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Abstract 
 
Tensegrity structures consist of multiple struts or cables that are interconnected and ideal for deployable 
structures. Given the challenges of controlling the strut’s deformation, active cables are more preferred and 
commonly studied in the deployment of tensegrities. The selection of the active cables becomes important as 
the deployment of tensegrities is highly dependent on the construction cost and computational time. This paper 
presents three different deployable schemes considering different sets of active cables.  The deployable schemes 
were studied in this study to investigate the bending deformation of a human spine-inspired bio-tensegrity 
model. The shape change strategy involves a computational approach based on sequential quadratic 
programming to optimise the cable force elongation. A total of nine shape change analysis cases were conducted 
on the bio-tensegrity model to undergo deformation under three different schemes and three uni-directional 
targeted coordinates. The bending ability of bio-tensegrity models, the convergence curve, and axial forces were 
all discussed.  It was found that the deployment scheme S3 is the most efficient scheme for the model to achieve 
different targets in uni-directional mode. This study is useful for applications such as deployable structures, 
automation, and robots.  
 
Keywords: Bio-tensegrity; Bending deformation; Deployable; Optimisation; Shape change analysis 

 
1. Introduction 
 
Civil engineering structures are meticulously engineered to endure projected loads throughout their operational 
lifespan. However, instances arise where supplementary support becomes necessary for lightweight structures 
or those that have experienced a decline in load-bearing ability due to factors such as natural calamities or 
ageing. This augmentation aims to provide temporary bolstering and to furnish an advanced alert mechanism, 
preventing excessive deformation by tapping into substantial deformation reserves and interconnectivity 
redundancy. Consequently, a growing interest in deployable systems has been observed in civil engineering 
structures due to their versatility to change the shape by folding, sliding and rotating with detachable features 
to ease transportation and storage (Chen et al., 2018; Shang et al., 2018; Shi et al., 2018; Liu et al., 2020; Phocas 
et al., 2020).  
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The tensegrity principle is one of the prominent approaches for incorporating it into the design of deployable 
structures (Kan et al., 2018). Tensegrity has been used in many fields, including neurology, orthopaedics, 
robotics, etc. Moreover, the architectural industry has also shown a rising interest in the cutting-edge 
characteristics of deployable structures and the intent to introduce tensegrity entities into real-world structures. 
Tensegrity’s elements can be programmed to be sensors, actuators, or load-bearing elements and can control 
the electrical, thermal, and energy stored in the system (Oh et al., 2012). This technology can cater to the 
requirements of loading variation, environment variations (i.e., temperature, solar path movement), settlement 
and damage occurrence for design structures in civil engineering.  
 
Tensegrity is a design principle defined as a pin-jointed system that consists of cables (elements in tension) and 
struts (elements in compression). The compressive elements are discontinuous in classic tensegrity structures 
and they float in a continuous network of tension elements. Tensegrity has infinitesimal mechanisms balanced 
with a self-stress state (Pellegrino and Calladine, 1986; Motro, 2011; Snelson, 2012). Tensegrity systems have 
a very good stiffness-to-mass ratio and are prone to structural control through an adjustment of self-stress forces 
(Al-Sabouni et al., 2018). The parameters of the unfolded structure and its deployment can be controlled using 
only selected, so-called active members, which are a big advantage as they reduce the number of actuators. 
They can be folded and unfolded in many ways: by modifying the lengths of struts, cables, or both, using a 
bundle or plane-type folding. Apart from changing configurations, the pin-jointed connection between the 
tensegrity elements promotes spatial structure. Owing to their tightly interconnected members, tensegrity 
structures provide an arena for the exploration of cutting-edge control algorithms designed for deployment 
(Sultan and Skelton, 2003). 
 
Tensegrity structures represent lightweight and adaptable frameworks that find valuable applications in diverse 
scenarios, including flat roofs (Csölleová, 2012), floors (Fest et al., 2004; Motro et al., 2006), shells (Skelton et 
al., 2001), and towers (Schlaich, 2003). The presence of self-stress is vital to the integrity of tensegrity 
structures, as its absence renders the structure inherently unstable, succumbing to internal mechanisms (Schenk 
et al., 2007). To manipulate and regulate these structures, two primary strategies have emerged. One involves 
the activation of struts for shape control (Averseng and Dubé, 2012; Amendola et al., 2014), while the other 
entails the actuation of cables to achieve the desired structural configurations (Sultan, 2014). This deliberate 
manipulation of components opens avenues for intricate and precise control of tensegrity structures’ overall 
geometry and behaviour. 
 
