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Abstract—Using a new hardware implementation of our
designs for tunably compliant spine-like tensegrity robots, we
show that the NASA Tensegrity Robotics Toolkit can effectively
generate and predict desirable locomotion strategies for these
many degree of freedom systems. Tensegrity, which provides
structural integrity through a tension network, shows promise
as a design strategy for more compliant robots capable of in-
teraction with rugged environments, such as a tensegrity inter-
planetary probe prototype surviving multi-story drops. Due
to the complexity of tensegrity structures, modeling through
physics simulation and machine learning improves our ability
to design and evaluate new structures and their controllers
in a dynamic environment. The kinematics of our simulator,
the open source NASA Tensegrity Robotics Toolkit, have been
previously validated within 1.3% error on position through
motion capture of the six strut robot ReCTeR. This paper
provides additional validation of the dynamics through the
direct comparison of the simulator to forces experienced by
the latest version of the Tetraspine robot. These results give us
confidence in our strategy of using tensegrity to impart future
robotic systems with properties similar to biological systems
such as increased flexibility, power, and mobility in extreme
terrains.

I. INTRODUCTION

Many desirable applications of robotics, such as search and
rescue, planetary exploration, and environments dangerous
to humans, are still largely inaccessible to current robots.
Even though robots operate quite effectively in structured,
largely predictable environments such as factories, single
floor residences, and missions with detailed guidance from
a human operator, most robots have difficulty locomoting
through unstructured terrain or with low bandwidth com-
mands. The existing robots most capable of completing these
missions tend to use series elastic actuation [1], [28], [31].
Tensegrity, a concept from art and architecture describing
systems with continuous tension networks [36], extends this
compliant design concept to the entire structure of the robot
[27]. One mission concept from the Dynamic Tensegrity
Robotics Laboratory at NASA Ames Research Center uses
a tensegrity structure to absorb the shock of landing on
Saturn’s moon Titan, and then re-uses that same structure
for the robot’s locomotion [37].
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Fig. 1. Top: One frame from the NTRT physics-based simulation showing
Tetraspine climbing over a wall. Middle: One frame from the NTRT
physics-based simulation showing Tetraspine performing a sidewinding gait.
Other gaits were also demonstrated. These highly adaptable gaits give us
confidence in tensegrity spines as a locomotion platform. Bottom: Snapshot
of TetraSpine3 hardware (the first segment is the farthest right).

Biological systems display a similar degree of ruggedness.
Therefore, it is not surprising that non-linear properties
of the cell’s cytoskeleton such as strain hardening can
be modeled with tensegrity [14]. These properties can be
extended to macroscopic biological structures, as seen in
passive tensegrity models of the spine [20], [6], knee [7],
and shoulder girdle [19], for review see [32]. As a robotic
example Tetraspine (Fig. 1), abstracts the morphology of the
tensegrity spine models by using tetrahedrons as segments,
connected by six cables, three from the tip vertex to the
base of the next segment, and one from each of the vertices



of the base triangle to those of the segment behind it
[38]. This design allows for clear actuation directions, and
plenty of space for mounting actuators and electronics. The
dynamics of Tetraspine and other models were explored both
through physics simulation and machine learning [23], and
produced locomotion that was highly adaptive to the terrain.
Fig. 1 shows frames from simulations of Tetraspine (top)
climbing over an obstacle and (bottom) locomoting using a
sidewinding gait. Other gaits were also demonstrated.

Much of the analytical work on dynamic tensegrity struc-
tures has focused on optimization with well defined trajecto-
ries and environmental contact points, [35]. However these
assumptions, especially about contact, are rarely valid for
robots moving through natural unstructured environments.
This suggests that physics-based simulation can provide
intuition about the robots’ performance in more complex
environments. Many of the prior tensegrity simulations were
dedicated to modeling only the equations of class 1 tensegri-
ties, defined as bars only connected to cables [9], [10]. Finite
element methods such as those used in [21], also assume pre-
defined contacts. Modern physics engines provide advantages
such as the fast computation of contact dynamics [3], and
new robot morphologies can be easily implemented and
tested in complex environments [30], [38], [23]. Engines
including ODE [27], [29], [30], Simmechanics [26], and
Bullet via the NASA Tensegrity Robotics Toolkit [38], [4],
[8], [17] have been used by tensegrity researchers for this
purpose. Additionally, the faster run time of these engines
means that machine learning algorithms can be used to
determine control strategies for structures [27], [15].

