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Janeiro, RJ 22451-900, Brazil 
b Department of Arts and Design, Pontifical Catholic University of Rio de Janeiro (PUC-Rio), Rua Marquês de São Vicente, 225, Gávea, Rio de Janeiro, RJ 22451-900, 
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A B S T R A C T   

In this work, an experimental and numerical study of the behavior of a tensegrity structure constructed with 
natural materials is presented. Firstly, it is shown the concept of tensegrity structures, highlighting its emergence, 
current context, and applications within Civil Engineering. The design of a bio-based tensegrity structural 
module is investigated as object of study. Initially, a prototype of a single module of the structure is built in 1:25 
scale. Subsequently, a prototype on a 1:5.65 scale is built using Phyllostachys aurea bamboo culms for the struts 
and sisal (Agave sisalana) ropes for the cable nets. Both non-destructive static and dynamic testing were per
formed on the module to investigate the level of prestress right after assembly of the structure and also 
considering the relaxation of the cable networks under laboratory conditions. The results obtained from the 
experimental tests are compared with the numerical predictions by means of a relative error parameter regarding 
the static stresses and the natural frequencies. Thus, it was possible to indirectly determine the level of prestress 
applied in the sisal ropes of the tensegrity module. The prestress level was equal to 15% in both static and 
dynamic approaches, which indicates a good agreement between them and points to the robustness of the 
proposed methodology. The use of bamboo as a suitable material for strut-cord joints is proposed to avoid metal 
components and consider the end-of-life biodegradability of the structure in the design of joints. The study 
deploys bio-based materials for tensegrity structures and the kit of parts as a whole, contributing to the devel
opment of extremely lightweight and sustainable structural systems.   

1. Introduction 

According to Motro, a tensegrity system is a stable self-equilibrated 
state comprising a discontinuous set of compressed components inside 
a continuum of tensioned components [1]. Tensegrity structures were 
first idealized and designed by the artist K. Snelson in the 1940s [2,3], 
however the terminology “tensegrity” was introduced by R.B. Fuller in 
the 60s as a contraction of the terms “tensile” and “integrity” [4]. Ten
segrity structures operate with two types of elements: cable nets – which 
bear tensile stresses – and struts – that sustain compressive stresses. 
Furthermore, they are classified as spatial, pin-jointed, lightweight and 
modular structures where stability and stiffness are obtained by a self- 

stress state of equilibrium, i.e., cables and struts are loaded by initial 
forces which provide a stable configuration for the system [1,5]. 

Tensegrity systems are recognized by their aesthetics, but also by 
their lightweight and notable load-bearing capacity-to-weight ratio 
achieved with intelligent employment of building materials. These 
characteristics have slowly drawn the attention of structural engineers 
and current applications can be seen in domes, towers, roofs, temporary 
structures and exhibition pavilions [6–10]. Regarding tensegrity 
bridges, numerous projects have also been proposed, such as the Tor 
Vergata footbridge [11], the “Tensegrity Bridge” developed by the firms 
WilkinsonEyre and Arup for the National Building Museum in Wash
ington, DC [12,13]; and the suspended tensegrity bridge proposed by 
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Mucedola and Paradiso to Sesia River in Italy [12]. An existing foot
bridge based on the tensegrity principle can be seen in Brisbane, 
Australia: the Kurilpa Bridge is a 470-m-long pedestrian bridge built in 
2009 [14]. Within the body of knowledge regarding tensegrity struc
tures, there is a specific family of tensegrity modules called “tensegrity 
rings” that can be assembled in a “hollow rope” system. This concept 
shows a strong aptitude for footbridges as demonstrated by Rhode- 
Barbarigos et al. [15,16], by assembling elementary tensegrity mod
ules. Gao, Xu & Luo [13] recapitulated past studies on “hollow rope” 
pedestrian bridges, identified unclear aspects and suggested a novel 
understanding on the tensegrity footbridges based on ring modules, 
including a new structural efficiency index. 

Many authors have made significant contributions regarding both 
structural static and dynamic behavior, since tensegrity structures 
exhibit a nonlinear behavior when subjected to external forces and can 
experience large displacements. Such nonlinearity is due to its flexi
bility, which implies a change in the stiffness of the structural system as 
a result of nodal displacements [1]. Ali et al. [17] stated that the self- 
stress is necessary for stabilizing the tensegrity structure by activating 

Fig. 1. Pentagonal tensegrity footbridge [15,32]: (a) elevation (side view, dimensions in cm); (b) isometric view of a typical pentagon module; (c) cross-section.  

Table 1 
Nodal coordinates of a single full-scale module [15].  

Node x (cm) y (cm) z (cm) 

1  0.00  0.00  389.40 
2  0.00  370.30  120.30 
3  0.00  228.90  − 315.00 
4  0.00  − 228.90  − 315.00 
5  0.00  − 370.30  120.30 
6  250.00  0.00  − 389.40 
7  250.00  − 370.30  − 120.30 
8  250.00  − 228.90  315.00 
9  250.00  228.90  315.00 
10  250.00  370.30  − 120.30 
11  500.00  0.00  389.40 
12  500.00  370.30  120.30 
13  500.00  228.90  − 315.00 
14  500.00  − 228.90  − 315.00 
15  500.00  − 370.30  120.30  

Table 2 
Connectivity of members [15].  

Element Node Node Type Element Node Node Type 

1 1 2 L-cable 24 14 7 X-cable 
2 2 3 L-cable 25 5 7 X-cable 
3 3 4 L-cable 26 15 7 X-cable 
4 4 5 L-cable 27 5 8 X-cable 
5 5 1 L-cable 28 15 8 X-cable 
6 11 12 L-cable 29 1 8 X-cable 
7 12 13 L-cable 30 11 8 X-cable 
8 13 14 L-cable 31 1 12 Main strut 
9 14 15 L-cable 32 2 13 Main strut 
10 15 11 L-cable 33 3 14 Main strut 
11 1 9 X- 

