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Abstract 
The need for a new generation of robots able to safely locomote and manipulate beside or cooperatively with humans or 
in un-constructed environments has recently emerged as a priority of the robotics community. ln the past two decades, 
this challenge has been tackled by the growing field of soft robotics mostly focusing on developing completely deformable 
soft robotic bodies that can freely deform along any direction and comply with any unexpected or excessive external force. 
However, intrinsic softness can be a limitation in situations that require exerting substantial forces, to withstand body-
weights or to modulate forces applied to the environment.  

Inspiration for a novel mechanically hybrid approach in robotics can come from a novel model for biological structures 
based on the concept of tensegrity. This model rejects the idea of the vertebrate musculoskeletal system as beams, col-
umns, and levers, and acknowledges the bones as stiff under compression elements held and stabilized in their positions 
by the pull of tensile components such as muscles, tendons, ligaments, and fascia. Therefore, rather than a frame support-
ing an amorphous soft tissue mass, the whole vertebrate body is divided into several modules stabilized by these tension 
components and its stiffness can vary depending on the pre-stress (i.e. tone) and stiffness of its muscles. This structural 
organization allows biological organisms to be more mechanically adaptive, robust, and lightweight at the same time. They 
can exhibit high physical compliance, apply efficiently forces to the environment when needed, and, at the same time, 
withstand their bodyweight at different scales.  

In the same way, modular tensegrity structures used in robotic applications can provide a lightweight and robust framework 
where integrating stiff under compression struts for bodyweight support; variable stiffness cables for applying directionally 
larger forces when required, and soft cables to absorb energy and allow compliance.  

ln this thesis, tensegrity modular structures are investigated as a new approach to develop soft robots with variable stiffness 
capabilities. This investigation led to a set of design strategies to manufacture and actuate tensegrity modules with pro-
grammable stiffness and deformation; to mechanically and electrically connect tensegrity modules to develop untethered 
applications, and to implement variable-stiffness capabilities in the modules for active and passive stiffness change. Finally, 
preliminary results and insights are presented on using heuristic algorithms as a design method to find task-optimal mor-
phologies, stiffness, and control of modular tensegrity robots.  

In this thesis modular tensegrity robots have been developed for performing locomotion and grasping tasks, however, the 
design methods presented can provide a guideline for designing robots for diverse applications where being lightweight, 
robust, and having variable-stiffness capabilities are of primary importance. 

We believe that the work presented and discussed in this thesis answered a gap in the current literature and most im-
portantly, will pave the way to future research on tensegrity robots for a great variety of tasks and robotic applications. 

Keywords 
Tensegrity, soft robotics, variable-stiffness, modular robotics, evolutionary robotics 
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Figure 4. Examples of different actuation technologies for tensegrity robots. 
(a) Example of a SMA actuated tensegrity robot [26], (b) example of pneumatically actuated tensegrity robot [20], (c) example of light-
actuated tensegrity robot [27]. 
 

Such robots are developed for diverse mode of locomotion, such as: rolling [31] [32] [33] [34] [35] [36], crawling/vibration 
[37] [38] [39] [40] [41] [40], hopping [42] [43], and flying [44]. The most advanced polyhedral tensegrity robots have been 
developed by NASA AMES in collaboration with the BEST Lab resulting in icosahedral tensegrity robots, such as the SUPER-
ball and ReCTer, which can roll, even on rough terrains and on slopes, with an optimized control of the six embedded 
tendon-driven actuators (Figure 5A) [32] [26]. 

 

Figure 5. Examples of different actuation strategies for tensegrity robots. 
(a) Example of rolling tensegrity robot [31], (b) example of locomotion by vibration of a tensegrity robot [37], (c) example of crawling 
tensegrity robot [38], (d) example of a jumping tensegrity robot [41], (e) example of a flying tensegrity robot [43]. 
 
 

Bio-inspired tensegrity robots 

The robots of this category are usually developed by functionalizing with actuators bio-mimicking artistic tensegrity struc-
tures or intuitive morphologies resembling biological structures. The most utilized artistic works used as inspiration are bio-
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tensegrity models of the human musculoskeletal system designed by T. Flemons. Most advanced three-dimensional inves-
tigations include a quadruped with passive legs [45]; elbow [46] and shoulder joints [47],  tensegrity hand [48], foot mech-
anism [49] and tensegrity arms [50] (Figure 6d). In particular, the tensegrity arm has a shoulder and elbow developed in a 
modular fashion. It can actuate four active degrees of freedom to create a relatively large workspace. However, the 
tensegrity structure is customized for a specific limb shape and function and cannot be modified (e.g. adding wrists and 
hands for manipulation) without changing the self-stabilized structure and re-design the whole tensegrity system. Moreo-
ver, none of the examples in literature make use of variable-stiffness, one of the main features of the biological structures 
they are inspired from. 

 

Figure 6. Examples of tensegrity robots inspired by biological structures. 
(a) Example of a tensegrity robotic hand [47], (b) example of tensegrity quadruped [44], (c) example of tensegrity robotic foot [48], (d) 
example of a tensegrity robotic arm [18]. 
 

