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ABSTRACT The growing interest in exploring other planets calls for innovative robotic systems capable of
deploying to and traversing challenging space environments. While wheeled rovers have traditionally fulfilled
this role, they face limitations, including configuration dependence (e.g., requiring an upright orientation),
susceptibility to impacts, and difficulty overcoming obstacles larger than their wheel radius. Tensegrity-
based robotics presents a promising alternative for future rovers. These lightweight, compliant structures
offer compactibility, adjustable stiffness, and the ability to absorb impacts without damage. Moreover,
their unique form factor naturally protects scientific payloads. Recent research has explored tensegrity
robots for rolling-based locomotion, with increasing interest in leveraging their structures for jumping-based
movement. However, achieving hardware capable of high jumps greater than the robot’s body length (BL) and
directional jumping control for steerable jumping remains a challenge. This work introduces a tensegrity robot
that utilizes structural deformation for jumping locomotion. Through first-principles analyses, simulations,
laboratory experiments, and field tests in a planetary analog environment, we demonstrate a robot capable of
vertical jumps of 1.18 m (1.93 BLs), directional jumps covering horizontal distances up to 0.59 m (0.97 BLs),
and surviving falls from heights of 21.5 m (35.2 BLs). The robot can also reduce its occupied volume by
more than 4 x without sustaining damage. Results herein highlight the potential of jumping tensegrity robots

as robust, versatile platforms for next-generation space exploration.

INDEX TERMS

Jumping locomotion, mechanisms, space robotics, tensegrity robotics.

I. INTRODUCTION
S HUMANITY sets its sights on new frontiers in
space—exploring the Moon, asteroids, and other plan-
ets for resource acquisition and potential human settlement—
the demand for advanced robotics that reliably deploy to and
locomote in challenging environments increases [4], [12],
[25]. Most robotic systems successfully deployed on extrater-
restrial surfaces have been wheeled rovers [21]. Despite their
pivotal scientific role, wheeled rovers suffer from a number
of shortcomings that impede their application to upcoming
space exploration scenarios [41]. These shortcomings can
broadly be sorted into those concerning robotics: 1) deploya-
bility and 2) mobility.
From the perspective of deployability, wheeled systems
generally operate effectively only when in a particular
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configuration relative to the ground (i.e., “upright”). Fur-
thermore, most wheeled rovers are unable to withstand high
impacts, such as in a scenario where dedicated airbags,
lander thrusters, or equipped parachutes fail during the
robot’s descent to the surface. Recent lunar lander accidents
underscore how orientation dependence and vulnerability to
impact can jeopardize expensive scientific missions: intu-
itive machines’ IM-1 tipped over and lost functionality upon
touchdown [7], while Spacell’s Beresheet was destroyed
upon crashing into the Moon’s surface [14].

In terms of mobility, wheeled robotic platforms struggle to
traverse obstacles much larger than their wheel radius [35].
Scientific features of interest on the Moon and Mars, such as
cliffs, ridges, crater rims, and lava tubes, exhibit protruding
rock features as large as several meters [16], [32]. Overall,
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the uncertainties posed by unstructured terrain force mis-
sion planners to explicitly avoid rugged patches and terrain
discontinuities, despite these being areas of great scientific
import [15], [30].

The past decade has witnessed the rise of a new prospect for
space rovers that has the potential to address the deployability
and mobility shortcomings of standard wheeled platforms:
the tensegrity robot. Tensegrity robots are composed of rigid
struts held in a compressed equilibrium configuration by a
network of tensioned cables [20], [24]. The absence of bend-
ing moments and radial forces within the structure minimizes
mass while providing high resistance to impact damage [9].
Such resistance is achieved by eliminating rigid interfaces
between the structure’s struts, which effectively mitigates
the formation of large stress concentrations [27], [37]. Due
to tensegrity robots’ high compliance, deformation capabil-
ity, and impact damage resistance, they could one day be
deployed to extraterrestrial bodies without a dedicated land-
ing system to slow their descent through the atmosphere,
as well as survive routine impacts occurring when traversing
cliffs and ridges [5]. Although the inherent properties of
the tensegrity paradigm offer a clear way to enhance rover
deployability, its potential to improve rover mobility amid
rugged terrains remains less well-investigated.

Among tensegrity locomotion strategies such as vibra-
tion, swimming, flying, and crawling [29], state-of-the-art
tensegrity systems, such as NASA’s SUPERball v2, normally
engage in punctuated rolling. During punctuated rolling,
a robot repeatedly shifts its center of mass (CoM) to tip
onto a desired face [39]. Punctuated rolling is typically
slow (on the order of a few body lengths (BL) per minute,
energetically costly (the robot must deform by a large amount
for each notable translation of its center of mass), and
ill-suited to unstructured terrain. Geological formations many
times larger than the robot’s body, as well as steep inclines,
together pose insurmountable features for punctuated
rolling.

There has also been a fair body of research seeking to
address the challenges of tensegrity mobility over difficult
terrains via control. Using genetic algorithms [26] or deep
reinforcement learning [40] in simulation, researchers con-
verged on tensegrity gaits capable of moving in arbitrary
directions [34], up inclines [8], and over obstacles a fraction
of the robot’s BL [36]. Confined mainly to simulation, these
works did not showcase hardware capable of overcoming
obstacles larger than the tensegrity’s body.