To ensure the structures and controllers designed with
these simulation tools are realistic, it is important to verify
the simulation results in hardware. This is a known problem
to those who try to apply controllers learned in a simulator
to hardware, and is sometimes called the “reality gap” [18].
Prior hardware implementations of tensegrity robots have
qualitatively demonstrated locomotor strategies developed
in simulation [27], [38], or tuned their controllers directly
on hardware [16], [2]. A quantitative match of kinematics
(within 1.3% error) is achieved by Caluwaerts et al. for
the NASA Tensegrity Robotics Toolkit, by confirming that a
given control signal for a single actuator produces the same
rolling motion in a six strut robot [4]. These results could
be extended by examining the forces experienced by the
robot controlled by multiple actuators and those predicted
by the simulator, as motors could be dimensioned using the
simulator during design. This paper provides this comparison
of forces, resulting in additional confidence in structures and
controllers designed in our simulator.

II. CONTROL OF TENSEGRITY SPINES IN
SIMULATION

A. The NASA Tensegrity Robotics Toolkit

The NASA Tensegrity Robotics Toolkit (NTRT) is an
open source software package for modeling, simulation and

control of tensegrity robots'. The NTRT simulator uses
Bullet Physics version 2.82 as its underlying physics engine
[5]. Simulations were run at a fixed timestep (1000 Hz for
this paper) at which they can either run in real time with
rendering (60 Hz), or faster than real time without rendering.
For example, a 60 second simulation without rendering can
run in approximately 7 seconds on an Intel Core™ i7 CPU.

Bullet’s default softbody strings use a position based
animation method, which is not realistic, so we use a Hooke’s
law based spring and cable model originally implemented in

[4]:
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where £ is the spring stiffness, b is a linear damping term, « is
the Euclidean distance between the attachments of the spring-
cable assembly (p;o and p; 1), and ¢; is the cable length.
Actuation is accomplished by changing ¢;, which is subject
to speed, acceleration, and force constraints comparable to
our robot’s actuators [23]. These cable-spring systems are
not represented as collision objects in Bullet’s physics world,
and affect the rigid bodies by applying impulses to them. To
ensure accurate contact dynamics as we test our structures
on rough terrain we are currently implementing a model with
both internal forces and contact dynamics, discussed further
in Section V.

We construct models in NTRT using a set of builder tools
that takes a tagged set of Cartesian coordinates (nodes) and
their connectivity (pairs), and generates a tensegrity structure
according to physical properties of the rods (radius, density,
friction, restitution) and cables (stiffness, damping, motor
properties). Previously, models used objects of uniform mass,
such as a series of compounded rods. For this paper, we
have added additional Bullet collision shapes, which includes
the ability to place a sphere at a node as a point mass.
This allows concentrations of mass such as motors to be
accurately placed in the simulated structure, increasing the
accuracy of the inertia matrices used by the simulator.

B. Control Methods

Our controllers also take inspiration from biology, in that
they are distributed and hierarchical. At the lowest level
we use a distributed form of impedance control, which was
originally developed for robotic manipulators [11]. In a form
adapted to the individual members of a tensegrity structure,
the equation becomes scalar, but provides for control on both
length and tension [26], as well as tunable stiffness. The
equation is as follows:

T=Ty+ K(L— Lo)+ BV —V) 3)

Where T' is the tension setpoint, 7T} is a tension offset, K is
a position gain on the difference between the cable’s current

nformation, source code, and documentation for NTRT can be found at
http://irg.arc.nasa.gov/tensegrity/ NTRT



actual length L (z in (1)) and desired length Ly. B serves a
similar function for V' and V}, (equivalent to &), where Vj is
a control input from the CPGs or sine waves (in Orki et al.’s
implementation V{, is always zero [26], [38]). All variables
except V' and 1} should be greater than or equal to zero for
stability, given the convention that lengthening is positive.
In our prior work, the impedance controller provided online
adaptations for the cable trajectories [38], [24].