Bio-tensegrity is a new concept that provides optimum solutions to the current demands of structures’ flexibility 
and resilience. Bio-tensegrity is the creation of structures that are inspired by biological systems, such as the 
anatomy and physiology of the human body. The principle of bio-tensegrity has also been widely used in fields 
of medical technology, automation manufacturing and bio-tensegrity robots in the construction industry. The 
terminology suggests applying the tensegrity concept by identifying the interaction of forces in a hierarchical 
biological system (Oh et al., 2019). Past research has initiated bio-tensegrity that can replicate the spine, foot, 
elbow, and DNA (Swanson, 2013). Flexural joints of bio-tensegrity structures enable them to disperse load 
across the entire system. Additionally, the anatomical shape of the human joint would adjust its impact on 
external forces, permitting it to function in unpredictable settings (Jung et al., 2018). 
 
The shape of the bio-tensegrity spine model also accentuates the slenderness and curvature, promoting various 
shape changes that could be made (Oh et al., 2020). However, multiple degrees of freedom deployment have 
remained intangible, with small deformations recurrently used in research on the active control of tensegrity 
structures. Therefore, complex deployment tasks are rarely assessed on near-full-scale structures. In the present 
paper, the authors propose and analyse the bending deformation of a tensegrity model at various deployable 
schemes. The proposed tensegrity model used in this study was inspired by biological principles, using the 
human spine model to evaluate the possible series of moveable mechanisms for a deployable structure. The 
human spine emphasises the musculoskeletal interaction of the muscles and spinal column arrangement. The 
model can be visualised as the interaction between cable and struts based on vertebras and muscles in the human 
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body. Using numerical analysis, several constraint parameters and assumptions were imposed on the model at 
various schemes. 
 
2. Research Methods 
 
A bio-tensegrity model was analysed in three different deployment schemes and three uni-directional targeted 
coordinates. The deployment scheme encompasses both the undeformed diagonal cables and the cables that are 
allowed to have forced elongation.  At the end of the shape change analysis, the monitored nodes will advance 
and reach the prescribed targeted coordinates. 
 
2.1 Geometry 
 
The adaptation of the geometrical bio-tensegrity model in this study was the continuation of research on spine 
bio-tensegrity models by Oh et al. (2020). The bio-tensegrity model inspires the human spine due to its natural 
curvature, allowing for shape deformation by incorporating vertebras’ movements at certain postures. The tips 
and vertices of each spine's region curvatures were used to idealise the topology of the spine-bio-tensegrity 
model. 
 

 
                                               (a)                                                    (b)                                (c) 

Figure 1. (a) Spine anatomy, (b) Spine curvature idealisation,  
(c) Self-equilibrated spine bio-tensegrity model (Oh et al. 2020) 

 
Figure 1 shows the establishment of the self-equilibrated spine bio-tensegrity model mimicking the human 
spine.  The model consists of 24 nodal coordinates in a three-dimensional Cartesian plane and comprises 69 
elements of the struts and cables. Table 1 shows the nodal coordinates of the spine bio-tensegrity model 
measured in units of mm.  

 
Table 1. Nodal coordinates of spine bio-tensegrity model (Unit in mm) 

Node x y z Node x y z 
1 9.33 -1.23 0 13 14.15 63.71 332.85 
2 -35.34 -45.27 0 14 -24.57 45.65 332.85 
3 26 -61.7 0 15 10.42 16.15 332.85 
4 -8.9 9.49 123.78 16 -5.08 10.05 531.04 
5 -25.95 -48.49 141.36 17 -13.91 -22.77 533.31 
6 34.85 -44.2 141.36 18 18.99 -13.96 533.31 
7 -33.22 -39 52.83 19 -18.29 -9.79 527.57 
8 8.47 -82.75 70.41 20 4.74 -28.59 519.59 
9 24.76 -21.96 70.41 21 13.56 4.31 519.59 

