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• Introduction to tensegrity structures and their advantages

• Presentation of the tensegrity robot and simulation tools

• Presentation of the developed controllers (reactive - CPG - 
hybrid)

• Simulator validation with real hardware

•Questions / discussion
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Only pure tension or pure compression!
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Only pure tension or pure compression!

tensile elements compression elements
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- Lightweight

- Compliant

- Robust to shocks

- Robust to failures

- Deployable

- Bio-inspired

1 Executive Summary

Small, light-weight and low-cost missions will become increasingly important to NASA’s explo-

ration goals. Ideally teams of small, collapsible, light weight robots, will be conveniently packed

during launch and would reliably separate and unpack at their destination. Such robots will allow

rapid, reliable in-situ exploration of hazardous destination such as Titan, where imprecise terrain

knowledge and unstable precipitation cycles make single-robot exploration problematic. Unfortu-

nately landing lightweight conventional robots is difficult with current technology. Current robot

designs are delicate, requiring a complex combination of devices such as parachutes, retrorockets

and impact balloons to minimize impact forces and to place a robot in a proper orientation. Instead

we are developing a radically different robot based on a “tensegrity” structure and built purely

with tensile and compression elements. Such robots can be both a landing and a mobility platform

allowing for dramatically simpler mission profile and reduced costs. These multi-purpose robots

can be light-weight, compactly stored and deployed, absorb strong impacts, are redundant against

single-point failures, can recover from different landing orientations and can provide surface mo-

bility. These properties allow for unique mission profiles that can be carried out with low cost and

high reliability (see Figure 1). We believe tensegrity robot technology can play a critical role in

future planetary exploration.

Figure 1: Tensegrity structures are composed of pure compression and tension elements. They
can be lightweight, reliable, deployable, and efficient to manipulate. Mission Scenario - Tightly
packed set of tensegrities, expand, spread out, fall to surface of moon, then safely bounce on
impact. The same tensegrity structure which cushioned the landing is then used for mobility to
explore moons such as Titan and small asteroids.

Our Phase I study explored: 1) Feasibility of applying tensegrities to a low-cost, high science

return mission to Saturn’s moon Titan. 2) Ability to control these structures that exhibit oscillatory

and nonlinear behavior through evolutionary and central pattern generator based algorithms. 3)
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HOW TO MAKE  TENSEGRITY 
ROBOTS MOVE ?

•Not suitable for classical control designs

• High compliance

•Oscillating structure

• Few scientific studies
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DRIVING PRINCIPLE

contact surface

N

mg

τ≠0• Creation of a torque by

•moving the center of mass

• reducing the contact surface
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REACTIVE
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TOWARDS CPGS
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(value of the scalar 

product) is very regular 
over time

It can be stored in a 
dynamical system

ẋ = γ(µ− (x2 + y2))x− ωy + �f(t)

ẏ = γ(µ− (x2 + y2))y + ωx

ω̇ = −�f(t)
y

x2 + y2
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6.6.2 Hopf Oscillator

Due to the ball-like structure of the tensegrity, the signals we want to copy during the
rolling phase can be assumed as sinusoids. Thus, instead of AWOs, we can consider using
Hopf oscillators[36] defined by:

ẋ = γ(µ − (x2 + y2))x − ωy (6.13)
ẏ = γ(µ − (x2 + y2))y + ωx (6.14)

where γ is a time constant, µ is the target frequency and ω the target pulsation of the
signal. This dynamical system can be adapted to synchronize to any periodic input signal
f(t). The resulting adaptive frequency Hopf oscillator is defined by the following set of
equations:

ẋ = γ(µ − (x2 + y2))x − ωy + �f(t) (6.15)
ẏ = γ(µ − (x2 + y2))y + ωx (6.16)

ω̇ = −�f(t) y

x2 + y2 (6.17)

As with the AWO, we can now record the periodic signal during a learning phase and store
it as a stable limit cycle of the Hopf oscillator. This signal can later be used to drive the
tensegrity.
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Figure 40: Adaptive Hopf oscillator synching its output signal (red) to an periodic input

signal (blue). The dynamical system can reproduce a sinusoid with the same frequency

and phase once the learning signal is removed (50-90 sec).
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- Learning phase:
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teach signal

motor command

- Controlling phase: 

motor
command

feedback CPG

CENTRAL PATTERN GENERATORS
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CENTRAL PATTERN GENERATORS



�p = �p0 + �p1∆�+ �p2∆�2 + ...