To control gait, we use a phase coupled oscillator based
on a central pattern generator (CPG) model developed by
Ijspeert and Crespi [12], see also [13]. The equations are as
follows:

éi = 271'1)7; + erwijsin(ﬁj - 91 - d)z]) (4)
J
. a; :
7= ai(Z(Ri — 1) =74 )

Vi = ri(cos(6;)) (6)

The main variables are the amplitude r; and phase 6;
which together form the velocity input to the impedance
controller V; via (6). The phase is determined by v;, a
frequency term, the coupling term wj;;, and the phase offset
¢i; according to (4). The amplitude r; smoothly integrates
to the setpoint R; according to the constant a; in (5).

When applied to tensegrity spines, we attach one node of
the CPG to each cable of the tensegrity. We then couple each
node to every other node that shares a rigid body. In the case
of a three segment spine like our hardware implementation,
this results in all-to-all coupling, but when the spine gets
longer the network becomes more efficient as the there are
no couplings that span beyond a neighboring segment [23].
Symmetry rules can then be used to reduce the number of
phase offsets from 132 to 57 [23]. Thus, the simulation needs
to learn 116 parameters, since every coupling requires both
an weight and a phase offset, plus two more parameters for
globally used amplitude and frequency terms. Given the large
number of parameters, we use a Monte Carlo simulation to
find an initial estimate of good values, and then simulate
hill climbing by iteratively sampling a Gaussian distribution
around the best values.

Given the open loop output of (6), a similar gait may
be generated using sine waves. This is what we do while
hand tuning a gait on the robot directly. However, due to the
random nature of the search, a similar number of iterations
produces the same quality of output in both CPGs and sine
waves (despite the lower number of parameters involved
for sine waves for this case), and we anticipate CPGs will
ease the inclusion of sensory feedback and gait transitions
in the future [13]. While our automated tuning procedure
has no guarantee of optimality we have found it to provide
effective locomotion on structures within a short period
of time, including gaits that would be difficult to design
using analytical methods [23]. Future work will incorporate
additional optimization methods for these gaits such as the
Nelder-Mead simplex method [25], to augment or replace
the Gaussian hill climbing.

III. HARDWARE IMPLEMENTATION OF
TETRASPINE

Our initial prototype presented in [38] explored the use
of knit stretch sensors for tension. This robot was capable
of locomotion but the sensors proved too inconsistent and
therefore too difficult to calibrate. Our second prototype
was made with an aluminum tetrahedron frame, and was
only capable of position control, so we recently completed
the “Tetraspine3” prototype with all of the sensing and
actuation capabilities required to match our simulations. Fig.
1 (bottom) shows a snapshot of the Tetraspine3 hardware,
which consists of 12 DC motors, 12 vectran cables, and 12
load cells. The length and diameter of Tetraspine3’s rods is
equivalent to 38.10 cm and 0.64 cm, respectively. One end
of each vectran cable is connected to a DC motor (Faulhaber
1524) with a spool for rotational motion. The other end is
fixed to a 222 N (50 lb) tension and compression load cell
(Load Cell Central LCC-CTD) for measuring cable tension.
The significant improvement compared to the previous two
prototypes is the increase in load sensor resolution provided
by this load cell and the use of lightweight materials in the
robot’s construction. For 8 out of 12 cables, a 227 N/m spring
is placed before the load cell to increase compliance. The
other four cables (top inside and top outside) did not include
springs as they required additional stiffness to support the
weight of the robot.

All inner and outer compression elements are made of
carbon fiber to reduce the mass of each segment. The tip of
the tetrahedron, where three motors are located to control
the inner cables, and the spacers located between the motor
bracket and the base triangle were made using a 3D printer
to reduce the overall structural mass. Since the first and the
last segment only control the outer and the inner cables,
respectively, the mass of the mid-segment is greater than
the others (0.73 kg for the front and rear segments, 0.91 kg
for the middle segment). This is due to the presence of 6 DC
motors to control both the inner and the outer cables.