10 -10.04 52.87 382.82 22 -7.58 9.77 564.29 
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11 -14.34 11.56 372.81 23 -10.33 -21.21 564.29 
12 24.38 29.61 372.81 24 17.91 -8.04 564.29 

 
2.2 Shape Change Method 
 
The self-equilibrate human spine bio-tensegrity model undergoes 4 stages in the shape change strategy: the 
initial stage, the deformed stage, the shape change stage and the final stage. The bio-tensegrity model, without 
loads, acquires self-stress at the initial stage and starts to deform when it is under loading and constraints at the 
deformed stage.  During the shape-change stage, the bio-tensegrity model searches for an appropriate path to 
reach the targeted coordinates by going through a number of iterations. The actuation of the model focused only 
on the uni-directional displacement of 3 top monitor nodes (x, y, and z): Node 22 (-7.58, 9.77, 564.29), Node 
23 (-10.33, -21.21, 564.29) and Node 24 (17.91, -8.04, 564.29). The numerical analysis of this study follows 
several assumptions due to the model’s limitations and the mathematical programming (Oh et al. 2019).  
 
2.2.1 Shape Change Algorithm  
 
Shape change analysis for this model was performed based on the algorithm from Oh et al. (2019) as shown in 
Figure 2. The shape-change algorithm was built based on two important algorithms.  Algorithm 1 is the basic 
algorithm demonstrating the overall shape change computationally for the tensegrity model. Meanwhile, 
Algorithm 2 is the loop process for finding the optimum forced elongation.  In order to mimic the shortening or 
extension of human muscles to deploy a human spine, only cables are allowed for forced elongation in the shape 
change analysis.  In Algorithm 2, the sequential quadratic programming (SQP) method is used to solve the 
nonlinear optimisation problem.  The forced elongation of a cable is calculated by solving the quadratic 
programming sub-problem with inequality constraints as expressed in Equation 1: 
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where g is vector of distance between monitored node and target coordinates, tl is vector of incremental forced 
elongation, which corresponds to the optimisation variable and H is a positive-definite approximation of 
Hessian matrix of the Lagrangian function.  Matrix A2 and vector b2 are the inequality constraints corresponding 
to the limitations in allowable axial forces and forced elongation, respectively.  The updated nodal coordinates 
and axial forces at every incremental step t=i are determined based on the optimised forced elongation of cables. 
The objective function in Algorithm 1 is calculated as follows:            

 

 
min ( ) t ff = −x x x

                                                         (2) 
 

where fx is the prescribed target coordinates, and tx is the current coordinates, for all the specified monitored 
nodes at the current step t during the shape change analysis.  The satisfaction of termination criteria is checked 
for compliance with the termination criteria of (i) objective function in Eqn. 2 or (ii) maximum iteration being 
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greater than 10000.  If the analysis meets either one of these criteria, Algorithm 1 will be terminated, indicating 
the end of the shape change analysis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Shape change algorithm (Oh et al., 2019) 
 
The shape-change analysis was performed using Fortran programming.  An input file was first prepared based 
on the nodal coordinates, element connectivity, material properties, loading, constraints, monitor nodes and 
targeted coordinates of a bio-tensegrity model. In Fortran programming, the main program detailed the overall 
computational process for the shape change analysis. The Flop program was built to read the input file for the 
shape change analysis. The shape change analysis for the spine bio-tensegrity model was built, run, and 
executed using Fortran’s programming. The data collections on shape change illustrations, axial loads and 
convergence were later retrieved from the output program, which was automatically generated after the program 
was executed. 
 
2.2.2 Deployable Scheme 
 
In this study, only cables encounter forced deformation (i.e., active cables), while the struts at elastic 
deformation.  The sets of passive cables (i.e., those not undergoing forced elongation) that distinguish the three 
deployment schemes of the bio-tensegrity model under investigation in this study.  Table 2 shows the deployable 
schemes and the selected passive cables.  The deployable schemes 1, 2 and 3 are associated with the passive 
cables selected from diagonal cables at stage 1, stage 2 and stage 3, respectively.  Three top nodes, namely 
Node 22, Node 23, and Node 24, are defined as monitor nodes. These nodes were monitored to achieve the 
prescribed targeted coordinates. Table 3 presents nine (9) analysis cases with the targeted coordinates set at x-
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direction in uni-directional mode of 200 mm, 400 mm and 600 mm away from the initial positions.  The shape 
change analysis stops at the final stage when the monitor nodes achieve the targeted coordinates.  Figure 3 
shows the positions of the passive cables in three deployment schemes. 
 