cable 
34 4 15 Main strut 

12 11 9 X- 
cable 

35 5 11 Main strut 

13 2 9 X- 
cable 

36 15 9 Scissor strut 

14 12 9 X- 
cable 

37 9 3 Scissor strut 

15 2 10 X- 
cable 

38 11 10 Scissor strut 

16 12 10 X- 
cable 

39 10 4 Scissor strut 

17 3 10 X- 
cable 

40 12 6 Scissor strut 

18 13 10 X- 
cable 

41 6 5 Scissor strut 

19 3 6 X- 
cable 

42 13 7 Scissor strut 

20 13 6 X- 
cable 

43 7 1 Scissor strut 

21 4 6 X- 
cable 

44 14 8 Scissor strut 

22 14 6 X- 
cable 

45 8 2 Scissor strut 

23 4 7 X- 
cable      
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the geometrical stiffness. In fact, the equilibrium between tensile and 
compressive forces is responsible for the structural stability and ulti
mately for the load bearing capacity of tensegrity structures. Kebiche 
et al. [18] applied a calculation method previously developed for 
structures with large deformations and displacements to investigate the 
behavior of tensegrity structures under static loads of tension, 
compression, bending and torsion. The authors noted that, except for 
compression, the structure stiffens as loading increases. Still on static 
loading, Kahla and Kebiche [19] introduced a procedure for nonlinear 
elastoplastic analysis using updated Lagrangian formulation and modi
fied Newton-Raphson method. Tran and Lee [20] also used Lagrangian 
formulations to present a numerical method to analyze large deflections 
including geometric and material nonlinearity. The results show that 
forces and displacements are highly influenced by span size and 
prestress levels. Lagrangians are also often used for dynamic analysis of 
tensegrities. Murakami investigated the elastic behavior of a cylindrical 
tensegrity, concluding that the static and dynamic response of tensegrity 
structures are characterized by infinitesimal mechanism modes and 
prestresses [21]. 

In their studying proposing tensegrity modules for a pedestrian 
bridges, Rhode-Barbarigos et al. [22] showed that the structural 
behavior is greatly influenced by different levels of prestress applied to 
the structure. Ashwear and Eriksson studied the effect of the prestress 
level on the natural frequencies of the tensegrity structure using 
Euler–Bernoulli beam elements, which include the effect of axial force 
on stiffness [23]. Vibration modes show that when the force on the 
compressed elements approaches the critical buckling load, the ten
segrity has lower vibration frequencies. Faroughi and Tur [24] devel
oped an algorithm that finds the optimal values of the design 
parameters, such as the prestress force and the cross-sectional area of the 
elements that satisfy the desired vibrational properties for the structure. 
The final values are accepted when the design conditions – such as 

restraints to buckling and ultimate strength of the elements – are fully 
satisfied. Ashwear and Eriksson [25] discussed how to design tensegr
ities to make them viable for vibration monitoring methods. According 
to the authors, the pattern and the prestress level are important pa
rameters that affect the stiffness and dynamics of tensegrity structures. 
Over time, however, the design setting can be changed by different 
factors, such as environmental aspects or external loads. The results 
show that different prestress losses affect the first vibration mode of the 
structure differently [25]. 

In general, the practical applications of tensegrity systems in Civil 
Engineering are still very limited when compared to traditional struc
tural systems, which can be attributed to their unique structural 
behavior and complex constructional methodology. Moreover, most 
existing tensegrity structures are made of metallic cables and struts. 
Besides, it should be noted that many studies related to geometry and 
form-finding have been published. Recently, Chen et al. [26] suggested 
an improved form-finding method for tensegrity structures using blocks 
of the symmetry-adapted force density matrix and Chen et al. [27] 
studied symmetry representations and elastic redundancy for members 
of tensegrity structures. However, few researches have focused on the 
design and construction of tensegrity structures. Nevertheless, applica
tions with natural materials such as bamboo struts have gained attention 
lately regarding their constructability, connections and structural per
formance [10,28]. In this sense, blending the tensegrity system with the 
use of non-conventional materials, the main novelty of this paper con
cerns the development of “hollow rope” deployable tensegrity modules 
that can be fabricated using local natural resources and simple and 
accessible tools. 

The study focused on the design, fabrication and self-stress state 
analysis of a bio-based tensegrity structure developed on non- 
destructive approaches, namely through static and dynamic testing. 
Accordingly, a prototype of a single tensegrity module built in 1:25 scale 
is initially presented in Section 2. This is followed by the step-by-step 
assembly, mechanical properties and constructional aspects of a 
reduced-scale tensegrity module (1:5.65) made with bio-based materials 
such as bamboo struts and sisal ropes, intending to be fully handcrafted 
for temporary uses. These structures may be applied, for instance, to 
build temporary footbridges to mitigate the consequences of natural 
hazards and the main advantages include the use of local natural re
sources, ease of manufacturing, transportation, and quick deployment 
capacity. Section 3 addresses the description and assumptions of the 
numerical model encompassing the instrumentation procedures of the 
experimental static and dynamic tests. Considering the hand-made na
ture of the structure and using the results of the computational model as 
a reference, Section 4 focuses on both numerical and experimental data 
in terms of strains, stresses and natural frequencies as alternative pro
cedures to obtain indirect in situ evaluation of the prestress level of the 

Table 3 
Geometry and mechanical parameters of the bamboo struts and sisal cables.  

Element Parameters (Mean values) Value 

Bamboo strut Outer diameter (mm)  29.30 
Thickness (mm)  3.80 
Length (cm)  120.00 
Elastic modulus (GPa)  19.40 
Compressive strength (MPa)  68.80 
Specific mass (kg/m3)  840.15 

Sisal cable Nominal diameter (mm)  6.00 
Length layer cables (cm)  81.00 
Length X-cables (cm)  61.40 
Elastic modulus (GPa)  1.05 
Tensile strength (MPa)  79.60 
Specific mass (kg/m3)  983.00  

Fig. 2. Small model of a tensegrity structure in 1:25 scale using bamboo sticks and synthetic strings: (a) Superior view of the pentagon formed by the main struts and 
layer cables; (b) detail of the scissor struts and x-cables; (c) perspective of the module after assembly. 
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cables. The influence of time-dependent material properties to the 
behavior is also investigated. 

As detailed in the previous paragraph, the scope of the work is 
limited to the self-stress state of a single module. It is a relevant stage of 
the tensegrity behavior, responsible for the structural stability, and has 
been also the focus of previous works [29–31]. Therefore, this work 
intends to present the system’s feasibility, providing insights and 
opening the possibility to future developments on the field. It is note
worthy that the effects of external loads and the influence of overall span 
should be considered in the structural design and ultimate and 
serviceability limit states must be appropriately checked. The ultimate 
limit states for a self-supporting bamboo structure with flexible joints 
were investigated by Seixas et al. [28] showing a stable and symmetrical 
behavior under static loadings until collapse, indicating that bamboo 
poles can be used as a suitable material for this use. 