Modular tensegrity robots 

Modular tensegrity systems have been often investigated for developing passive tensegrity structures such as toys [51], 
and metamaterials [52] [53] [54] [55] [56]. Some more advanced applications are deployable rigid modular tensegrity struc-
tures in active architecture [35] [36]. However, not many examples exist in robotics literature. Most of the examples are in 
simulation and on optimizing controllers for spine-like bio-inspired tensegrity structures for locomotion [45] [57] [58] [59] 
[60] [61]. Only recently a novel 3D printing design method allowed the development of modular chain-like tensegrity struc-
tures used as soft robotics legs [62]. However, the developed hardware does not have embedded actuators and relies on 
external actuation and power. Moreover, none of the examples in literature make use of variable-stiffness, one of the main 
features of the biological structures they are inspired from. 
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Figure 7. Examples of modular tensegrity robots in literature. 
(a) Example of a tensegrity spine crawling robot [45], (b) example of tensegrity spine as a bending manipulator [60], (c) example of 
tensegrity modular soft legs [47]. 

1.2 Variable-stiffness tensegrity robots 
Not many investigations exist on variable-stiffness tensegrity robots, although the use of tensegrity structures with low 
stiffnesses (i.e. Young Modulus in order of MPa/KPa) in soft robotics and as rigid structures in civil engineering (e.g. E = 
Modulus in order of GPa) are quite widespread and investigated. In only a few investigations, variable stiffness is addressed 
by enabling the change of cable pre-tensioning. [63] [64]. However, this approach generates relatively small stiffness change 
(by a factor of 3) or requires multiple actuators that increase the weight and bulkiness of the system [65]. 

 

Figure 8. Examples of variable-stiffness tensegrity structures in literature. 
(a) Example of a tensegrity variable-stiffness manipulator [61], (b) example of tensegrity variable-stiffness structure in simulation [62], (c) 
example of a two-dimensional variable-stiffness tensegrity mechanism [63]. 
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The junctions connection strategy for soft modular robots consists of anchored pairs of points on the external membranes 
of neighboring soft modules (Figure 18a). As with the biological counterparts, the novel junction connector is composed of 
two different cables. The first cable is stiff and short. It acts as a ball-joint constraint allowing the transfer of mechanical 
loads between modules. The second cable is a conductive electrical cable with low bending stiffness and low electrical 
resistance that allows the transfer of power and communication signals between the soft modules (Figure 18b and d). A 
male/female plug attachment system on both cables enables the modules to be connected and disconnected (Figure 18b 
and d). 

 

 

Figure 18. Bio-inspired junction connector for soft modular tensegrity robots. 
(a) Schematic representation of two generic soft modules with a membrane in black and connectors in red. (b) Zoomed in section of the 
junction connector inspired by biological adherens junctions, in red the plug male-female system and the stiff cable, in light blue the elec-
trically conductive cable. (c) Schematics of two soft tensegrity modules connected at their struts vertices. (d) Zoomed in section of a junc-
tion connector connecting two tensegrity soft module vertices. (e) Detailed section of a hardware implementation of a junction connector. 
In yellow the male-female jack plug system, in light blue electric cables connecting the two jack male plugs, and in red structures 3D-printed 
in ninjaflex. 

According to classical mechanics (chains law) [105] and its application on soft kinematic chains [106], for two three-dimen-
sional modules to be considered connected, it is required that one or more connectors constrain all three relative rotations 
and all three relative translations between the modules at mechanical equilibrium [105]. Individual ball-joint constraint 
constraints three relative translations but still allows three relative rotations, while two ball-joint constraints would still 
allow one relative rotation between the modules, thus three ball joints are required to fully constrain two modules [106].    
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3.3 Implementation of the junctions connection strategy 
 

We implemented the junctions connection strategy on a soft modular robotic kit composed of tensegrity modules with two 
morphologies (Figure 19c-d). Each tensegrity module is composed of rigid struts enveloped in a flexible network of elastic 
cables (Figure 19) [15]. The two types of tensegrity structures used as modules in this work are an icosahedron structure 
from chapters 2 and 3 and a novel three-box-prism module developed as part of this work (Figure 19 a-b). The icosahedron 
tensegrity module is composed of six struts and 24 cables. It has eight triangular faces all around its external surface (Figure 
19a). Its face to face distance is about 10cm, and each strut has an approximate length of 9cm from vertex to vertex. The 
three-box-prism module is composed of three planar box tensegrity submodules [11] measuring 10cmx3.5cm (Figure 19b). 

The three planar box submodules are connected together along their longer side into a three-dimensional tensegrity prism 
(Figure 19b). The three-box-prism module is composed of six struts and 12 cables. It displays two opposite symmetric tri-
angular faces on the external surface with the same dimensions as the icosahedron modules. Each soft module can be 
connected by means of three junction connectors, one at each corner of one of its triangular faces.  