Table 2. Different deployment schemes and its cable groups 
Deployable Scheme Passive cables group 

Scheme 1, S1 Diagonal cables 1, S1 
Scheme 2, S2 Diagonal cables 2, S2 
Scheme 3, S3 Diagonal cables 3, 23 

  
 

Table 3. Target coordinates 

Uni-directional incremental (in mm) 

Monitored coordinates 
Node 22 

X22=-7.58 
Node 23 

X23=-10.33 
Node 24 

X24=17.91 
Target coordinates 

x = 200 192.42 189.67 217.91 
 x = 400 392.42 389.67 417.91 
 x = 600 592.42 589.67 617.91 

 
 

           
                                                 (a)                                       (b)                             (c) 

Figure 3. Deployable schemes; (a) Scheme 1 (b) Scheme 2 (c) Scheme 3 
 
 
3. Results and Discussion 
 
3.1 Shape Change Configuration at Different Target Displacements 
 
All monitored nodes have successfully reached their targeted nodes in all schemes. Only randomly chosen cases 
are presented in this paper to show the shape change of the spine bio-tensegrity model at different target 
displacements, as shown in Figure 4.  The incremental shape change is demonstrated at the initial step, 50% of 
the computational and final steps.  The observation has been made, and it is found that the model experienced 
cable twisting, rotation, extension, and contraction throughout the shape change procedures. They experienced 
a declination in height from the initial as they approached the prescribed targeted nodes. The analysis cases 
with target displacements of 600 mm (i.e., S1X600, S2X600 and S3X600) undergo a shortened more than 60% 
from the initial height at the final steps. Meanwhile, the cases with target displacements of 400 mm (i.e., 
S1X400, S2X400 and S3X400) experienced about 40-50% height reduction. The cases with a target 
displacement of 200 mm (i.e. S1X200, S2X200 and S3X200) only decreased around 10-20% from the original 
height. Apart from having the changes in height, the model in all analysis cases demonstrates the bending 

 
Passive cables 
at stage 1  

 
Passive cables 
at stage 2 

 

 
Passive cables 
at stage 3 
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deformations.  It is noted that the potential of the spine bio-tensegrity model to perform bending deformation is 
mainly attributed from the target displacements prescribed in the x-direction (see Table 3). 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. Different targeted displacements for (a) case S1X200, (b) case S2X400 and (c) case S3X600.  
 

3.2 Shape Change at Different Deployment Schemes 
 
This section explains in detail the shape changes of the model at different deployment schemes.  The shape 
changes of the initial and final stages of the analysis cases S1X200, S2X200 and S3X200 were presented and 
discussed. Case S1X200 was observed to contract the diagonal cables at stage 2 to actuate the model system to 
sideways. The deployment path for Scheme 1 continued to rotate clockwise. A few steps before reaching the 
final coordinates, the model twisted to advance to the final coordinates.  
 
Case S2X200 was displaced during the deployment process by extending the group of diagonal cables at stage 
1 outward. This induced a reduction in the height of the overall model. The group of diagonal cables at stages 
3 and 4 had elongated excessively in order for the monitored nodes to reach the pre-determined coordinates. 
The rotation of the model at Scheme 2 deployment is not significant. 
 

 
(a) 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
(c) 
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Case S3X200 initiated the displacement towards the targeted nodes by folding several cables in diagonal cable 
stage 1. Approaching the halfway shape change process, the model was observed to start twisting with the 
gradual extension of the group of diagonal cable stage 4 and top horizontal cables.  On the overall observation 
of case S3X200, there is an obvious clockwise rotation when approaching the target (i.e., after step t = 10, and 
the final step is 13).  
 
Overall, shape change analysis of the bio-tensegrity model at different schemes still indicates the models 
undergo bending deformation in the x-direction. The model generally experienced a reduction in heights to 
displace at prescribed coordinates. On the other hand, the best fit for deployment of the spine bio-tensegrity 
model’s scheme should be the model with fewer computational steps, which is Scheme S3. 
 

