the system has 6 struts, 24 tendons, and a payload. The 

six struts are divided into three pairs, and the struts in each pair are parallel to each other. The center 

payload of the system is assumed to be contained by a cubic box which is connected to the tensegrity by 

24 tendons. Here, the ANSYS 17.0 LS-DYNA Module is used to simulate the tensegrity structures under 

different impact conditions. The simulation uses explicit 3-D beam elements (BEAM161) for the struts, 

tension-only cables (LINK167) for the tendons, and 3-D shell elements (SHELL163) for the payload 
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(Fig. 1). The properties of the structural members are given in Table 1. The weight of the payload is 

0.1276g. Note that the cross-sectional shape of the strut is circular. Due to the size of the center payload, 

the collision between the strut and payload may occur during the free-falling of the system from a given 

height to a rigid ground. Thus, each strut is divided into 20 beam elements to get more accurate collision 

processes.  

In addition to the structural properties, motion conditions and gravitational acceleration are also 

considered as the necessary constants and variables. The outside surfaces of the six-strut tensegrity are 

divided into two types: closed triangle (TC) and open triangle (TO). A TC has three tendon edges, and 

a TO has two tendon edges. The TC face ground has the strongest deformation ability due to the structure 

being most readily compressed in this orientation, thus in this paper, the TC face orientation is 

considered only. The damping coefficient of the structure is set as 0.01. The gravitational acceleration 

is set as 9.8 m/s and the coefficient of friction of rigidwall is 0.5. 

 

Figure 1: The simulation model of the six-strut tensegrity with a center payload 

Table 1: Properties of members 

Properties Strut Tendon Payload 

Initial Length (m) 0.20 0.06 - 

Young’s Modulus (GPa) 70 - 2.5 

Stiffness (N/m) - 150 - 

Density (kg/m3) 2700 - 3753 

Diameter (m) 0.006 0.003 - 

 

To ensure the safety of the system, it is required that all the structural components including the tendons, 

struts, and the cubic box do not yield or buckle. The failure criteria of the structural components can be 

defined as four types:  

(1) The force of tendons reaches the limit of pulling force. In this paper, the tendons use a type of elastic 

rope whose maximum draw ratio is 2.3, so the limit of pulling force 𝐹𝑚𝑎𝑥
𝑡  can be calculated by  

 𝐹𝑚𝑎𝑥
𝑡 = 2.3 × 𝐿𝑡 × 𝐾𝑡 (6) 

where 𝐿𝑡 and 𝐾𝑡 are the initial length and stiffness of tendons respectively. 

(2) The struts buckle when their forces reach Euler's critical load. Euler's critical load of struts 𝐹𝑚𝑎𝑥
𝑠  can 

be given by  

 𝐹𝑚𝑎𝑥
𝑠 =

𝜋2𝐸𝑠𝐼𝑠

𝐿𝑠
2  (7) 

where 𝐸𝑠 is Young’s Modulus of material of struts, 𝐼𝑠 and 𝐿𝑠 are minimum moment of inertia and length 

of struts respectively. 

(3) The struts yield when their stresses reach yield strength, that is 𝜎𝑠 ≤ 𝜎𝑠𝑠, where 𝜎𝑠 and 𝜎𝑠𝑠 are stress 

of the strut and yield stress of the material of the strut respectively.  
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(4) The payload yield when their stresses reach yield strength, that is 𝜎𝑝 ≤ 𝜎𝑠𝑝, where  𝜎𝑝 and 𝜎𝑠𝑝 are 

stress of payload and yield stress of the material of the payload respectively.  

3. Simulation results 

3.1. Dynamic behavior during impact 

The simulation of the dynamic behavior of the tensegrity free-falling from a given height to a rigid 

ground has several key moments. Fig. 2 shows the impact motion of tensegrity when impacting on a TC 

face with no random rotations during free-falling. After free-falling (Fig. 2a), the structure deforms and 

begins to compress towards the ground (Fig. 2b). During deformation, the payload contacts the strut 

(Fig. 2c) and the ground (Fig. 2d). Then the structure begins returning to its equilibrium state (Fig. 2e) 

and leaves the ground (Fig. 2f). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 2: Dynamic behavior of the tensegrity for a 1 m free-falling in simulation model 

3.2. Structural parameter analysis 

In this section, various structural parameters (stiffness of tendons, prestress, cross-sectional area, length, 

and material of struts) are examined to assess their influence on the maximum allowable free-falling 

height achievable by the six-strut tensegrity with a center payload. According to the failure criteria of 

the structural components mentioned in Section 2, simulation results are shown below. 
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3.2.1. Stiffness of tendons 

In this part, different stiffness of tendons is defined to study the effect on the maximum allowable free-

falling height achievable by the system. The prestress of the system, length, cross-sectional area, and 

material of struts are set as same as those listed in Table 1. As shown in Fig. 3, the maximum allowable 

free-falling height of the system increases by improving the stiffness of tendons below 600 N/m, and it 

stay similar when the stiffness of tendons increases above 600 N/m. When the stiffness of tendons is set 

between 150 N/m and 1200 N/m, the buckling of the struts is the failure form of the structure. It is clear 

that increasing the stiffness of tendons can improve the impact resistance of tensegrity structure to a 

certain extent. 