2. Module description and constructional aspects 

2.1. Module description 

The structural geometry selected for this work is inspired on the 
pentagonal “hollow-rope” tensegrity pedestrian bridge proposed by 
Rhode-Barbarigos et al. [15], also adopted in other studies [32]. The 
main motivation behind the use of this model herein relies on its feasi
bility as an engineering solution for application in large-scale con
struction, as it can meet safety and serviceability criteria according to 

structural design standards [15,17]. Furthermore, it was shown that a 
pentagonal tensegrity ring module is the most efficient configuration 
when compared to squared and hexagonal modules in terms of an effi
ciency index that takes into account the self-weight, serviceability per
formance and overall stiffness of the structure [15]. Concurrently, the 
tensegrity ring module topology allows cable-length changes during 
folding and unfolding of the structure [16], encouraging the fully 
handcrafted deployment of the bio-based tensegrity module proposed in 
this study (see Section 2.2). 

The original geometry was designed with four 5 m length individual 
tensegrity modules interconnected to overcome a total span of 20 m, as 
shown in Fig. 1a. The modules are based on a pentagonal prism con
taining fifteen nodes to outline three pentagonal layers. Fifteen struts are 
compressed by thirty cables connected on the ends of the struts to form a 
modular tensegrity unit. Struts can be separated into two categories: (i) 
main struts and (ii) scissor struts. The first group depicts the five 
compressive members which bind the two outer pentagons, while the 
second group portrays the ten elements linking the middle pentagon to 
the external ones. Likewise, the cables are classified based on their po
sition: (i) ten layer cables (L-cables) form the two outlying pentagons 
and (ii) twenty X-cables link scissor struts nodes to outer pentagon 
nodes, as seen in Fig. 1b. Each individual module has a length of 500 cm 
in which main and scissor struts are 678 cm long, layer cables have 458 
cm and x-cables have 347 cm, that ensures an adequate free space for 
pedestrian circulation (Fig. 1c). The tables of nodal coordinates and 
members’ connectivity for a single full-scale module are presented in 

Fig. 3. Bamboo strut-cord reciprocal connection developed at the Laboratory of Investigation in Living Design (LILD/PUC-Rio) and designed for a bamboo-sisal rope 
system: (a) 3D view; (b) detail of the strut-cord connection; (c) front view of the joint in section. 

N.B. de Albuquerque et al.                                                                                                                                                                                                                    



Engineering Structures 265 (2022) 114457

5

Fig. 4. Module assembly sequence: (a) step 1 to (f) step 6 corresponds to the plan view of the procedure and (g) step 7 corresponds to the side view of the procedure 
(elevation view). 
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Table 1 and Table 2, respectively. In the present study, however, the 
reduced scale physical model was built in a scale of 1:5.65, with 120 cm 
long struts and layer cables and X-cables having respectively 81 cm and 
61.5 cm in length. 

The tensegrity bridge proposed by Rhode-Barbarigos et al. [15] is 
made entirely of steel. In the present work, to obtain a bio-based ten
segrity structure, full-culm bamboo was adopted for the struts whereas 
sisal (Agave sisalana) ropes were adopted for the cables. Phyllostachys 
aurea bamboo species was selected due to its physical and mechanical 
properties, workability and commercial availability in Brazil [28]. In 
turn, sisal is a vegetable material from the Latin-American biodiversity 
and the sisal rope is a traditional artifact locally produced in the Bra
zilian Northeast region that remains unexplored in bio-based engineer
ing structures due to the lack of technical information, despite its large 
application in craftsmanship. Due to their great potential for sustain
ability, both materials were selected for the design of a fully reversible 
tensegrity structure [33,34]. Table 3 presents the cross-sectional di
mensions of bamboo members and sisal ropes, as well as their relevant 
average mechanical properties, obtained from specific tests according to 
ISO 22157-1:2004 [35] (currently ISO 22157-1:2019 [36]) and TDC8 
(5628)P3 [37], respectively. It is important to highlight that the struc
ture was initially designed for a low prestress level of 5% with respect to 
the tensile strength of the sisal cables [15]. 

2.2. Constructional aspects 

Before constructing the module in the aforementioned desired scale, 
a 1:25 small scale physical model was constructed using bamboo sticks 

Fig. 5. Model in 1:5.65 scale: (a) module on the ground before expansion; (b) detail of hook for suspension of the module; (c) module after deployment.  

Fig. 6. Frontal view (Y-Z plane) of the computational model for the analysis of 
the tensegrity module using Galileo program [40]. 
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and synthetic strings, as shown in Fig. 2. The construction methodology 
was developed to allow the module to be fabricated and deployed using 
readily available tools. Therefore, the 1:25 scale model contributed to 
anticipate challenges beforehand – details about this model are given in 
Albuquerque [38]. 

Based on this preliminary study, it was decided to adopt an 

adaptation of the Tensegritoy modeling kit, where each wooden rod 
working as a strut has a notch at both ends to which the rubber band 
strings are attached; aluminum caps are used to lock these ends after
wards [39]. In this model, the notch was made at both ends of the 
bamboo stick. The string is attached to the stick by means of a knot at 
each end that prevents the string from slipping through the notch. 

Fig. 7. Strain gages installed to measure strains during static test (a) and (b) detail view.  

Fig. 8. Instrumentation and execution of the dynamic testing: (a) location of the accelerometer on the joint; (b) application of impact with an instrumented hammer.  

Fig. 9. Experimental dynamic signals in time domain at the driving point, i.e. where the impact and the response occur at the same location (main strut 33): (a) 
impulse force of the instrumented hammer; (b) acceleration response. 
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Therefore, this adaptation focuses on the development of a fully bio- 
based tensegrity structure without the utilization of metallic elements, 
also considering the end-of-life biodegradability of the structure in the 
design of joints. Thus, proper tip joints for tensegrity bamboo structures 
developed at the Laboratory of Investigation in Living Design (LILD) 
from PUC-Rio were applied for the physical scale models, as seen in 
Figs. 3 and 4 [10]. For the 1:5.65 model, bamboo strut-cord reciprocal 
joints with a diameter of approximately 40 mm and 160 mm long were 
used (Fig. 3a). In each tip joint, 90 mm deep × 7 mm wide notches were 
introduced to allow for the attachment of 6 mm sisal ropes (Fig. 3b). 
Bamboo culms were rigorously selected, allowing for a good coupling 
between struts and joints. Infillings using fabrics were crafted for a 
better transmission of forces in the strut-cord joint, ensuring tightness. 
Bamboo discs with minor diameters were glued into the cavities of the 
joints for transferring of the cable forces to the diaphragm in the middle 
of the joint, as observed in Fig. 3c. 