Each junction connector is composed of two cables and an off-the-shelf male-female jack plug connection system (Digikey 
- diameter 2.5mm) (Figure 18e). The stiff cable that transfers mechanical loads is 3D printed in ninjaflex with sufficiently 
large dimensions (2.5mmX2.5mm and length of 5mm) to exhibit around ten times the stiffness of the individual tensegrity 
module cables (31kN/m vs. 3kN/m). The stiff cable is 3D printed in a single print together with two cylindrical housings, one 
at each end of the cable. These housings contain the two male jack plugs (Figure 18e). The bendable electrically conductive 
cable is composed of four low gage, and low electrical resistance wires glued together and soldered to the male jack plugs. 

Figure 19. The two modules morphology tensegrity kit. 
(a) Schematic representation of an icosahedron tensegrity module. The eight triangular faces displayed on the external surface are high-
lighted in yellow. Three circular red dots highlight the three vertices of one of one of the faces. Below, a photograph of one icosahedron 
module and its schematic representation used in the results section of the chapter. (b) Schematic representation of a three-box tensegrity 
module in side view on left and front view on the right. The two triangular faces displayed on the external surface are highlighted in yellow. 
One of the rectangular surfaces is highlighted in light blue. Circular red dots highlight the six vertices of one of the faces. Below, a photo-
graph of one of the modules and its schematic representation used in the result section of the chapter. 
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In each experiment, the tested specimen was compressed to 50% of its length in the tested direction. Each experiment was 
repeated three times. An Arduino board was used to read and record electrical resistance during each experiment involving 

Figure 20. Experimental results of experiments 1-8. 
(a, b, d, e, g, h, l, n) On the left, diagrams of the specimens and experimental setup used in experiments 1 through 8; on the right photo-
graphs of the modules during experiment at rest and at 50% compression. In blue are represented the struts that contain the electric cables 
to pass communication and energy throughout the module; while the yellow dots represent the junction connectors to connect pairs of 
modules. (c) Comparison of experiment 1 and 2: individual vs two connected icosahedron modules com-pressed longitudinally. (f) Com-
parison of experiment 2 and 4: individual vs two connected icosahedron modules compressed from the side. (i) Comparison of experiment 
5 and 6: individual vs two connected three-box-prism modules compressed from the side. (m) Comparison of experiment 7 and 8: individual 
vs connected two three-box-prism modules compressed longitudinally. 
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inside (Figure 22a) and a brain module equipped with a microcontroller and battery (Figure 22b). The kit also includes two 
types of three-box-prism modules: a passive module with no additional components inside (Figure 22c) and a bending 
module equipped with an actuation system (Figure 22d). These electronic components do not hinder the modules' deform-
ability because they are attached to the rigid struts [38]. 

The functionalized icosahedron has a TinyZero basic kit (TinyDuino) attached to one strut (Figure 22b). The TinyZero kit 
consists of a 3cmx3cm controller, two motor controller boards, and a battery (Figure 22b). The functionalized three-box-
prism bending module has an actuation system consisting of a motor with pulley (Pololu, torque 2.6N/m) attached to one 
of its struts, and a tendon, running parallel to one of its edges, to control bending motion (Figure 22e).  

The gripper consists of two fingers and was assembled using a brain module, four bending modules (two for each finger), 
and 18 junction connectors (Figure 22f). The gripper is controlled with a simple control signal which closes the two fingers 
by bending the four bending modules at the same time towards each other and opens the fingers after a set time when the 
microcontroller cuts off the current (Figure 22f). The two bending module vertices closest to the grasping point are 
equipped with two small 3D printed ninjaflex fingertips to increase the friction with the grasped object. The gripper is able 
to successfully grasp and hold up to two times its body weight and different object shapes (Figure 22h). Mechanical defor-
mation tests were performed on the robot using the same test setup as in section 3.3. These tests showed that the gripper 
deforms to 50% of its height with a maximum of 10N around 30% compression (Figure 22g). 

The crawling robot was built using a brain module, a passive icosahedron module, a passive three-box-prism module, two 
bending modules, and 12 junction connectors (Figure 22i). The crawling robot is controlled with an oscillatory control signal 
at 0.5Hz frequency that deflects the two bending modules in the same direction pushing against the ground (Figure 22i). 
The vertices that push on the terrain have been equipped with the same ninjaflex pads used for the gripper fingertips to 
increase friction with the ground. The robot is able to achieve a speed of 4.5cm/min (Figure 22m) and is deformed to 50% 
of its height with 35N (Figure 22l). These results show that is it possible to use the connection strategy to assemble soft 
untethered tensegrity modular robots. 

 

3.5 Discussion 
This chapter has presented and demonstrated a novel bio-inspired connection strategy for developing untethered soft 
modular tensegrity robots. The results show that the connection strategy allows the transfer of mechanical loads as well as 
enables an efficient transfer of power and communication signals without hindering deformability of the individual mod-
ules.  

We demonstrated the connection strategy on a tensegrity soft modular system of type two [11]. In the robots developed 
here, the junction connector connected vertices of rigid struts from neighboring modules together. However, if tensegrity 
soft modular systems are developed as type-one structures or the connection strategy is applied on other types of soft 
modular systems, there may be no vertices where to attach the female parts of the connectors. In these cases, the female 
parts of the junction connectors can be incorporated into membranes or attached to elastic cables with 3d-printed housings 
on the external surface.  