 
(a)                                                             (b)                           

                                                                                                                                                               
 
 
 
 
 
 
 
 
 
 
                                                                                          (c) 

Figure 5. Different deployment schemes for (a) case S1X200,  
(b) case S2X200 and (c) case S3X200. 
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3.4 Convergence  
 
The convergence curve represents the computational efficiency of the model in the control parameter to achieve 
the pre-determined target. All the models’ monitored nodes were subjected to one degree of freedom (DOF) in 
uni-directional displacement in the x-direction. The spine bio-tensegrity models Scheme 1, Scheme 2 and 
Scheme 3 are allowed to deform in a positive x-direction, denoted by S1, S2 and S3 respectively.  
 
The magnitude of the final coordinates is specified with +200 mm increments from the original x-coordinate of 
monitored nodes. Monitored nodes are located at the top of the model configurations, which involve Node 22, 
Node 23, and Note 24. Table 4 shows the number of computational steps for shape change analysis using 
quadratic programming. The models were analysed under the undeformed cable groups of a few schemes. They 
experienced axial elongation, axial shortening and sideways deformations to achieve the targeted coordinates.


Table 4. Numbers of computational steps 

Undeformed scheme 
Positive increment in the x-direction 

200mm 400mm 600mm 
Scheme 1, S1 16 39 91 
Scheme 2, S2 14 31 76 
Scheme 3, S3 13 26 73 

 
Figure 4 shows the normalised objective function (NOF) against computational steps for all analysis cases.  The 
convergence trend can be compared between analysis cases when the NOF for each case is constructed with the 
maximum objective function in Equation 2 set at 1.0.   All the convergence curves show a declining trend 
approaching the final coordinates. For the models subjected to small displacement (at x = +200 mm, i.e., 
S1X200, S2X200 and S3X200), the curves were relatively decreased almost linearly compared to other 
displacement values. 
 

 
Figure 4. Convergence curves for (a) Scheme 1,  

(b) Scheme 2, and (c) Scheme 3 
 
 

(c)  (b)  

(a)  
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Figure 4 shows the NOF is gradually decreasing and, at the final step, achieving zero. The computational steps 
increase when the distance of the targeted coordinates from the original nodal coordinates increases.  All the 
analysis cases show the shape change algorithm is effective for the model to approach the final coordinate at 
different steps. The program was terminated at criteria (i) at least objective function < 0.5. A small limit value 
for force elongation will result in greater iterations for a larger final coordinate displacement. Figure 4 depicts 
the direct relationship between force elongation and displacement magnitude.  The shape change process also 
reveals the occurrence of axial deformation of cables through force elongation.  
 
3.4 Axial Force 
 
The axial forces of the tensegrity model for cables and struts deal with tensile and compressive forces. Due to 
their nature of carrying compression forces, the 12 struts (elements 1–12) in this study have a negative axial 
force. Similarly, the cables experienced positive axial force and were carrying tension throughout the 
deployment process. 
 
Only the changes in axial force of models with 200 mm increments were outlined in this section. Analysis case 
S1X200 (Scheme 1) consists of a cluster of undeformed cables from elements 37, 38, 39, 40, 41, and 42. 
Meanwhile, cables S2X200 (Scheme 2) are made up of a collection of undeformed cables from elements 43, 
44, 45, 46, 47, 48, 49, 50, and 51. Finally, the case S3X200 (Scheme 3) consists of undeformed cables from 
elements 52, 53, 54, 55, 56, 57, 58, 59, and 60. 
 
Figure 5 shows the axial forces for all elements at the first and final computational steps. As shown in the bar 
charts, elements 13, 14 and 15 showed no variations in axial force at the initial and final steps, as they were 
treated as support at the model’s base. These were stimulated by the horizontal cable’s degree of freedom (DOF) 
at the base being restrained by the boundary condition of a fixed support in the x-, y-, and z-directions. 
 