Numerical method*

∆� = f(�p)

p(t)

p(t+∆t)

INVERSE KINEMATICS
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complicated closed form approximated by numerical methods



�p = �p0 + �p1∆�+ �p2∆�2 + ...

Numerical method*

∆� = f(�p)

*

- First order: Transpose Jacobian Method

- Second order: Newton Method

p(t)

p(t+∆t)

INVERSE KINEMATICS
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complicated closed form approximated by numerical methods
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INVERSE KINEMATICS



HYBRID
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RESULTS SUMMARY



SIMULATOR  VALIDATION
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Fig. 5. RECTER: actuated strut design

Fig. 4. RECTER: an untethered, highly compliant tensegrity robot with
rich sensor integration. The robot has 24 spring force transducers, ground
reaction force sensors and 6 DOF IMUs on each strut. 6 springs are actively
controlled by DC motors integrated into the struts. The mass of this robot
is approx. 1kg with batteries. The robot has one hour of battery life during
locomotion with all sensors enabled and active wireless interface. TODO:
better picture of the current 3 active struts robot.

this risk, the wire spindle tightly fits into a smooth HDPE141

surface, which is only penetrated by 4 metal standoffs.142

The wire spindle passes through a first PCB on which143

the high precision power supplies for the force transducers144

are located. A neodymium magnet is then mounted onto the145

spindle below a magnetic encoder (AMS AS5050) placed146

on a second PCB, which is located 7mm above the first one.147

This PCB additionaly contains a microcontroller to drive the148

DC motor and the force sensor ADC.149

The high axial loading (especially in case of impacts) of150

the spindle is handled by 2 miniature ball bearings. The151

first one is located on the motor axis, just below the wire152

spindle, while the second one is glued in the sloth of the153

first PCB. The measured power loss due to friction in the154

bearings is approx. 0.35W. Combining this with the power155

loss in the transmission, we can estimate an effective motor156

power of approximately 3.5W. A 0.13mm UHMPWE wire157

is attached to the spindle (75N max. spring force), resulting158

in an effective spindle diameter of approx. 4.4mm.159

The first PCB is placed inside a custom aluminium part160

onto which four half bridge strain gages are glued. A half-161

bridge straing gage configuration is used in combination with162

a 24 bit precision ADC (Analog Devices ADNS7192). As163

the strings are not perpendicular to the force transducers, the164

measurements will be a non-linear function of the orientation165

Fig. 6. RECTER: node design

of the string and the tension.166

The diameter of the nodes is 2.4cm, only the force167

transducers extend beyond this diameter. However, the strain168

gages can also be mounted vertically adjacent to the wire169

spindle by fixing them in the slots provided in the PCBs.170

As this increases the probability of unwanted knots during171

experimenting and we have used the more open design for172

our experiments.173

The central module contains the power supply, wire-174

less communication and a 3D accelerometer (Freescale175

MMA8452Q) and 3D gyroscope (ST L3G4200D). The main176

battery (Panasonic NCR18650A) is mounted in the center of177

the strut to minimize the moment inertia of the strut around178

its longitudinal axis. When external power is provided, the179

robot charges the main battery and the backup battery. At180

any time the backup battery can be charged from the main181

battery.182

The robot has two low power modes for extended exper-183

iments. In the first mode, the motor power is disabled, but184

all sensors (e.g. force transducers and motor encoders) and185

the wireless interface remain active. The backup battery can186

provide power for several hours in this mode. An additional187

storage mode turns off the wireless interface and all sensors188

except for the motor encoders. The robot can be stored for189

several days in this mode.190

A low-power 2.4GHz module (Nordic nRF24L01+) is used191

for wireless communication. The center module of each strut192

relays the sensor values wirelessly to an external controller193

at up to 100Hz. As the natural frequency of the structure is194

on the order of a few Hz, we found that a 40Hz controller195

frequency is sufficient for smooth operation. For all results196

presented in this paper, position control of the spring lengths197

was used.198

Reservoir compliant tensegrity 
robot (ReCTeR)

Nasa tensegrity robotics 
toolkit (NTRT)
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Simulation, Design and Control of Tensegrity Robots • K. Caluwaerts et al.