The junction connectors used in this project could be further improved by replacing the electrical cables with CANbus cables 
that can carry a significantly higher number of independent signal channels, thereby increasing the maximum number of 
modules in a robot. Moreover, in the future, the advancement of multi-material 3D printing [107] could allow the printing 
of the stiff cable, conductive cables, and the plug system at the same time in a unique component, making faster the man-
ufacturing and more replicable the contact resistances given by manual soldering. 

We believe that the results presented in this chapter demonstrate the potential that the junctions connection strategy 
has to be used in the future development of untethered soft modular tensegrity platforms and paves the way to foster 
research in the growing field of soft modular robotics. 
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aaa Figure 22. The modular tensegrity kit and the two soft untethered robotic demonstrators.  
(a-e) Representation of the soft modular kit developed to demonstrate the connection strategy. (a) The passive icosahedron. (b) The brain 
module. (c) A junction connector. (d) The passive three-box-prism. (e) The bending module. At the bottom a sketch to show its deformation 
when actuated. (f) Schematic representation and photographs of the robotic gripper. On the left, the gripper in its configuration at rest, 
on the right, after closing its fingers. (g) Schematic representation of the experimental setup to test mechanical deformations of the gripper. 
On the right a photograph of the experiment. At the bottom the load-strain graph of the gripper. (h) Examples of the gripper grasping from 
left to right, a pair of glasses, a remote controller, a banana and a mandarin. (i) Schematic representation and photographs of the robotic 
crawler. On the left, the crawler in its configuration at rest, on the right, after it pushed its limbs backwards. (l) Schematic representation 
of the experimental setup to test mechanical deformations of the crawler. On the right a photograph of the experiment. At the bottom the 
load-strain graph of the crawler. (m) Sequence of images demonstrating movement of the crawler over time. 
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Figure 25. Variable-stiffness results in compression and bending of an individual 3-strut module. 
Simulation and experimental results demonstrating stiffness change of a 3-strut VSTS in compression and bending. (a) Schematics of the 
VSTS under compression. On the left VSTS prototype with three VSCs mounted on the top face. On the right VSTS model in the simulation. 
(b) On the left load versus percentage of compression curves of the VSTS in both soft and rigid state. Simulation results are represented in 
dashed lines and experimental results with continuous line. A vertical line representing the 5% deformation defines the upper range used 
to calculate the stiffness of the overall structure. On the right, relationship between VSCs stiffness and overall stiffness change in compres-
sion of the VSTS. (c) Schematics of the VSTS under bending load. On the left VSTS prototype with three VSCs mounted on the top face. On 
the right VSTS model in the simulation. (d) On the left load versus percentage of lateral displacement curves of the VSTS in both soft and 
rigid state. Simulation results are represented in dashed lines and experimental results with a continuous line. A vertical line representing 
the 5% deformation defines the upper range used to calculate the stiffness of the overall structure. On the right, the relationship between 
VSCs stiffness and overall stiffness change in compression of the VSTS. 
 

VSTS beam with tuneable load-bearing capability 

We designed and manufactured a proof-of-concept VSTS beam composed of two 3-strut modules with tuneable load-bear-
ing capability. (Figure 26a). The cables shared by the two 3-strut stages at their junction were replaced by three VSCs. The 
VSTS beam was characterized with a universal testing machine in both compression and bending, and the results were 
compared with the simulations. The change of stiffness was around 26 times in compression and 7 times in bending. The 
experimental data showed a good agreement (error < 5%) with the simulated one in the soft state, while in the case of the 
rigid state, the experimental values were around 50% lower than the simulated ones (Figure 26b and d), similarly to the 
results discussed in the previous section.  

In the soft state, the 20-gram VSTS beam bent more than 100% of its width under external force (weight of a 1700-gram 
bottle corresponding to 85 times its own weight), while in the rigid state it was able to hold the same external load with 
bending of less than 10% its own width (Figure 23b). 

VSTS with self-deployment and shape locking capabilities  

The VSCs can be used to lock a tensegrity structure in different shapes. As an example, when a 3-strut VSTS module (Figure 
27a) becomes soft by joule heating, it can be compressed to a flat configuration (Figure 27b) and hold its shape after cooling 
to room temperature (Figure 27c). Since the extended VSCs cable store strain energy in the stretched silicone tube, when 
heated again the tensegrity structure can recover its original shape (Figure 27d) and lock in the originally deployed shape 
after cooling (Figure 27a).  
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Figure 26. Variable-stiffness results in compression and bending of a two 3-strut modules beam. 
(a) Schematics of the VSTS beam under compression. On the left VSTS beam prototype with three VSCs at its stages junction. (b) On the 
left, load versus percentage of compression curves of the VSTS beam in both soft and rigid states. Simulation results are represented in 
dashed lines and experimental results with a continuous line. A vertical line representing the 5% deformation defines the range used to 
calculate the stiffness of the overall structure. On the right, the relationship between VSCs stiffness and overall stiffness change in com-
pression of the VSTS beam. (c) Schematics of the VSTS beam under bending load condition. (d) On the left, load versus percentage of lateral 
displacement curves of the VSTS in both soft and rigid states. Simulation results are represented in dashed lines and experimental with a 
continuous line. A vertical line representing the 5% deformation defines the range used to calculate the stiffness of the overall structure. 
On the right, the relationship between VSCs stiffness and overall stiffness change in bending of the VSTS beam. 
 