The assembly of the module is divided into seven main steps, as 
depicted in Fig. 4. The first one relates to the layout of the main struts 

(MS 31 to MS 35 – black lines) which form a pentagon on the ground (see 
Fig. 4a). It should be noted that the nodes from numbers 1 to 5 are at a 
lower position compared to those from numbers 11 to 15 (upper nodes). 
The reader is referred to check also Table 2 regarding the connectivity of 
members. Afterwards, the first five layer cables (L1 to L5 – yellow lines) 
bind the closed path among the lower nodes of the regular polygon. 

The subsequent steps from two to six present the mounting of the 
scissor struts (SC 36 to SC 45 – gray lines) and X-cables (11 to 30) on the 
main struts. For an easy understanding of the assembly method, the X- 
cables were divided into two subgroups: upper (even- numbered UX – 
blue lines) and lower (odd-numbered LX – red lines). Thus, as exhibited 
in Fig. 4b (step 2), the SC 40 and 41 members are located between the 
nodes 3 and 4 of the MS 33 and share a common joint (node 6). In turn, 
they are also connected to the nodes 12 and 5 of the MS 31 and 34, 
respectively. It is worth noting that the solid gray lines refer to scissor 
struts crossing over the main struts, while the dashed ones to the 
crossing beneath them. Subsequently, the X-cables are ready to be 
connected to the adjacent upper and lower nodes of the pentagon, apart 
from the UX 14, 18, 22, 26 and 30, which will be tied later in the seventh 
step. 

This way, the same procedure is repeated four more times, following 
Fig. 4c, d, e and f. At the end of step 6, all elements of the module are 
connected, except for the UX cables mentioned beforehand and the 
remaining five layer cables (L6 to L10). By means of temporary cables 
attached to the nodes 11 to 15, the structure should be suspended using a 
mast or by a volunteer. Fig. 4g shows a schematic of the module 
deployment. Finally, the last UX and layer cables are linked to the lower 
and upper nodes of the main struts, respectively. Thereafter, the ten
segrity structure is active and ready for use as seen in Fig. 5. 

Fig. 10. Evolution of strains over time captured in the main struts (MS) 31, 32, 
33, and scissors (SC) 36, 37, 38, 39, 40. 

Table 4 
Experimental strains and computed stresses over time. The negative sign indicates compressive strains, while the positive sign indicates tensile strains.  

Strut t = 2 h t = 324 h 

Experimental strain (µε) Experimental Stress (MPa) Experimental strain (µε) Experimental Stress (MPa) 

31 (main)  − 93.20  − 1.81  93.38  1.81 
32 (main)  − 63.49  − 1.23  − 119.66  − 2.32 
33 (main)  − 129.00  − 2.51  − 147.11  − 2.86 
36 (scissor)  − 46.33  − 0.90  − 54.53  − 1.06 
37 (scissor)  19.30  0.37  18.90  0.36 
38 (scissor)  − 34.54  − 0.67  − 32.20  − 0.63 
39 (scissor)  16.11  0.31  15.49  0.30 
40 (scissor)  − 30.70  − 0.60  − 107.00  − 2.09  

Table 5 
Normal stresses in the struts for different percentages of prestress (S0).  

Level of prestress, S0 

(%) 
Normal stresses (MPa) 

Main struts (MS) Scissor struts (SC) 

31, 35 32, 34 33 36, 45 37, 44 38, 43 39, 42 40, 41  

0.25  − 0.11  − 0.03  − 0.25  − 0.03  − 0.02  +0.02  − 0.06  +0.03  
2.50  − 0.33  − 0.21  − 0.39  − 0.11  − 0.09  − 0.06  − 0.11  − 0.02  
5.00  − 0.62  − 0.50  − 0.67  − 0.22  − 0.19  − 0.17  − 0.21  − 0.13  
10.00  − 1.19  − 1.09  − 1.24  − 0.43  − 0.40  − 0.38  − 0.42  − 0.34  
15.00  − 1.75  − 1.66  − 1.80  − 0.65  − 0.62  − 0.60  − 0.64  − 0.56  
20.00  − 2.32  − 2.24  − 2.36  − 0.87  − 0.85  − 0.82  − 0.87  − 0.78  
25.00  − 2.89  − 2.81  − 2.93  − 1.11  − 1.08  − 1.06  − 1.10  − 1.02  
30.00  − 3.46  − 3.38  − 3.49  − 1.35  − 1.32  − 1.30  − 1.34  − 1.26  
35.00  − 4.02  − 3.95  − 4.05  − 1.59  − 1.57  − 1.55  − 1.59  − 1.51  
40.00  − 4.58  − 4.52  − 4.61  − 1.84  − 1.82  − 1.80  − 1.84  − 1.76  
45.00  − 5.15  − 5.08  − 5.17  − 2.10  − 2.08  − 2.05  − 2.09  − 2.02  
50.00  − 5.70  − 5.65  − 5.73  − 2.36  − 2.34  − 2.31  − 2.35  − 2.28  
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3. Numerical simulation and experimental program 

3.1. Numerical model 

As shown previously, the fabrication and assembly of the proposed 
bio-based tensegrity module did not require any special tool and there is 
no specific device to control initial prestress. The level of prestress 
applied to the sisal ropes is determined indirectly by computing the 
relative errors between the numerical and experimental results leading 
to a minimum error, as can be visualized later in Section 4. For that, a 
numerical model using the Galileo software [40] – developed for static 
and dynamic structural analysis of deployable structures and tensegr
ities – was used. The prestress level is introduced in the computational 
model as an input from which the current stress level at each material 
point of each element can be computed via a constitutive law. In prac
tice, the prestress level can be obtained from a deviation on each ele
ment’s length due to fabrication errors or thermal variations. A 
significant length error value on the obtained range is chosen and is 
converted to stresses via the material’s constitutive law. The following 

hypotheses are considered: a) cables and struts are straight and are 
connected through nodes; b) members are elastic and perfectly articu
lated (moment-free) at the nodes; c) struts can carry either tensile or 
compressive forces whereas cables can only carry tensile forces; d) initial 
geometry and prestress conditions are previously established; e) the 
prestress level is the same for every cable; f) local and global buckling of 
struts are neglected; g) increments in stiffness that may be caused by 
external loads are disregarded; h) the module is subjected only to gravity 
load applied to the nodes; and i) materials behavior is assumed to be 
linear elastic. Cross-section dimensions and materials properties 
considered in the model follow those reported in Table 3. For the 
boundary conditions, it was assumed that the module was suspended at 
node 6, i.e. preventing translations in all directions. An overview of the 
numerical model is presented in Fig. 6. It is important to mention that 
bamboo, as a natural material, is naturally curved. In the aforemen
tioned model, members are considered straight, although formulations 
for geometrically non-linear analysis of curved members are also 
available [41,42]. 