Figure 7: Kinematic comparison of the Euler-Lagrange and NASA Tensegrity Robot Toolkit simulators and ReCTeR motion
capture data. The top left plot shows the experimental setup. Two actuated springs (dashed lines) track a range of string lenghts.
The full range of motion of the tracked node during the experiment is shown in light yellow (convex hull). The nodes indicated
by small black squares are on the ground. The 3 other plots show the vertical displacement of the node indicated by the large
black dot in the top left plot as a function of the two actuated string lengths. The node of which we trace displacement is not
directly actuated and is floating. The nodal displacement as a function of the actuator position is non-linear, even for modest
displacements. Note that the leftmost point (0.05, 0.05, 0) is the reference point, as the displacements are relative to this initial
state.
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FUTURE WORK

Several promising options
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Neural Networks Evolutionary Algorithms Soft Robotics

be provided as inputs to the graph. The next level of nodes can be thought of as
descriptions of the first stages of development, such as establishing bilateral
symmetry. Higher level nodes then establish increasingly refined coordinate frames.
The final outputs are thus informed by each transformation that takes place before
them. In this way, the entire graph is like a diagram of the sequence of steps that
happen over a developmental chronology.

Providing the initial coordinate axes as inputs to the graph is what allows local
interaction to be eliminated: In physical space there are no intrinsic coordinates that an
individual cell can access to determine its location (and hence its identity). Therefore,
local interaction becomes a way of asking, ‘‘where am I?’’ That is, through the
collective negotiation of adjacent cells that interact with each other, it is possible to
derive a coordinate frame.However, by composing functions that take as arguments an
absolute frame of reference, the need for such negotiation is eliminated and all
identities and relative locations can be determined completely independently.

Interestingly, a graph of such compositions is very similar to an artificial neural
network with arbitrary topology. The only difference between the two is that
artificial neural networks generally use sigmoid functions (and sometimes Gaussian
functions) as activation functions in each node, whereas the function composition
graph may use any of a variety of canonical functions at each node.

The analogy between a function composition graph and an artificial neural
network (ANN) is so strong, in fact, that it is tempting to equate the two. However,
while from an external objective standpoint they are clearly related, using the term
artificial neural network would be misleading in the context of this discussion
because artificial neural networks were so named in order to establish a metaphor
with a different biological phenomenon, i.e. the brain. The terminology should avoid
making the implication that biological, thinking brains are in effect the same as
developing embryos. Therefore, this paper uses the term Compositional Pattern

Fig. 4 Composition of functions as a graph. The graph determines which functions connect to which.
The connections are weighted such that the output of a function is multiplied by the weight of its outgoing
connection. If multiple connections feed into the same function, it means that the downstream function
takes the sum of their weighted outputs. Note that the topology is unconstrained and can represent any
possible relationships. This representation is similar to the formalism of artificial neural networks with
arbitrary activation functions and topologies. Because the absolute coordinate frame (x,y) is input to the
network, local interaction can be eliminated from the representation

Genet Program Evolvable Mach (2007) 8:131–162 141

123
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(video from University of Idaho Tensegrity Group)



“Design and control of compliant tensegrity robots through 
simulation and hardware validation”

Ken Caluwaerts, Jérémie Despraz, Atil Iscen, Andrew Sabelhaus, Jonathan Bruce and Vytas SunSpiral

Journal of the Royal Society Interface (2013)
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SIMULATION FLOWCHART
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FITNESS RESULTS
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CPG NETWORK
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Rolling Tensegrity Driven by Pneumatic Soft Actuators

Yuusuke Koizumi, Mizuho Shibata, and Shinichi Hirai

Abstract— In this paper, we describe the rolling of a tenseg-
rity robot driven by a set of pneumatic soft actuators. Tensegrity
is a mechanical structure consisting of a set of rigid elements
connected by elastic tensional elements. Introducing tensegrity
structures, we are able to build soft robots with larger size.
Firstly, we show the prototype of a six-strut tensegrity robot,
which is driven by twenty-four pneumatic McKibben actuators.
Second, we formulate the geometry of the tensegrity robot. We
categorize contact states between a six-strut tensegrity robot
and a flat ground into two; axial symmetric contact and planar
symmetric contact. Finally, we experimentally examine if rolling
can be performed over a flat ground for individual sets of the
actuators and discuss the strategy of rolling.

I. INTRODUCTION

This paper focuses on the rolling of a tensegrity robot
driven by a set of pneumatic soft actuators.