Tetraspine3 is controlled by six slave boards where each
slave board consists of a microcontroller (Arduino Nano),
a motor driver (Pololu MC33926), a voltage regulator
(LTC3260), and two instrumentation amplifiers (TT INA114)
to control two DC motors. As shown in Fig. 1 (bottom),
two slave boards are attached to each segment. Since the
maximum voltage swing of the load cell is 10.0 mV, the
instrumentation amplifier is used to amplify the output volt-
age of the load cell, which is then directly connected to the
10-bit ADC in the microcontroller. The voltage regulator is
used to generate £5 V from the 12 V supply voltage. Note
that the negative output voltage of the amplifier represents
the compression mode of the load cell, whereas the positive
output voltage corresponds to the tension mode. Fig. 2 shows
the results of load cell calibration, where the maximum
measurable tension is set to 111.21 N (equivalent to 25 Ib).
After the load cell calibration process (Fig. 2) the resolution
of the load cell is approximately 0.16 N/ADC bit, as shown
in the following linear relationship:
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Fig. 2. The load cell calibration.
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A PC and the six slave boards communicate using fast-
mode I?C protocol (400 kHz) through Devantech USB-
ISS communication module. Every 10 milliseconds, the PC
broadcasts a packet to all six slave boards simultaneously,
which contains all 12 desired motor commands. Within 20
milliseconds, the PC then connects to each slave board in
order to receive the actual and target tension values, the
motor encoder value, and the motor PWM output value.
In the experiments, the process of broadcasting the packet
to all six slave boards and receiving the packet from all
six slave boards takes less than 3 milliseconds. Every 200
milliseconds, the PC also stores all feedback values from all
six slave boards and shows them in a GUL

Both position control and impedance control are imple-
mented in the microcontroller, where the control mode can
be changed from the PC. The packet contains the desired
motor angles in the position control, whereas it represents the
desired cable velocity in the impedance controller. Position
control is used at startup to set the initial length of each cable
and to maintain the balance of all three segments. When
impedance control is switched on, the current length and
tension values are used as the Ly and Tj parameters in (3).
In both control modes, the motor is controlled with a PID
controller every millisecond (1000 Hz), where the measured
loop times of position control and impedance control are
400 microseconds and 800 microseconds, respectively. Im-
plementation of a complementary filter for the load cell ADC
value and calculating the actual cable length and velocity for
impedance control consume additional computational time
compared to position control. Note that the tension offset,
the rest length, the stiffness gain, and the velocity gain in
(3) can be set differently for each cable from the PC.

IV. RESULTS

With this new robot, we are now able to directly compare
the forces experienced by the robot with the simulator. We
have chosen to focus on force for two reasons: first, our
impedance controllers’ output is force, so this provides a
good test of our control system. Second, force is a key
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Fig. 3.  We tested the steady state responses of the control by applying a
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front segment of the robot while holding the other two in place. The resulting
displacement and added tension causes the impedance controller to increase
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each cable are plotted, with the hardware’s setpoint in blue, its actual tension
in red, and the simulator’s predictions in black. The simulator’s error on the
system’s maximum tension is within 6.1%.
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property in the design of new structures and selection of
actuators. Ensuring the simulator’s forces are in range with
the hardware will allow us to have confidence in future
simulated designs.

We started by manually updating the simulated version
of Tetraspine to match, as closely as possible, the material
properties of the robot such as cable stiffness, inertia, and
friction. To verify these properties, we used a quasi-static
tests of dragging the robot at a steady velocity and applying
a 20 N force to the front segment of the robot. Once we were
confident in the match between the simulation and hardware,
we tested a trajectory that was hand tuned on the robot in
the simulator, and then ran a simulator learned trajectory for
a different gait on the robot.



A. Quasi-static

We started by attempting to calibrate the simulation to the
hardware and determine properties such as dynamic friction
by measuring the force to drag the robot at a steady velocity.
We then applied a steady state disturbance of approximately
20 N (a forward force on the front of the robot, and a
restoring force on the rear two segments), and verified that
the control response was similar in both cases.

TABLE I
CONTROL PARAMETERS USED IN FIG. 3
[ Value [[ Top Cables | Other Cables |

K 500 [N/m] 100 [N/m]
B 100 [N/m-s] 100 [N/m-s]

The results of this test are shown in Fig. 3. The overall
system dynamics are similar, with the added tension from
the disturbance being split between the outside cables. When
tuning for this test, we found that even without springs in the
top outside and inside cables, it was effective to model them
at the same stiffness as the rest of the system (227 N/m),
we refer to this as the ‘effective stiffness’ of these cables.
Decreasing the timestep to 250 Hz changes the predicted
force on this test by 6% (worst case), increasing the time
step to 4000 Hz changes the predicted force by 1.3%.