3.2. Static testing 

The primary objective of performing the static test was to experi
mentally evaluate the stresses acting on the struts during and after 
erection. To accomplish this task, the physical model was instrumented 
with eight 120 Ω strain gages in order to measure the specific strains for 
each stage. The electrical signals from the strain gages were conditioned 
by the NI 9235 module (¼ bridge) connected to the cDAQ-9174 chassis, 
both from National Instruments. The following struts were selected to be 
instrumented with a single gage: MS 31, MS 32, MS 33, SC 36, SC 37, SC 
38, SC 39 and SC 40. Apart from MS 33, these struts presented sym
metrical axial force pairs (31;35), (32;34), (36;45), (37;44), (38;43), 
(39;42) and (40;41) based on a static analysis using Galileo program 
[40], as will be discussed in Section 4.1. Although members of tensegrity 
structures are assumed to be subjected to pure axial force, other internal 
forces may arise due to imperfections associated to eccentricity at the 
connections and out-of-straightness of members [43]. Therefore, one of 
the main difficulties lies in the fact that the reading of the gages may be 
influenced by bending moments. Fig. 7 shows the strain gage installed in 

Fig. 11. Variation of the numerical axial stress of the module with the prestress 
level of cables regarding its main struts (31 &35, 32 & 34 and 34) and scissor 
struts (36 &45, 37 & 44, 38 & 43, 39 & 42 and 40 & 41. 

Table 6 
Static relative errors (REs) for instrumented struts (31, 32, 33, 36, 38 and 40) and 
sum of squares for different levels of prestress varying from 0.25% to 50%.  

Prestress 
Level, S0 

(%) 

REs Σ(REs)2 

31 32 33 36 38 40 

50  2.15  3.59  1.28  1.62  2.45  2.82  35.74 
45  1.84  3.13  1.06  1.33  2.06  2.38  26.03 
40  1.53  2.67  0.84  1.05  1.68  1.95  17.92 
35  1.22  2.21  0.61  0.77  1.30  1.53  11.39 
30  0.91  1.75  0.39  0.50  0.94  1.11  6.41 
25  0.60  1.29  0.17  0.23  0.58  0.71  2.93 
20  0.28  0.82  − 0.06  − 0.03  0.23  0.32  0.91 
15  − 0.03  0.35  − 0.28  − 0.28  − 0.11  − 0.06  0.30 
10  − 0.34  − 0.12  − 0.51  − 0.53  − 0.44  − 0.43  1.05 
5  − 0.66  − 0.59  − 0.73  − 0.76  − 0.75  − 0.79  3.08 
2.5  − 0.82  − 0.83  − 0.84  − 0.87  − 0.91  − 0.96  4.57 
0.25  − 0.94  − 0.98  − 0.90  − 0.97  − 1.03  − 1.05  5.75  

Fig. 12. Sum of squares of the static relative error, Σ(REs)2, for prestress level 
of cables varying from 0.25% to 50% and identification of the minimal error 
at 15%. 
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one of the struts. The assembly of the module took approximately 1 h 
and the strains were captured for a total period of 324 h (13.5 days) 
including the assembly procedure, therefore allowing monitoring the 
loss of prestress during the early days after the assembly due to the time- 
dependent phenomena that may affect importantly the performance of 
mechanical natural materials. During the test, the module was kept in a 
room with controlled temperature and humidity (22.8 ◦C ± 0.4 ◦C and 
49.6% ± 2.0%, respectively). 

3.3. Dynamic testing 

The dynamic testing was carried out to determine the natural fre
quencies of the tensegrity module. Therefore, the influence of ageing on 
the prestress level was indirectly investigated through the variation of 
the natural frequencies considering four dynamic experimental tests: the 
first one immediately after the assembly of the module, the second one 
after 4 days, the third one after 14 days and, finally, the last test was 
performed 52 days after the conclusion of the assembly. The tempera
ture and humidity of the room during this period were equal to 23.3 ◦C 
± 0.7 ◦C and 47.6% ± 2.7%, respectively. 

A well-established experimental modal analysis was performed using 
the single-input/single-output (SISO) technique [44,45] by means of an 
impact hammer – input signal – and a piezoelectric accelerometer – 
output signal (types PCB Piezotronics 086C03 and 333B40, respectively) 

as shown in Fig. 8. The signals were acquired through the cDAQ-9174 
acquisition system from National Instruments (NI), equipped with In
tegrated Electronic Piezoelectric (IEPE) analogue input modules (NI 
9233) with a sampling frequency of 2000 Hz. The tests were performed 
and processed using ARTeMIS program [46]. The piezoelectric accel
erometer was fixed on the strut 33, over node number 03, to measure the 
free vibration of the module in terms of acceleration in the vertical di
rection. In turn, the structure was excited vertically by an impulsive load 
over all nodes of the structure, apart from the support node number 06. 
The measurement time of each impact test per node was set equal to 
4.096 s, which was enough for the total dissipation of the dynamic 
response to occur, as depicted by Fig. 9. Furthermore, for every test, a 
total of 10 impacts per node was carried out for signal averaging pur
poses in frequency domain [44]. 

4. Results 

4.1. Static analysis 

The evolution of experimental strains for the struts instrumented 
within the first 2.5 h is presented in Fig. 10. It can be seen that the strains 
oscillated considerably during the construction phase and finally stabi
lized after the first hour, when the module assembly was completed. It 
must be highlighted that some of the readings indicated tension (struts 

Table 7 
Natural frequencies (Hz) of the first ten vibration modes depending on the percentage of prestress (S0) varying from 0.25% to 30%.  