 

Figure 3: Influence of stiffness of tendons on the maximum allowable free-falling height 

3.2.2. Prestress 

Here, the influence of prestress in the members on the maximum allowable free-falling height is 

examined. The stiffness of the tendons is set as 600 N/m, and other properties of members are identical 

to those listed in Table 1. As shown in Fig. 4, the maximum allowable free-falling height of the system 

stay equal when the prestress in the members increases below 40.0N. It’s worth noting that the buckling 

of the struts is the failure form of the structure when the prestress is set below 40.0N, but the yielding of 

tendons becomes the failure form of the structure when the prestress is set as 50.0N, and the maximum 

allowable free-falling height can’t be worked out. That’s because the prestress in tendons is too close to 

the limit of pulling force, the system can’t survive after landing. This indicates that the change in 

prestress of the tendons has little effect on the impact resistance performance of the structure when 

ensuring its normal operation. 
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Figure 4: Influence of prestress in tendons on the maximum allowable free-falling height 

3.2.3. Cross-sectional area of struts 

In this part, to change the cross-sectional area of struts, various diameters of struts are chosen to simulate. 

The stiffness of the tendons is set as 600 N/m, and other properties of members are set as same as those 

listed in Table 1. As shown in Fig. 5, it can be seen that the maximum allowable free-falling height of 

the system decreases when the cross-sectional area of struts increases. When the diameter of struts is 

0.006m or 0.008m, the buckling of the struts is the failure form of the structure, and it becomes the 

yielding of the cubic box when the diameter of struts is 0.010m or 0.012m. This phenomenon can be 

attributed to the fact that with an increase in the diameter of struts, Euler's critical load of struts increases 

and the struts buckle more difficultly, but the collision between the struts and the payload is stronger, 

resulting in the yielding of the cubic box. 

 

Figure 5: Influence of cross-sectional area of struts on the maximum allowable free-falling height 

3.2.4. Length of struts 

Different lengths of struts are used to change the size of the tensegrity system. The stiffness of the 

tendons and the diameter of struts are set as 600 N/m and 0.010m respectively, and other properties of 

members are identical to those listed in Table 1. As shown in Fig. 6, when the length of struts is defined 

between 0.2m and 0.5m, the maximum allowable free-falling height of the system decreases by 

enlarging the size of the tensegrity. When the length of struts is 0.2m, the failure form of structure is the 
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yielding of the cubic box, and when the length of struts is 0.3m, it becomes the yielding of the cubic box 

and the buckling of the struts. Besides, when the length of struts becomes more than 0.4m, the failure 

form of structure is that struts buckle which can be understood easily through Eq. (7). This means that 

as the length of the struts increases, the collision between the struts and the payload weakens, but the 

buckling of the struts occurs more easily, resulting in a weaker impact resistance of the structure.  

 

Figure 6: Influence of length of struts on the maximum allowable free-falling height 

3.2.5. Material of struts 

Since each material has a unique Young’s modulus and density, different materials are used for struts. 

The stiffness of the tendons, the length of struts, and the diameter of struts are set as 600 N/m, 0.4m, and 

0.010m, respectively, and other properties of members are identical to those listed in Table 1. The 

simulation results are listed in Table 6. It is found that material of struts shows a largest influence on 

maximum allowable free-falling height of the structure comparing to above parameters. In this study, 

specific modulus, which is defined as elastic modulus per unit density, is introduced to compare the 

influence of different materials on the maximum allowable free-falling height of the system. As shown 

in Fig. 7, it can be seen that maximum allowable free-falling height of the structure roughly increases 

when specific modulus of material increases. Besides, struts with low specific modulus buckle more 

easily during impact. 

Table 2: Influence of material of struts on the maximum allowable free-falling height 

material of 

struts 

Young’s 

modulus (Pa) 

Density 

(kg/m3) 

mass of 

struts 

(kg) 

Limit force 

of struts 

(N) 

Maximum allowable 

free-falling height (m) 

Failure form of 

structure  

Aluminum 

alloy 
7.00E+10 2700 0.023  2119.57  0.5 struts buckle 

Titanium 1.05E+11 4510 0.038  3179.35  0.6 struts buckle 

steel 2.07E+11 7800 0.066  6267.87  0.7 struts buckle 

UHMWPE 1.20E+11 970 0.008  3633.55  3.0 

the cubic box 

yield and struts 

buckle 

Carbon 2.30E+11 1760 0.015  6964.30  2.6 
the cubic box 

yield 
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Figure 7: Influence of material of struts on the maximum allowable free-falling height 

4. Conclusion 

This paper introduces a dynamic model of a six-strut tensegrity system with a center payload and uses 

the finite element method to simulate the free-falling of the tensegrity from a given height to a rigid 

ground. The simulation results demonstrate that: (1) Impact resistance of the tensegrity structure is 

enhanced by choosing struts with high stiffness-to-density ratio and tendons with high stiffness. (2) The 

failure form of structure can change because of various properties of members. The buckling or yielding 

of struts or tendons shows a large effect on the impact resistance of the tensegrity structure. Thus, 

avoiding these failure forms of structure is important during the design of the tensegrity. (3) The change 

in members’ prestress has little influence on the maximum allowable free-falling height of the tensegrity 

when the structural parameters are certain.  

In the future, the physical prototype of the six-strut tensegrity using struts with high stiffness-to-density 

ratio and tendons with high stiffness can be made to perform drop experiments, so that the accuracy of 

simulation results can be validated. The material of the center payload can be replaced by TPU or other 

buffer material to avoid yielding. 
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