 
(a) 
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(b) 

 
(c) 

Figure 5.  Axial force at initial and final step of the elements for model  
(a) S1X200, (b) S2X200, (c) S3X200 

 
The axial forces were checked against the yielding of cable elements, and the compressive forces of the strut’s 
elements were tested against Euler’s buckling load. Axial forces in cables are ensured within the limits in 
Equation (3). 

  0 c c cn A≤ ≤ σ                                                     (3) 
 
And the axial forces in struts are ensured within the limits, as in Equation (4). 
 

 

2

2max ,s s
s s s s s

s

E I A n A
l

 π − −σ ≤ ≤ σ 
                                        (4) 

 
From Equations (3) and (4), the maximum axial force for cable is 785 N, while the maximum value for axial 
forces for struts is 2525.8 N.  The strut's lower limit of axial force varies for each element depending on its 
length. Table 5 shows the lower bounds for the axial force limits for each strut’s elements. 
 

Table 5. Lower limit for strut axial force using Euler’s Buckling 
Strut Element Number Length (mm) Lower bound axial force limit (N) 

1 153.20 - 16,919.76 
2 157.80 - 15,929.86 
3 147.00 - 18,371.00 
4 332.30 - 3,595.18 
5 341.10 - 3,412.13 
6 306.80 - 4,218.49 
7 220.10 - 8,192.96 
8 213.60 - 8,698.40 
9 198.90 - 10,035.00 

10 51.29 - 149,125.63 
11 60.18 - 109,613.92 
12 56.75 - 123,273.38 

 
Based on Figure 6, all the strut’s elements (Elements 1–12) met the Euler buckling limits because the axial 
forces applied to the compression element did not exceed the upper and lower bounds. The maximum allowable 
cable forces are shown in a dashed line. However, some cable elements in each deployment scheme experienced 
slack behaviour. 
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The forces in elements 20, 38, 40, and 69 of Scheme S1 exceeded the force limit and remained as slack cables 
at the final step. Furthermore, the cables of Scheme S2 whereby Elements 25, 43, 46, 50, 51, 52, 54, 55, and 56 
achieved the force limit, but only Elements 54 and 55 can return in tension at the end of the deployment process. 
For Scheme S3, elements 24, 29, 54, 55, 56, 58, and 59 behaved similarly to slackened cables, but only elements 
24 and 46 returned to allowable ranges at the final deployment step. 
 

 
(a) 

 

 
    (b) 

 

 
(c) 

Figure 6. Axial force at incremental steps for  
(a) S1X200 (b) S2X200 and (c) S3X200  

 
A few cables that fell outside the allowable ranges continued to develop sagging, and the slackened cables that 
carried negative axial forces could modulate the strut’s behaviour. 
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4. Conclusions 
 
Sequential quadratic programming was used as a mathematical method to study how a spine bio-tensegrity 
model bends and deforms at different deployment schemes. The fundamental algorithm of the computational 
method is used to perform shape change analysis for the tensegrity model at four different stages.  
 
The computational method iterates to find the optimum solution for the force elongation of the cables of the 
bio-tensegrity model’s during the shape change analysis. The optimisation process for the force elongation 
ensures the active cables can actuate under prescribed constraints. The study conclusively demonstrates that the 
algorithm effectively achieves convergence of the solutions, enabling the attainment of the target state across 
various deployment scenarios.  
 
The numerical application is proven through a total of nine analysis cases at three deployment schemes for a 
spine bio-tensegrity model to reach the target coordinates in uni-directional modes. The model shows their 
flexibility trait to exhibit bending deformations at the final state by twisting, bending, rotating, folding and axial 
deformations throughout the shape change process.   
 
All analysis cases show almost perfect convergence at different computational steps against the normalised 
objective function (NOF). A direct relationship exists between the computational steps and the target 
displacement of a tensegrity model.  The greater the target displacement, the higher the computational steps. In 
addition, deployment scheme S3 is the most efficient in achieving the targets observed for all cases that deal 
with different target displacements. 
 
It has been proven that all strut elements in the bio-tensegrity model carry compression axial force and satisfy 
the Euler constraints. However, a few cable elements were found to be slackened during the shape change 
process. Few of the observed cables could return to tensile behaviour before reaching the final coordinate. 
Further investigation shall be made to ensure the bio-tensegrity model is able to sustain bending deformation 
without having repeated slack behaviour. 
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