S0 (%) Natural frequencies (Hz) 

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10  

0.25  0.67  0.70  1.23  9.08  13.13  16.14  16.77  30.58  30.94  43.50  
2.5  2.12  2.20  3.89  9.59  14.12  16.95  17.75  30.87  31.35  43.74  
5.0  2.98  3.10  5.50  10.10  15.14  17.80  18.77  31.18  31.79  44.00  
7.5  3.63  3.78  6.74  10.57  16.10  18.62  19.75  31.50  32.24  44.26  
10.0  4.18  4.35  7.78  10.99  16.99  19.40  20.68  31.82  32.68  44.52  
12.5  4.65  4.84  8.70  11.39  17.83  20.16  21.58  32.13  33.12  44.78  
15.0  5.08  5.28  9.53  11.76  18.63  20.88  22.44  32.45  33.56  45.04  
17.5  5.46  5.69  10.29  12.11  19.38  21.59  23.27  32.76  33.99  45.30  
20.0  5.82  6.06  11.00  12.44  20.10  22.27  24.07  33.08  34.42  45.56  
22.5  6.15  6.41  11.66  12.75  20.79  22.93  24.84  33.39  34.85  45.82  
25.0  6.46  6.74  12.29  13.04  21.45  23.58  25.60  33.71  35.28  46.07  
27.5  6.75  7.05  12.88  13.33  22.09  24.21  26.33  34.02  35.70  46.33  
30.0  7.03  7.34  13.42  13.63  22.70  24.82  27.04  34.34  36.12  46.58  

Table 8 
42 Natural frequencies (Hz) and percentage change of the module for the extreme values of prestress levels (0.25% and 30%).  

Mode Prestress level Percentage change (%) Mode Prestress level Percentage change (%) 

0.25% 30.00% 0.25% 30.00% 

1  0.67  7.03  942.0% 22  125.30  127.39  1.7% 
2  0.70  7.34  951.8% 23  137.82  139.85  1.5% 
3  1.23  13.42  990.6% 24  138.83  140.83  1.4% 
4  9.08  13.63  50.0% 25  143.09  145.37  1.6% 
5  13.13  22.70  72.9% 26  146.53  148.72  1.5% 
6  16.14  24.82  53.7% 27  149.06  151.63  1.7% 
7  16.77  27.04  61.2% 28  200.45  201.43  0.5% 
8  30.58  34.34  12.3% 29  207.79  208.96  0.6% 
9  30.94  36.12  16.7% 30  245.89  246.55  0.3% 
10  43.50  46.58  7.1% 31  260.65  261.42  0.3% 
11  46.08  49.30  7.0% 32  274.25  274.97  0.3% 
12  53.52  56.78  6.1% 33  306.46  307.43  0.3% 
13  67.14  69.82  4.0% 34  310.27  311.15  0.3% 
14  70.42  73.10  3.8% 35  323.99  324.39  0.1% 
15  76.49  78.76  3.0% 36  331.90  332.99  0.3% 
16  77.97  80.37  3.1% 37  342.01  343.03  0.3% 
17  83.26  85.96  3.2% 38  350.17  351.18  0.3% 
18  83.99  86.58  3.1% 39  356.92  357.99  0.3% 
19  95.50  97.68  2.3% 40  370.96  371.94  0.3% 
20  99.65  102.05  2.4% 41  375.83  376.83  0.3% 
21  111.63  114.22  2.3% 42  378.46  379.46  0.3%  
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37 and 39), which may be associated to bending induced by system 
imperfections mentioned in Section 3, as well as to bending caused by 
distributed dead weight. Table 4 summarizes the strains 1 h after the 
assembly completion (t = 2 h) and after 324 h of test. The equivalent 
stresses, also reported in the Table 4, were computed multiplying the 
strains by the bamboo modulus of elasticity of 19.4 GPa (see also 
Table 3). 

From Table 4, it can be seen a strain increase of 88%, 14%, 18% and 
249% for MS 32, MS 33, SC 36 and SC 40, respectively, indicating 
greater compressive stresses, especially in the former and latter ele
ments, while SC 38 exhibited a slight stress relief (reduction) of 7%. In 
turn, SC 37 and SC 39 also presented a modest strain decrease of 2% and 
4%, respectively, depicting lower tensile stresses. Interestingly, it can be 
noticed that MS 31 behaved conversely over time, i.e., varying from 
compressive (t = 2 h) to tensile (t = 324 h) strains equal to − 93.20 µε 
and 93.38 µε, respectively. One reason for this may be a compensating 
effect of the inequality in the acting forces in order to keep the whole 

system in equilibrium, which may also produce a variation in the strut 
stresses that are not monitored. Another possible explanation concerns 
to the creep effect of bamboo, since this material shows creep behavior 
not only after a long period of time, but also after a short interval after 
loading, due to the ease deformation of the lignin (organic molecule 
associated with stiffness) within the bamboo microstructure [47,48]. 
This phenomenon should be further investigated. 

Regarding the numerical static analysis performed with Galileo 
software, the influence of the prestress levels (S0) on the normal stresses 
of the module was investigated, ranging from 0.25% to 50%. As ex
pected, the prestress level had a direct impact on the compressive 
stresses of the struts, as shown in Table 5 and Fig. 11. It can be noted that 
as higher the level of prestress is, as greater the compression stress 
(negative values) is observed, presenting a nearly linear behavior for 
both main and scissor struts. For values of S0 below 2.5%, some struts 
experienced tensile stresses (positive values). In general, the compres
sion stresses of the main struts were three times higher from those 

Fig. 13. Vibration modes obtained from the numerical model (Galileo program [40]) considering a prestress level of 5%: isometric, lateral (X-Z plane) and upper (X- 
Y plane) view of the first lateral mode (a, b and c) in the Y direction (f = 2.98 Hz); the second lateral (d, e and f) in the X direction (f = 3.10 Hz) and the first torsional 
(g, h and i) about the vertical Z-axis (f = 5.50 Hz), respectively. The blue lines indicate the undeformed model whereas the orange ones correspond to the deformed 
shapes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

N.B. de Albuquerque et al.                                                                                                                                                                                                                    



Engineering Structures 265 (2022) 114457

12

experienced by scissor struts. 
Therefore, to determine indirectly the level of prestress of the mod

ule, a comparison between numerical and experimental compressive 
stresses – σnum and σexp, respectively – was made by means of a relative 
error parameter, REs, calculated for each individual strut as follows: 

REs =
σnum (S0) − σexp

σexp
(1) 

Notice that the subscript “s” denotes static analysis. This way, 
Table 6 presents the relative errors obtained for the struts analyzed for 
different levels of prestress considering σexp for t = 2 h (1 h after the 
assembly completion). It is worth noting that, because SC 37 and SC 39 
presented experimental tensile stresses, they are not suitable for com
parison with the results from the computational model and therefore 
were not considered in Eq. (1). As an example, it can be noted that, for 
MS 31, the minimum error was achieved near 15% of prestress. In 
general, for an individual comparison, it can be seen that that the 
minimum relative error is around 10% to 25% of prestress. To take into 
account the full set of struts instrumented, the sum of the squares of the 
relative errors were computed, as also presented in Table 6. It is finally 
possible to observe that there is a minimum error value associated with 

the overall behavior of the tensegrity module closest to 15% of prestress, 
as shown in Fig. 12. It should be mentioned that the static numerical 
analysis performed does not consider the creep effect over time. Thus, 
the REs for 324 h of test is beyond the scope of this work. Nevertheless, 
as mentioned previously in Section 3.3, the influence of ageing on the 
prestress level of cables is investigated based on an experimental dy
namic analysis as presented in Section 4.2. 