B. Hand Tuned Trajectory

Subsequently, we hand tuned a sine wave as the velocity
input to the impedance controller on the hardware. The final
tuning resulted in the inside cables having the inverse sign of
the outside cables, and the rear cables having a phase offset
of 7 from the front cables.

The velocity input in this case required some additional
scaling. Amplitudes given to the simulator were 1/10 what
they were in the hardware (with identical input, the simulated
robot’s segments would slide together, causing it to topple).
The results of this test (Fig. 4) show some differences in the
system’s pretension levels, but similar sizes of oscillations for
each cable. We suspect this is due to the absence of perfect
sticking from Bullet’s default Coulomb friction model, as
the segments tend to slide together under higher pretension.
This confirms that some of the actuator properties such
as effective stiffness and actuation speed were sufficiently
accurate. Another difference is sensor noise, which is present
in the tension readings (red line), but not in the simulator data
(black line). These experiments show the control is robust to
this level of noise.

C. Simulator Generated Trajectory

In order to ensure that we have a useful model, as opposed
to a fit of existing data, we chose to make a prediction and
test it on the hardware. For our prediction, we used our tuning
methods in simulation to generate a trajectory through an
open loop CPG capable of sideways motion, similar to the
side-winding gait for the twelve segment version [23]. We
exported these values to a text file and then used them as
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Fig. 4. A comparison of the tensions experienced by the hardware and
simulation under a hand tuned, sine wave input on the velocity term of the
impedance controller. The simulated maximum system tension in this case
is within 7.9% of the hardware.

the velocity input on the hardware. The resulting forces are
shown in Fig. 5.

The gait produced successful locomotion on the hardware
implementation (see supplementary video). Note how the
amplitude of the CPG’s velocity trajectory forces the inside
cables to a more saturated triangle-wave like oscillation in
both cases, while the outside cables are more sinusoidal,
verifying the output of the impedance controllers to this
input. Again, the pretension is lower in the outside cables,
and the speed of locomotion in hardware is slower due to
additional static friction and unmodeled cable friction, but
the overall direction of locomotion is similar.

V. CONCLUSIONS AND FUTURE WORK

We found that the forces predicted by the NASA Tenseg-
rity Robotics Toolkit were within expected errors for robotic
design, and that the accuracy extended from a single motion
caused by a single actuator to the continuous coordinated
motion of twelve actuators. The errors found here would
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allow for designs with a safety factor of 1.15, whereas the
actual safety factor we used in Tetraspine3’s design was
close to 2. These results confirm that we can continue to
use NTRT for the design of new robots, with reasonable
safety factors on parameters. Additionally, we generated a
new gait for Tetraspine in the simulator and demonstrated the
desired locomotion in hardware, though some hand tuning
or online optimization is still required for an optimal gait
in hardware. This work confirms our approach of using
distributed impedance control with oscillatory gaits for con-
trolling tensegrity robots.

Due to the nature of our cable implementation (applying
impulses directly) changing Bullet constraint parameters
such as the error reduction parameter (by a factor of 4)
changes our results by less than 0.3%. We expect improving
the friction models, both in actuators and within collisions
will be the most effective way to improving the accuracy
of this work. The accuracy of the work presented here
could also be improved with more formal, automated system

identification methods, especially if motion capture is used
along with the force results.

Our next major improvement to the simulator will be soft-
body cables with contact dynamics. We currently have an
experimental implementation of a massless cable based on
work by Servin et al. [33], [34]. The above data will help us
ensure realistic dynamics, and we will conduct additional
tests for the contact dynamics, both on individual cables
and on complete robots. This will allow us to examine the
dynamics of the robot on rough terrain, more complex cable
routings, and perhaps even the details of our actuators. Ac-
curate rough terrain behavior will support our ongoing work
on goal directed locomotion for tensegrity spines traversing
irregular terrain [22]. Future work on a custom friction model
and more detailed actuator dynamics will also improve the
transferability of gaits learned in the simulator.

With the new cable model, we will investigate cables
that span multiple segments to better exploit the passive
dynamics of the structure, and additional optimization of the
locomotion. We expect that this will lead to a new tensegrity
spine design, which could locomote on its own or incorporate
limbs for walking and running, with the long term goal
of robots with increased flexibility, power, and mobility on
extreme terrain.
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