The VSTS module shown in Figure 27 weighed 12 grams and in the soft state required 10 N of external load to achieve a 
compression of 70% of its height (Figure 27 b), which corresponded to a volume reduction of approximately 90%. In de-
ployed state, it could withstand up to 80 N with only 5% compression. The transition time from rigid to soft was around 2.5 
minutes by applying 1.5 A at 12 V to heat the VSC at 47C°. Transition time from soft to rigid was around 4 minutes at room 
temperature. In a first approximation, considering a constant spring coefficient, the strain energy stored in the stretched 
silicone tubes during compression can be estimated using the elastic potential energy equation of a spring Us=1/2 kx2, where 
Us is the elastic potential energy, k is the spring constant and x is the extension of the tube. The three VSCs in the VSTS have 
k=347 N/m, and a measured extension of x=15 mm at 70% VSTS compression. The resulting Us stored in the undeployed 
VSTS was 0.117 J. The VSTS displayed in Figure 23 could withstand the weight of a 1700-gram bottle (141 times its own 
weight) with only 2% compression. 
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Figure 27. A 3-strut VSTS module with the ability to self-deploy and lock its shape in both deployed and undeployed states. 
(a) The VSTS in its deployed shape configuration locked. No electric current is applied to its VSCs and the structure lays at room tempera-
ture. (b) The soft VSTS is compressed around 70% of the original height with an external load of around 10N. Electric current is applied to 
its VSCs which are kept at around 47°C degrees in temperature (c) After removing the electrical current and let the VSCs cool down to room 
temperature (RT), the external load is removed and the undeployed shape configuration is locked. (d) When the VSCs transition to soft 
again by temperature increase, the self-deployment of the VSTS occurs by releasing the stored energy in the VSCs. 
 

VSTS joint with underactuated shape deformations 

The integration of individually controlled VSCs in a tensegrity structure could enable diverse shape deformations. Differen-
tial distribution of the same actuation force throughout the tensegrity structure can be obtained by selectively controlling 
the stiffness of a subset of VSCs. The advantage of this approach to differential deformation of the structure is that it does 
not require the use of actuators for each deformation direction, which could increase the size and weight of the tensegrity 
structure. 

As a proof of concept, we developed an underactuated VSTS joint module capable of deforming in four different directions 
using only one actuator. The dual-stage VSTS joint module was composed of two connected 3-strut tensegrity modules with 
three shared VSCs at the junction (Figure 28a and b). The two rigid surfaces of the structure, one at the top and the other 
at the bottom, could be connected to other modules or components, such as robot bodies or end effectors. The VSTS joint 
was actuated by means of a tendon-driven mechanism placed at the base that uniformly pulled all the top surface vertices 
towards the base (Figure 28b). The four different modes of actuation were achieved by simultaneously changing the stiff-
ness of the three VSCs (Figure 28c) or by selectively changing the stiffness of only one VSC at a time (Figure 28d). 

Experiments were performed by actuating the motor at low speed (5 °/s) until it reached maximum torque (7.25 N*cm) 
while the position of the geometrical center of the top surface was tracked by means of a motion capture system. When 
the three VSCs were simultaneously softened, the structure could compress up to 40% of its height at the maximum torque 
(Figure 28e). Instead, when only one of the three VSCs was softened, the structure could bend around 40° (Figure 23 lateral 
view) in three different directions (Figure 28b-e top view).  
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Figure 28. Underactuated VSTS joint module and its shape deformations. 
(a) The VSTS joint prototype with in green highlighted the upper triangle geometrical center tracked in the motion tracking system, (b) 
schematics of the VSTS joint components, (c-d) schematics of compression and bending. The schematics show soft VSCs in orange and rigid 
VSCs in blue. (e-h), shape deformations of the VSTS are obtained by changing soft-stiff states of the three VSCs at the junction of the two 
3-strut stages. Each deformation has schematics of the soft-stiff states on the left and plots showing trajectories of the tracked point on 
the right. Deformations are expressed in percentage of height over time for the compression and percentage of the beam width along Z 
and X axes for the bending. The VSTS with all soft VSCs compresses, while VSTS with only one soft VSC bends. Bending produce an initial 
twisting due to manufacturing asymmetries of the structure represented by the initial curve of the bending trajectory.   
 

  4.1.3 Discussion 

The variable-stiffness tensegrity modules and assemblies described in this project offer tuneable load-bearing properties, 
shape locking, and controllable deformations in underactuated structures without significantly affecting the size and weight 
of the structures. While the cables described in this project were based on LMPAs encapsulated in stretchable tubes, other 
variable stiffness technologies could be used according to the force, speed, magnitude, or transition time required.  