4.2. Dynamic analysis 

The computational model developed in the Galileo software [40] for 
the undamped free vibration analysis takes into consideration the mass 
matrix and the nonlinear stiffness matrix of the module. Through the 
modal analysis performed by the software, 42 axial vibration modes 
were obtained. It is worth noting that in case of evaluating the dynamic 
behavior of compressed members near buckling, which is beyond the 
scope of this paper, it is appropriate to consider the coupling between 
transversal and axial stiffness of each component using non-linear 
Euler–Bernoulli beam elements [23,25], allowing the representation of 
bending-type modes. 

Table 7 shows the natural frequencies of the tensegrity module 

Fig. 14. Modal Assurance Criteria (MAC) matrix among the first ten numerical mode shapes: (a) prestress level of 0.25% and 5%; (b) prestress level of 0.25% and 
30%. Values close to the unity (1) indicate a high correlation between the two modal vectors. 

Fig. 15. Complex Mode Indicator Function (CMIF) of the tensegrity module concerning the experimental dynamic testing: (a) right after assembly (some of the 
noticeable peaks are indicated by red dots with a complementary full list to the right); (b) right after assembly (blue line), 4 days after (red line), 14 days after (yellow 
line) and 52 days after (magenta line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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related to the first ten modes of vibration, varying from 0.67 Hz to 46.58 
Hz, considering different prestress levels. It is noticed that the fre
quencies increase not only according to the succession of modes of vi
bration for the same level of prestress, but also considering only a single 
mode and different levels of prestress (S0). Although there are 42 vi
bration modes, it was seen that after the 9th mode the percentage 
variation of the natural frequency as a function of the increase of the 
prestress level is less than 10% when the extreme values of the prestress 
levels (0.25% and 30%) are compared, as displayed in Table 8. Such 
behavior indicates that these first vibration modes are more influenced 

by the prestress level applied to the structure. Thus, the vibration modes 
above the 10th mode were disregarded henceforth in this analysis. 

Because tensegrity module is a complex three-dimensional structure, 
the visualization of their vibration modes is not a simple task, as shown 
in Fig. 13, which depicts the first three vibration modes for a prestress 
level of 5%. Thus, the behavior of the mode shapes are better evaluated 
through the well-known Modal Assurance Criterion (MAC) [45,46,49], 
as defined by Eq. (2), where {ψi} and {ψj} are the “i” and “j” vibration 
modes, respectively; the “*” and “T” symbols denote, respectively, the 
complex conjugate and the transpose of the eigenvectors. This way, the 
MAC computes the similarity between two vectors (whether real or 
complex) based on a degree of linearity varying from 0 to 1, where 
0 indicates that there is no similarity between the vectors and 1 means 
that the vectors are completely similar. Moreover, it is acceptable to say 
that values above 0.80 (80%) indicate a high correlation whereas those 
below 0.20 (20%) present a poor correlation [45]. In this sense, the MAC 
is an interesting tool to evaluate how much the prestress level of cables 
may affect the mode shapes of the tensegrity module. 

MACij =

⃒
⃒
⃒{ψi}

T
{

ψ*
j

} ⃒
⃒
⃒

2

{ψi}
T
{ψ*

i }
{

ψj
}T{ψ*

j
} (2) 

Fig. 14a show the MAC matrix among the numerical vibration modes 
corresponding to the prestress level of 0.25% and 5%, which denotes a 
high similarity between the MAC values of the main diagonal and the 
off-diagonal terms approach zero. It means that such a difference in 
prestress level is not enough to change the behavior of the mode shapes. 
On the other hand, when the vibration modes corresponding to the 
extreme prestress level of 0.25% and 30% are compared to each other 
(Fig. 14b), the diagonals terms of the MAC matrix still display a high 
similarity (although slightly lower for the 1st, 2nd, 3rd and 5th modes), 
apart from the fourth mode, which approaches 0.7. Therefore, it in
dicates that this mode shape is prone to be affected by the prestress level. 

Regarding the experimental results of the dynamic testing, as 
mentioned in Section 3.3, the structure was subjected to a free vibration 
test so that the force (input) and acceleration (output) signals were 
recorded in ARTeMIS program [46]. Based on the relationship between 
the latter and the former, these signals were thus converted to the fre
quency domain to obtain the average Frequency Response Functions 
(FRFs) related to the 14 impact points (the total FRFs measurements is 
equal to 14 × 10 impacts per node = 140). Subsequently, all FRFs were 
computed through the Complex Mode Indicator Function (CMIF) 
[49,50]. The CMIF is helpful to visualize the peaks corresponding to all 
the main natural frequencies in a single plot, since each peak of the 
curve is associated with a natural frequency and a mode of vibration. 
Thus, Fig. 15 shows the CMIF right after assembly (blue line), 4 days 
after (red line), 14 days after (yellow line) and, finally, 52 days after 
(magenta line). One can notice 25 peaks varying from 0.73 Hz to 48.34 
Hz, as also listed in Table 9. From Fig. 15b, Table 9 and Fig. 16, it can be 
seen consistency among the experimental frequencies with respect to the 
tests performed on different days. It means that, although there may be a 
splitting of one peak into two, or even the opposite, that is, the union of 
two peaks into one, the frequency values do not change substantially. It 
is worth noting that a remarkable gap between the 19th and 20th peaks 
for all tests occurs (see Fig. 15b). This gap is also noticed between the 7th 
and 8th modes of the numerical model (see Table 7), which indicates a 
similar behavior of both experimental and numerical models. Besides, 
based on these results, one may infer that there was no relevant loss in 
the level of prestress applied to the structure during 52 days. 