Recently, locomotion of soft material robots has been
studied extensively [1], [2], [3], [4], [5], [6]. Robots made
of soft material may be able to change their shape for rough
terrain locomotion, obstacle avoidance, and narrow passage
locomotion. Robots may be able to utilize elastic energy
stored in soft material for their locomotion and jumping. On
the other hand, it is difficult to build larger robot bodies due
to natural deformation of soft material. We need to introduce
bones into soft robots to build larger ones. Conventionally,
robotics has been applying link mechanisms, where rigid
bodies are linked one another through mechanical joints, to
robot bodies. Link mechanisms can be embedded into soft
material robots, but such link mechanisms may hinder the
deformation of the soft robots; link mechanisms tend to be
heavy weighted, not only due to link weight but also due to
complicated joint mechanisms. To cope with this dilemma,
we proposed to apply tensegrity structures to soft robots [7],
[8].

Tensegrity is a mechanical structure consisting of a set of
rigid elements connected by elastic tensional elements. Rigid
elements, which are referred to as struts, are disconnected
one another. The structure keeps its shape due to the balance
among the tensile and compressive forces applied to the
structure. Tensegrity is an abbreviation of tensile integrity.
Tensegrity structure is firstly proposed in architecture [9],
[10]. Tensegrity structures are lightweight and flexible; they
are applied to architectural designs of bridges and domes. In
architecture, many studies have been conducted to investigate
the properties of tensegrities [11], [12], [13]. The concept

Y. Koizumi and S. Hirai are with the Department of
Robotics, Ritsumeikan University, Kusatsu, Shiga 525–8577, Japan.
hirai@se.ritsumei.ac.jp

M. Shibata is with the Department of Intelligent Mechanical Engineering,
Kinki University, Higashi Hiroshima, Hiroshima 739–2116, Japan.

Fig. 1. Prototype of six-strut tensegrity robot. The prototype consists of
6 rigid struts and 24 pneumatic McKibben actuators. Two rigid balls are
attached to the both ends of each strut. Air pressure to the actuators is
applied externally through hoses.

of tensegrity has been applied not only to architecture but
also other areas including biology and robotics. In biology,
tensegrity structures were applied to the description of living
cells [14]. In robotics, tensegrities are applied to lightweight
robotic arms [15] and locomotion robots [16], [17]. In
addition, Kinematics and statics of a modular tensegrity
mechanism was analyzed [18].

In [7], [8], we have built a tensegrity robot prototype of
almost 150 mm in size. The size is limited due to SMA
actuators applied to the prototype. In this paper, we build
a tensegrity robot prototype of almost 600 mm in size. We
will apply pneumatic soft actuators, which can generate
larger forces than SMA actuators can, into the tensegrity
robot prototype. Also, we will examine if the prototype can
perform successive rolling over the ground. The rest of this
manuscript is organized as follows. Section II introduces
rolling tensegrity robots and their geometric description.
Section III briefly describes the dynamics of tensegrity
robot rolling. Section IV shows experimental results. Finally,
section V provides conclusion and future works.

II. ROLLING TENSEGRITY ROBOT

A. Six-strut Tensegrity Robot

Figure 1 shows a prototype of a six-strut tensegrity robot.
This prototype consists of 6 rigid struts and 24 pneumatic
McKibben actuators. Note that McKibben actuators exhibit

!"#!$%&&&$%'()*'+(,-'+.$/-'0)*)'1)$-'$2-3-(,14$+'5$67(-8+(,-'
2,9)*/)'(*):$;+,'($<+7.:$=,'')4-(+:$>;6
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. Successive rolling of a six-strut tensegrity robot. The prototype can
perform a successive rolling over a flat ground by applying air pressure to
a sequence of actuator pairs.

much air pressure is required to perform transitions among
contacts to conclude that transitions in category PP are
suitable for successive rolling of a tensegrity robot.

Future works include

(a) planning of a sequence of driving actuators for a
tensegrity robot to follow a given path,

(b) locomotion of a tensegrity robot over rough terrain,
(c) detection of orientation of a tensegrity robot,
(d) dynamic simulation of the rolling of a six-strut tenseg-

rity robot,
(e) miniaturized pneumatic devices for internally powered

locomotion of a tensegrity robot.