Moreover, given the scalability of tensegrity structures, the proposed VSTS strategy could be applied for modular systems 
at different scales. For example, large VSTSs could serve as a scaffold for lightweight and self-deployable modular bridges, 
infrastructures, manipulators, antennas, and buildings with the ability to lock into their deployed and undeployed configu-
rations [109]. Human scale VSTSs are promising for load-bearing tuneable modular robotic frames and joints or underactu-
ated appendices of robotic bodies [110] (e.g. wings, arms, tales, fingers, etc.), while smaller scale VSTSs could be useful to 
develop modular underactuated and minimally invasive surgery devices where reduced bulkiness and mechanical compli-
ance to soft tissues is important [111].  

The overall mechanical performance of the modular structures considered in this work, including the stiffness change ca-
pability, are essentially influenced also by the applied geometrical boundary conditions and the mechanical parameters 
(e.g. length and initial stiffness) of the non-actuated passive modules. It is therefore fundamental to develop an appropriate 
modeling tool to predict mechanical performances in different application scenarios involving different morphologies, 
scales, and boundary conditions. Improved modeling of tensegrity VSCs within the state of the art physics engines, or the 
use of Finite Element methods, could also pave the way to the development of more accurate simulations to predict 
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stiffness change and which cables should be selectively stiffened to achieve desired deformations and load-bearing config-
urations. In turn, such models could be leveraged by heuristic optimization methods to explore the morphological and 
behavioral space of future soft modular tensegrity robots.  
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  4.2.2 Class-changing variable-stiffness strategy for tensegrity systems 

A tensegrity structure is composed of rigid bars under compression in a network of tensioned cables, while a tensegrity 
system is defined as a set of rigid bodies of any shape stabilized by a network of tensile elements [11]. Various classes of 
stable tensegrity structures or systems exist. In class 1 tensegrity system, the rigid bodies are not in contact and do not 
have ball-joint constraints (Figure 29(d)); in class 2, tensegrity systems at least two rigid bodies are constrained by a ball-
joint constraint (Figure 29(e)). A class 1 tensegrity structure is stable in a three-dimensional space thanks to the cable net-
work. By adding ball-joint constraints, it is possible to augment its resistance to deformations and therefore increase its 
stiffness [11]. Our novel variable-stiffness strategy relies on the principle of transitioning from a class 1 tensegrity system 
where the rigid bodies, i.e., named vertebrae, are not in contact with each other, to a stiffer class 2 tensegrity system with 
ball joint constraints among the rigid bodies (Figure 29(e)). We applied this strategy to a well-known class 1 tensegrity 
structure inspired by the biological spine. The structure is named Tetrahedral Tensegrity Spine [14-16], and we included a 
mechanism to add constraints between the vertebrae when a stiffer configuration is required.  

  4.2.3 Hardware implementation 

The simplest stable module of a Tetrahedral Tensegrity Spine is composed of an internal vertebra suspended in a network 
of tensioned cables connected to two external vertebrae at the top and the bottom (Figure 30(b)). The rigid bodies named 

Figure 29. Schematic representation of a type-changing variable-stiffness tensegrity structure and its bio-inspiration from a vertebrate 
spine. 
(a), a simplified artificial spine model (b), and the artificial tensegrity spine (c). The blue rhombus represent the vertebrae, the yellow dots 
represent the ball-joint constraints. The red lines represent intervertebral muscles (c). Schematic representation of the variable stiffness 
tensegrity module placed horizontally (d-e). A tensegrity type-changing module is used as continuous manipulator capable of lifting a 300 
grams bottle stiff mode (f). 
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The results show that a trade-off exists between stiffness and workspace. The measured workspace angle in the stiff mode 
is 20% smaller for the x-z-plane and 37% smaller in the y-z plane compared to the soft mode. The main reason for this 
decreased workspace angle between soft and stiff mode lies in the compression of the spine. When the spherical pins touch 
the central bodies, the distances between the vertebrae are reduced (see Figure 30(e-g)), and consequently, the radius of 
their relative rotation is shorter. The bending angles in the positive and negative direction of both orthogonal planes are 
not perfectly symmetric. (see Figure 2(c)). These differences can be explained by the different lengths of the actuated ten-
dons in the two planes. Indeed, the top vertebra arms tips have different heights measured from the base (Figure 30(d)). 
Moreover, the measures could be affected by small asymmetries of the assembled spine or errors of the human operator 
that manually actuated the motors.   

Here, we also want to highlight two design principles which affect the workspace of the tensegrity module. First, increasing 
the distance between the vertebrae increases the distance between the arm tips (Figure 30 (a)), which increases the bend-
ing range of the tensegrity spine and thus the workspace. Second, increasing the length of the pin reduces the decrease in 
the workspace between the two modes (Figure 30 (b)). 

 

  4.2.7 A continuous tensegrity spine manipulator  

To demonstrate the potential of the type-changing variable-stiffness tensegrity module and its different stiffness modes, 
we developed a continuous tensegrity manipulator based on the variable-stiffness tensegrity module described above.  