Finally, to find the experimental prestress level considering both 
numerical and experimental models – using the same approach in Sec
tion 4.1 – the dynamic relative errors (REd) between the numerical 
frequency and its nearest experimental neighbor were calculated using 
the following equation: 

Table 9 
Noticeable peaks related to the natural frequencies from the Complex Mode 
Indicator Function (CMIF) of the tensegrity module right after the assembly and 
4, 14 and 52 days after its conclusion.  

Number of noticeable 
peaks 

Natural frequencies (Hz) 

Right after 
assembly 

4 days 14 days 52 days 

1  0.73  0.73  0.73  0.73 
2  –  1.22  1.22  1.71 
3  5.86  5.37  –  5.62 
4  6.59  –  6.35  – 
5  7.32  7.57  –  – 
6  7.81  8.30  8.06  8.30 
7  9.28  9.77  9.23  9.52 
8  –  –  10.25  – 
9  –  10.99  10.99  – 
10  11.72  11.47  11.72  11.47 
11  12.21  –  –  – 
12  12.94  –  12.94  12.94 
13  –  13.18  13.67  13.67 
14  14.16  14.16  –  – 
15  15.63  –  –  – 
16  16.60  16.60  16.36  – 
17  18.07  18.31  18.31  18.07 
18  –  –  19.29  19.53 
19  20.75  –  21.48  22.22 
20  31.74  –  –  32.47 
21  35.16  34.91  34.67  35.89 
22  –  38.09  37.11  38.57 
23  39.55  40.04  39.55  – 
24  42.72  43.46  43.46  43.21 
25  48.34  48.83  48.58  49.07  

Fig. 16. Experimental natural frequencies of the tensegrity module considering 
its first twenty-five peaks right after assembly and after 4, 14 and 52 days. 
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REd =
numerical frequency (S0) − experimental frequency

experimental frequency
(3) 

The sum of squared errors for the first 10 modes of vibration of the 
tensegrity module was performed for prestresses ranging from 0.25% to 
30%, as shown in Table 10. It is observed that prestress levels close to the 
extremes generated greater errors and intermediate levels (around 15%) 
showed smaller errors. 

Plotting the curve 
∑

(REd)2 vs. prestress levels (S0), as illustrated in 
Fig. 17, it can be noted that prestresses between 0.25% and 10% resulted 
in considerably greater errors than those referring to levels of 15% to 
30%. In fact, errors above 15% showed a very subtle variation, espe
cially in the range of 15% and 20%. It can be seen from Fig. 17 that there 
is a local minimum between 12.5% and 17.5% of prestress, closer to 15% 
specifically. Accordingly, it is worth noting that a prestress level of 15% 
was also obtained in light of the static analysis (see Section 4.1). 
Therefore, this finding indicates a good agreement between both ap
proaches and points to the robustness of the proposed methodology. 

5. Conclusions 

This paper aimed to design and investigate the level of prestress on a 
bio-based tensegrity module built using non-conventional materials, 
such as Phyllostachys aurea bamboo culms for the struts and sisal ropes 
(Agave sisalana) for the cable networks. Through the development of a 
fully reversible and biodegradable structural system, the developed 

scaled structure is deployable, ensuring rapid assembly and dismantling 
procedures. Therefore, the self-stress state of the structure was evaluated 
from an experimental and numerical approach, using both non- 
destructive static and dynamic analysis. Based on the analyzed data, 
the main conclusions of this study can be summarized as follows:  

• Strut-cord joints were developed using a bamboo-sisal rope system, 
allowing for the end-of-life biodegradability of the joints and the 
structure as a whole. Thus, a fully bio-based tensegrity structure was 
reached without the utilization of metallic elements. In this sense, 
bamboo struts and sisal ropes showed appropriate physical and 
mechanical properties for the application in sustainable engineering 
structures.  

• A novel nonlinear structural analysis software named Galileo, 
specially developed for bistable structures and tensegrities, was used. 
By computing the relative errors between numerical and experi
mental compressive static stresses, the level of prestress acting on the 
structure right after the assembly is close to 15%. Concurrently, the 
evaluation of the relative errors based on the natural frequencies of 
the structure allowed the authors to infer that the level of prestress 
applied to the module right after assembly is also approximately 
15%, which indicates a good agreement between them and points to 
the robustness of the proposed methodology. The prestress results 
equal to 15% is relatively close to the expected value, since initially 
the structure was designed to have a theoretical prestress of 5%. This 
difference is possibly due to construction aspects, that might have 
affected the final level of prestress.  

• There was no relevant loss in the level of prestress applied to the 
structure during 52 days under laboratory conditions since the 
experimental natural frequencies did not change substantially, 
which is important data for the application of sisal ropes for cable 
nets in bio-based tensegrity structures.  

• The application of full-scale bio-based tensegrity systems should be 
further developed and investigated under environmental conditions, 
i.e. external loads that represent its use as footbridges; consider 
modeling tensegrity bamboo structures with curved struts in a 
regime of large displacements, including their axial imperfections 
and eccentricities due to the superposition of the joints, broadening 
the boundaries of the field in order to reach sustainability within 
Civil Engineering. 
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Table 10 
Dynamic relative errors (REd) and sum of squares for different levels of prestress (S0) varying from 0.25% to 30%.  

S0 (%) M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 Σ(REd)2 

0.25%  − 0.08  − 0.05  0.68  − 0.02  0.01  − 0.03  0.01  − 0.04  − 0.03  0.02  0.480 
2.50%  − 0.64  − 0.62  − 0.34  0.03  0.00  0.02  − 0.02  − 0.03  − 0.01  0.02  0.910 
5%  − 0.49  − 0.47  − 0.06  0.09  − 0.03  − 0.01  0.04  − 0.02  0.00  0.03  0.480 
10%  − 0.29  − 0.26  0.00  − 0.06  0.02  − 0.06  0.00  0.00  0.03  0.04  0.160 
15%  − 0.13  − 0.10  0.03  0.00  0.03  0.01  0.08  0.02  − 0.05  0.05  0.041 
20%  − 0.01  0.03  − 0.06  0.02  − 0.03  0.07  0.16  0.04  − 0.02  − 0.06  0.043 
25%  − 0.02  0.02  0.01  0.01  0.03  0.14  − 0.19  − 0.04  0.00  − 0.05  0.060 
30%  − 0.04  0.00  0.04  − 0.04  0.09  0.20  − 0.15  − 0.02  0.03  − 0.04  0.080  

Fig. 17. Sum of squares of the dynamic relative error, Σ(REd)2, for prestress 
level of cables varying from 0.25% to 30% and identification of the minimal 
error at 15%. 
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