In this paper, we have found possible transitions among
contacts and how much air pressure is needed for each
transition. Based on this result, we will establish a method
to determine a sequence of driving actuators that enables
a tensegrity robot to follow a given path on the ground.
We have focused on the tensegrity robot locomotion over
a flat ground. We will apply the robot to the locomotion
over rough terrain to investigate the performance of the robot
experimentally. It is needed to detect the orientation of a
tensegrity robot and to identify its contacting triangle to
determine pneumatic McKibben actuators to be driven. We
will apply a set of accelerometers to detect the orientation
of a tensegrity robot. Also, we will build simulation of
the rolling of a tensegrity robot so that we can assess the

performance of the robot via simulation. Current prototype
is externally powered; a compressor outside a tensegrity
robot provides air pressure to drive pneumatic actuators. Our
prototype has space enough to install the pneumatic system
inside its body. In addition, we have already developed
miniaturized pneumatic valves [20], which can be installed
inside our tensegrity robot. We will apply this technology
to our prototype so that the pneumatic system including air
sources, control valves, and micro controllers are installed
inside the robot.
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5.1 Tensile Components
Bullet provides a library for the modeling of elastic components as a chain of connected rigid
bodies that can be used to model the tensile elements of tensegrity structures. However,
this implementation has been discovered to introduce free energy in the system, allowing
the tensegrity to spin on itself in a way that obviously breaks the laws of conservation of
energy. In order to solve this problem, NTRT implements a new class of hookean springs.
This new class models tensile elements (or muscles) as massless and shapeless elements
that are attached to rigid bodies by two anchor points. These muscles have an editable
rest length and can apply a force to the connected bodies when in extension. The force
applied by a muscle i is computed according to the following set of equations:





Fi = ki(�i − li) − η

(l(t)
i − l(t−1)

i )
dt

, li > �i

0 , otherwise

Where ki is the spring constant of muscle i, �i and li are its rest length and actual length
respectively, η is a damping coefficient and dt is the simulation time step. With this spring
model, the muscle applies a force to its rigid bodies if it is in extension and goes slack
otherwise. Obviously, with this implementation, two connected rigid bodies experience an
equal and opposite force as expected from Newton’s third law.

Note that the muscles as modeled here cannot experience contact forces or shocks as they do
not have any physical shape. They can be seen as a set of physical parameters: rest length,
length, anchor points and forces. As a consequence, more realistic strings models have to
be implemented to deal with complex interactions with ground objects, entanglements, etc.
However, a
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5.4 Actuators and Controls
Actuation of the muscles is performed by either increasing or decreasing the rest length of

the springs. This choice is justified to keep consistency with other simulation experiments

and results and by the following physical argument:

Imagine the simple undamped planar spring - mass system as represented on figure 16. We

assume that each spring has a rest length given by � and �c and we choose a coordinate

system with the Ox axis pointing to the right and denote by x1 and x2 the horizontal

position of mass m1 and m2 respectively.

m1 m2

k kc k

Figure 16: planar spring - mass system

The forces F1 and F2 applied on each of the masses can be easily computed:

F1 = k(x1 − �) + kc(x2 − x1 − �c)

F2 = k(x2 − �) + kc(x1 − x2 − �c)

and the equations of motion are given by Newton’s second law:

mẍ1 = k(x1 − �) + kc(x2 − x1 − �c) (5.1)

mẍ2 = k(x2 − �) + kc(x1 − x2 − �c) (5.2)

The general solution of these two equations for � = �c = 0 is of the form:

x1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2)

x2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2)

with A, B, φ1, φ2 ∈ R and ω1, ω2 ∈ R+. Hence, a general solution for (5.1) and (5.2) is of

the form:

x̂1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2) + α

x̂2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2) + β

with α, β ∈ R. By substitution in (5.1) and (5.2), this gives:

0 = kα + kc(β − α) − k� − kc�c

0 = kβ + kc(α − β) − k� − kc�c
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mẍ1 = k(x1 − �) + kc(x2 − x1 − �c) (5.1)
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Figure 11: Schematic view of a 3-segment muscle, allowing to account for springs mass
and accurately simulate real tensegrity tensile components
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5.1 Tensile Components
Bullet provides a library for the modeling of elastic components as a chain of connected rigid
bodies that can be used to model the tensile elements of tensegrity structures. However,
this implementation has been discovered to introduce free energy in the system, allowing
the tensegrity to spin on itself in a way that obviously breaks the laws of conservation of
energy. In order to solve this problem, NTRT implements a new class of hookean springs.
This new class models tensile elements (or muscles) as massless and shapeless elements
that are attached to rigid bodies by two anchor points. These muscles have an editable
rest length and can apply a force to the connected bodies when in extension. The force
applied by a muscle i is computed according to the following set of equations:





Fi = ki(�i − li) − η

(l(t)
i − l(t−1)

i )
dt

, li > �i

0 , otherwise

Where ki is the spring constant of muscle i, �i and li are its rest length and actual length
respectively, η is a damping coefficient and dt is the simulation time step. With this spring
model, the muscle applies a force to its rigid bodies if it is in extension and goes slack
otherwise. Obviously, with this implementation, two connected rigid bodies experience an
equal and opposite force as expected from Newton’s third law.

Note that the muscles as modeled here cannot experience contact forces or shocks as they do
not have any physical shape. They can be seen as a set of physical parameters: rest length,
length, anchor points and forces. As a consequence, more realistic strings models have to
be implemented to deal with complex interactions with ground objects, entanglements, etc.
However, a
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5.1 Tensile Components
Bullet provides a library for the modeling of elastic components as a chain of connected
rigid bodies that can be used to model tensile elements of tensegrity structures. However,
this implementation has been discovered to introduce free energy in the system, allowing
the tensegrity to spin on itself in a way that obviously breaks the laws of conservation of
energy. In order to solve this problem, NTRT implements a new class of hookean springs.
This new class models tensile elements (or muscles) as massless and shapeless elements
that are attached to rigid bodies by two anchor points. These muscles have an editable
rest length and can apply a force to their connected bodies when in extension. The force
applied by a muscle i is computed according to the following set of equations:





Fi = ki(�i − li) − η

(l(t)
i − l(t−1)

i )
dt

, li > �i

0 , otherwise

Where ki is the spring constant of muscle i, �i and li are its rest length and actual length
respectively, η is a damping coefficient and dt is the simulation time step. With this spring
model, the muscle applies a force to its rigid bodies if and only if it is in extension and
goes slack otherwise. Obviously, with this implementation, two connected rigid bodies
experience an equal and opposite force as expected from Newton’s third law.

Note that the muscles as modeled here cannot experience contact forces or shocks as they do
not have any physical shape. They can be seen as a set of physical parameters: rest length,
length, anchor points and forces. As a consequence, more realistic strings models have to
be implemented to deal with complex interactions with ground objects, entanglements, etc.
However, it is possible to approximate massive springs by adding intermediary masses and,
instead of modeling one full spring, add three distinct springs in-between as illustrated on
figure 13. This type of model has also the advantage of reflecting the design of some
tensegrity robots such as the one used for hardware experiments presented in section 8.
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Where ki is the spring constant of muscle i, �i and li are its rest length and actual length
respectively, η is a damping coefficient and dt is the simulation time step. With this spring
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otherwise. Obviously, with this implementation, two connected rigid bodies experience an
equal and opposite force as expected from Newton’s third law.
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The forces F1 and F2 applied on each of the masses can be easily computed:

F1 = k(x1 − �) + kc(x2 − x1 − �c)

F2 = k(x2 − �) + kc(x1 − x2 − �c)

and the equations of motion are given by Newton’s second law:

mẍ1 = k(x1 − �) + kc(x2 − x1 − �c) (5.1)

mẍ2 = k(x2 − �) + kc(x1 − x2 − �c) (5.2)

The general solution of these two equations for � = �c = 0 is of the form:

x1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2)

x2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2)

with A, B, φ1, φ2 ∈ R and ω1, ω2 ∈ R+. Hence, a general solution for (5.1) and (5.2) is of

the form:

x̂1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2) + α

x̂2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2) + β

with α, β ∈ R. By substitution in (5.1) and (5.2), this gives:

0 = kα + kc(β − α) − k� − kc�c

0 = kβ + kc(α − β) − k� − kc�c
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5.1 Tensile Components
Bullet provides a library for the modeling of elastic components as a chain of connected rigid
bodies that can be used to model the tensile elements of tensegrity structures. However,
this implementation has been discovered to introduce free energy in the system, allowing
the tensegrity to spin on itself in a way that obviously breaks the laws of conservation of
energy. In order to solve this problem, NTRT implements a new class of hookean springs.
This new class models tensile elements (or muscles) as massless and shapeless elements
that are attached to rigid bodies by two anchor points. These muscles have an editable
rest length and can apply a force to the connected bodies when in extension. The force
applied by a muscle i is computed according to the following set of equations:





Fi = ki(�i − li) − η

(l(t)
i − l(t−1)

i )
dt

, li > �i

0 , otherwise

Where ki is the spring constant of muscle i, �i and li are its rest length and actual length
respectively, η is a damping coefficient and dt is the simulation time step. With this spring
model, the muscle applies a force to its rigid bodies if it is in extension and goes slack
otherwise. Obviously, with this implementation, two connected rigid bodies experience an
equal and opposite force as expected from Newton’s third law.

Note that the muscles as modeled here cannot experience contact forces or shocks as they do
not have any physical shape. They can be seen as a set of physical parameters: rest length,
length, anchor points and forces. As a consequence, more realistic strings models have to
be implemented to deal with complex interactions with ground objects, entanglements, etc.
However, a
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5.4 Actuators and Controls
Actuation of the muscles is performed by either increasing or decreasing the rest length of

the springs. This choice is justified to keep consistency with other simulation experiments

and results and by the following physical argument:

Imagine the simple undamped planar spring - mass system as represented on figure 16. We

assume that each spring has a rest length given by � and �c and we choose a coordinate

system with the Ox axis pointing to the right and denote by x1 and x2 the horizontal

position of mass m1 and m2 respectively.

m1 m2

k kc k

Figure 16: planar spring - mass system

The forces F1 and F2 applied on each of the masses can be easily computed:

F1 = k(x1 − �) + kc(x2 − x1 − �c)

F2 = k(x2 − �) + kc(x1 − x2 − �c)

and the equations of motion are given by Newton’s second law:

mẍ1 = k(x1 − �) + kc(x2 − x1 − �c) (5.1)

mẍ2 = k(x2 − �) + kc(x1 − x2 − �c) (5.2)

The general solution of these two equations for � = �c = 0 is of the form:

x1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2)

x2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2)

with A, B, φ1, φ2 ∈ R and ω1, ω2 ∈ R+. Hence, a general solution for (5.1) and (5.2) is of

the form:

x̂1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2) + α

x̂2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2) + β

with α, β ∈ R. By substitution in (5.1) and (5.2), this gives:

0 = kα + kc(β − α) − k� − kc�c

0 = kβ + kc(α − β) − k� − kc�c
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mẍ2 = k(x2 − �) + kc(x1 − x2 − �c) (5.2)

The general solution of these two equations for � = �c = 0 is of the form:

x1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2)

x2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2)

with A, B, φ1, φ2 ∈ R and ω1, ω2 ∈ R+. Hence, a general solution for (5.1) and (5.2) is of

the form:

x̂1(t) = A cos(ω1t + φ1) + B cos(ω2t + φ2) + α

x̂2(t) = A cos(ω1t + φ1) − B cos(ω2t + φ2) + β

with α, β ∈ R. By substitution in (5.1) and (5.2), this gives:

0 = kα + kc(β − α) − k� − kc�c

0 = kβ + kc(α − β) − k� − kc�c

- 14 -

Super Ball Bot - Structures for Planetary Landing and Exploration Jérémie Despraz

5.4 Actuators and Controls
Actuation of the muscles is performed by either increasing or decreasing the rest length of

the springs. This choice is justified to keep consistency with other simulation experiments

and results and by the following physical argument:

Imagine the simple undamped planar spring - mass system as represented on figure 16. We

assume that each spring has a rest length given by � and �c and we choose a coordinate

system with the Ox axis pointing to the right and denote by x1 and x2 the horizontal

position of mass m1 and m2 respectively.

m1 m2

k kc k

Figure 16: planar spring - mass system

The forces F1 and F2 applied on each of the masses can be easily computed:

F1 = k(x1 − �) + kc(x2 − x1 − �c)

F2 = k(x2 − �) + kc(x1 − x2 − �c)

and the equations of motion are given by Newton’s second law:
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Figure 11: Schematic view of a 3-segment muscle, allowing to account for springs mass
and accurately simulate real tensegrity tensile components
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Figure 13: Schematic view of a 3-segment muscle, allowing to account for springs mass
and accurately simulate real tensegrity tensile components.
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