The manipulator is composed of a 5-vertebra tensegrity module, the top vertebra is equipped with a gripper (Figure 34(a) 
and (b)). The total height of the manipulator is 400 mm from the top of the base to the tip of the gripper. The gripper is 
based on an open-source design [118]. It is composed of a servo motor-driven claw that can close and open to grasp objects 
(Figure 34(b)). The four motors of the tendon-driven actuation system and the servo are driven by an Arduino UNO and 

Figure 33. Type-changing tensegrity module workspace characterization. 
In the workspace experiment, the soft and stiff mode were considered as shown in the schematic in (a) and the bending was induced by 
applying a force Ft and pulling the tendon on one side, or asymmetrically on both sides, respectively. The measured trajectory of the central 
point of the upper face of the top vertebra in the x-z-plane for soft (green) and stiff (blue) are represented by the solid lines in (b), while 
the trajectories of the last vertebra in the y-z-plane for soft and stiff are shown by the solid lines in (c). 
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four L928N motor drivers (Figure 34(c)). A human operator, thanks to an Arduino Uno user interface, can control the ma-
nipulator. The human operator can bend the manipulator in four directions by pulling one individual tendon or control the 
transition from the soft mode to the global stiff mode by pulling all four tendons at the same time or change to the direc-
tional stiff mode by pulling only two opposite tendons at the same time. 

The three different stiffness modes of the manipulator are demonstrated in three different task scenarios highlighting the 
advantage of each stiffness mode. In each demonstration, the manipulator is actively bent with the same control input (i.e., 
the same number of incremental rotations of the tendon-driving motor) in a specific direction before and after a stiffness 
transition to highlight different behaviors.  

 

1. Soft mode: the manipulator is capable of complying with 300 grams objects while moving in its workspace to 
demonstrate safe interaction with the environment (Figure 35(a)) 

2. Stiff mode: the manipulator is capable of lifting a 300 grams object (i.e., approximately the same weight of the 
spine system) thanks to increased stiffness to demonstrate on-demand load-bearing capability (Figure 35(b)). 

3. Directional stiff mode: the manipulator is capable of lifting a 300 grams object in the vertical plane (i.e., orthogonal 
to the table surface) and safely comply with objects of the same weight in the horizontal plane (i.e., parallel to 
the table surface) to demonstrate load-bearing capability and compliance in different directions (Figure 35(c)). 

 

  4.2.8 Discussion 
In this chapter, we proposed a novel type-changing variable-stiffness design strategy for tensegrity structures and systems. 
We developed a variable-stiffness tensegrity module capable of transitioning among three different stiffness modes. The 
mechanical adaptability given by the three stiffness modes has been validated in a proof-of-concept continuous tensegrity 
manipulator capable of manipulating heavy objects and complying with obstacles while moving.  

The proof-of-concept module that we developed to demonstrate the type-changing variable stiffness strategy is not a type-
one tensegrity structure -as the modules in the other chapters- but a tensegrity system, where rigid bodies have more 
complex morphologies than bars. However, tensegrity structures can be developed with the same strategy by adding or 
removing ball-joints between vertices of the bars. This can be obtained with clustered actuation like in this study or with 

Figure 34. A tensegrity spine manipulator designed with an adapted type-changing tensegrity module composed of five vertebrae. 
The continuous manipulator design with a 5 vertebrae variable-stiffness tensegrity module (a). In blue, the 3 original vertebrae of the 
characterized type-changing tensegrity module in orange the 2 additional vertebrae. The top vertebra is modified with a built-in gripper 
composed of two claws actuated by a servo-motor (b). Schematics of the electronics to allow open loop user control (c). 
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other mechanisms such as spherical magnets. Moreover, the module developed in this chapter is not compatible with other 
chapters' modules. However, using form-finding techniques, compatible type-changing modules with similar faces on their 
external surface could be developed. 

In this project, the variable-stiffness is achieved by actively adding or removing a ball joint constraint among the rigid bodies, 
named vertebrae, by means of tendon driven clustered actuation system. The mechanism allows changing the tensegrity 
system class from class 1 with no constrain between the rigid bodies to a class 2 with ball-joints constraints among the 
vertebrae. In the future, more advanced modeling or use of optimization algorithms [75], may allow programming of the 
morphological and mechanisms space design in terms of stiffness range and workspace, by optimizing passive cables' me-
chanical properties and components dimensions. Furthermore, more reliable manufacturing techniques, such as molding 
instead of 3D printing, could improve the quality of the elastic cables to match the stiffness of the uniform cross-section 
cables of the model. 

the mechanical flexibility and adaptability of biological vertebrates.  

4.3 Concluding remarks 
 

In this chapter, we have presented two different active stiffness-change design strategies for developing tensegrity mod-
ules: through activation of smart materials or with bio-inspired type-changing tensegrity structure.  

Figure 35. Variable stiffness tensegrity manipulator stiffness modes. 
(a) Top view of the manipulator clamped at one side and placed horizontally to a table surface. A bottle weighting around 500 grams is 
placed in its reachable workspace. A sequence of two images show the manipulator bending on the right while in global stiff mode (top) 
and in soft mode (bottom). In the first case, the manipulator is too stiff and pushes the bottle to fall on the table, while in the soft mode 
the manipulator is able to comply with the bottle avoiding its fall on the table. (b) Side view of the manipulator clamped at one side and 
placed horizontally to a table surface while grasping a bottle weighting 300 grams. A sequence of two images show the manipulator bending 
upwards while in global stiff mode (top) and in soft mode (bottom). In the first case the manipulator is able to lift the bottle. In the second 
its stiffness is not sufficient to transmit a high enough force to lift the bottle. (c) Lateral view and top view of the manipulator clamped on 
one side and standing horizontally to a table surface. A bottle weighting around 300 grams is grasped by the gripper, while a bottle 
weighting around 500 grams is placed in its reachable workspace. The manipulator is in selective stiff mode, the plane orthogonal to the 
table surface is stiff while the parallel plane is soft. In the two top images of the sequence, the manipulator is able to lift the bottle in its 
stiff plane. In the two bottom images of the sequence, while the manipulator is lifting the bottle, it bends on the right in its soft plane and 
it is able to comply with the second bottle avoiding its fall on the table. 
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While the first strategy can be implemented in any type of tensegrity module morphology including structures with no 
actuators. The second needs a more advanced form-finding technique to design compatible morphologies. However, 
smart materials, investigated in the current state of the art, are still prone to some disadvantages like high energy con-
sumption or low speed. We believe that the two strategies are complementary and that in some applications type-chang-
ing tensegrity variable stiffness may be a preferable strategy to include variable stiffness capabilities in tensegrity modular 
robots.  
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Tensegrity structures are a promising framework for developing collision-resilient robotic applications. Rigid tensegrity 
structures are very lightweight therefore exhibiting lower inertia and less energy to dissipate during collisions. Coupled with 
dual-stiffness technologies, tensegrity structures can be even more resilient resulting in a promising approach.  

Several investigations exist in the literature on creating dual-stiffness materials for robotic applications, such as dual-stiff-
ness membranes [126] and magnetic fuses [127]. However, one of the most promising for developing is the use of buckling-
instabilities [128] [129] [130]. Buckling is an instability that is exhibited by materials under compression. These materials 
can have high rigidity and, after a certain compressive load threshold, transition to a softer stiffness allowing them to with-
stand high deformation and store energy.  

A tensegrity structure is made of elements in compression, the struts, and elements in tension, the cables. With rigid struts 
and inextensible cables, the structure is stiff [20](Figure 36a). By allowing buckling of the struts is possible to develop a 
highly lightweight dual-stiffness tensegrity structure that can be used as a module to develop robotic applications for colli-
sion resilient navigation (Figure 36b). 

In the rest of the chapter, we first describe how to functionalize a tensegrity strut for buckling with high deformations up 
to 30% of its length. Then we assemble and characterize dual-stiffness tensegrity modules and finally, we validate the ap-
proach by developing a tensegrity dual-stiffness wheeled rover and a drone multi-copter, both with dual-stiffness behaviors 
and the ability to withstand collisions. 

 

Figure 36. Examples of a rigid tensegrity module and a dual-stiffness tensegrity module. 
(a) A 3-strut tensegrity module with nylon cables and wooden struts. (b) Our 3-strut dual-stiffness module with highlighted the dual-stiff-
ness strut and rigid cables made of Kapton. 
 

5.2 Buckling strut design and its characterization 
A strut of a tensegrity structure is usually made of a rigid material able to withstand compression without buckle. Some 
researchers explored the idea that buckling is not only a failure mode but can be used to make improve the deformability 
of a soft tensegrity structure [131]. In our work, we develop a rigid tensegrity structure that is composed of rigid cables and 
dual stiffness buckling strut. Our aim is to develop a structure that deforms as little as possible before buckling, making the 
buckling the only activation of large structural deformation. Moreover, we developed a strut able to highly deform after 
buckling up to 30% of its length.  

The chosen design for the buckling strut is shown in Figure 38(a). The strut consists of two main parts: a tube (the red part 
in Figure 38(a)) made of NinjaFlex, a printable elastic material, and a pultruded carbon rod (the black part in Figure 38(a)). 
These two parts are connected with a rigid connector, made of ABS (blue parts in Figure 38(a)). At the two ends of the strut, 
two screws are attached to insert the cables during the assembly and to add connectors between the modules. The parts 
of a strut are glued together. Both NinjaFlex tube and ABS parts are 3D printed. The tube has an inner diameter of 7 mm, 
and an outer diameter of 9 mm (Figure 38(b)). It measures 30 mm but on both ends, the ABS parts are glued inside on 4 
mm, so the effective length is 22 mm. The strut measures 93 mm with the screws and 79 mm without. In the strut, the 
buckling part is the NinjaFlex hollow tube. The advantage of using the NinjaFlex hollow tube is that it is stiff during 












































