Jumping is an alternative locomotion mode to punctuated
rolling that offers to improve speed, enable circumventing
large obstacles, and increase the robot’s capability to traverse
unstructured terrain. The benefits of jumping scale favorably
as gravity decreases: a jumping robot will travel higher and
further laterally with the same amount of energy released
in lower gravity. In contrast, punctuated rolling does not
markedly increase in efficacy when gravity is lower, since this
locomotion mode requires the robot to repeatedly displace its
CoM orthogonal to gravity.
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Jumping tensegrity systems have been demonstrated that
employ additional thrusters [19], propellers [22], [28], and
highly dynamic actuators that impact against the ground [17].
Utilizing the tensegrity structure of the robot itself to store
and release energy for jumping has the potential to simplify
the robot by uniting the actuators dedicated to jumping, nom-
inal locomotion, and shape change. For instance, in [10],
jumps were demonstrated by actuating a tensegrity structure
made from shape-memory alloy springs, but these jumps
did not exceed a height of 0.98 BL. Moreover, the work
did not demonstrate control over the direction of the jump.
A high-jumping (defined here as > 1 BL) tensegrity robot was
proposed in [13]; however, high jumping was demonstrated
only in simulation.

In summary, no work to date has realized and characterized
a tensegrity robot capable of controllable directional jumps
and vertical high jumping using its own structure. In this
work, we

1) introduce a clutch-based actuation strategy that lever-
ages tensegrity deformations for jumping and enables
vertical jumps of 1.18 m (1.93 BL) [Fig. 1(a)];

2) investigate directional control of jumps through varied
cable tensions [Fig. 1(b)];

3) validate configuration-invariant jumping and robot
mechanics using physics-based simulations;

4) demonstrate the robot’s ability to withstand impacts
from heights of 21.5 m (35.2 BL) and maintain func-
tionality in unstructured, extraterrestrial-analog terrain
[Fig. 1(c) and (d)].

Overall, this work combines structural design, actuation,
and a dynamic locomotion approach to set a new standard
for jumping tensegrity performance. The results discussed
herein broadly reveal design considerations and mechanical
phenomena associated with jumping tensegrity robots har-
nessing the deformation of their structures and suggest they
are promising candidates for future space rovers. A com-
parison of the presently considered system with existing
tensegrity robots is available in Appendix A in the supple-
mentary material.

Il. SYSTEM DESIGN

A. OVERVIEW

The jumping tensegrity robot [Fig. 2(a)] is composed
of six identical strut assemblies (500-mm-long carbon
fiber-reinforced polymer tubes). The struts were selected
to withstand axial impact loads as high as 650 N (see
Appendix B in the supplementary material for further expla-
nation and justification for the strut choice). The struts are
suspended in a network of 24 cables. Both ends of each strut
mate with a node assembly that serves to connect the cables
and struts and protect the end of the strut [Fig. 2(b)]. The node
assemblies consist of two 3-D printed parts. The hub (gray)
is made from polylactic acid (PLA) and attaches to cables via
small screw clamps. The endcap (red) is fabricated out of a
flexible thermoplastic polyurethane (TPU).
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FIGURE 1. Directional high-jumping tensegrity robot. (a) Vertical jumping is accomplished by uniformly compressing the structure.
(b) Varying the degree of tension in each of the three actuators permits directional jumping. (c) Robot structure withstands multiple
drops from 21.5-m heights onto concrete. Inset images contoured in green show freeze frames during the impact with the ground,

in which the tensegrity robot experiences a high degree of global structural deformation. (d) Robot can locomote and survive impacts

on rugged terrain.

Each structural cable contains an elastic spring section
(410-N/m galvanized piano wire spring) and an inelastic
cable section (0.29-mm diameter ultrahigh-molecular-weight
polyethylene braided cable, rated for a maximum load of 259
N). The structural cables are preloaded to a tension of 12.5 N
to equilibrate the robot to a six-bar icosahedron topology [10],
[17], [19], [22], [38], [39]. We chose a six-bar icosahedron
for the form of the tensegrity robot because it is the mini-
mal structure that is symmetric about three orthogonal axes,
highly deformable, and closely approximates a sphere, mak-
ing it apt for distributing impact loads and landing on and
jumping from any configuration.

Three actuators are mounted on the tensegrity’s struts that
apply tension to inelastic actuator cables, globally deforming
the tensegrity to store energy for jumping. We arranged the
actuators and actuator cables in a ‘“‘skew-central” actuation
topology spanning the diagonally opposite points in each
pair of parallel struts [visualized as the three yellow cables
in Fig. 2(a)]. Although there are many potential ways to
realize the actuation topology, the skew-central configuration
permits a high degree of control over the robot’s structure,
unlocking the ability to elicit large deformations that uni-
formly flatten the robot for vertical high jumping, as well
as asymmetrically deform the robot for directional jumping
by superpositioning different levels of tension in each of
the three actuators. Having only three actuators also reduces
the robot’s mass compared to conventional tensegrity robot
actuation topologies that use one actuator per structural cable.

Many tensegrity robots have actuators mounted at the ends
of their struts [11], [39], but the present robot design incor-
porates actuators housed within the bounding polyhedron of
the tensegrity to protect them. The actuators are mounted to
the struts using sliding collars, which mechanically decouple
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them from the structure along the axis of cable tension
[Fig. 2(b)]. If a cable experiences a sudden high force, such
as that caused by an impact, the actuator is free to translate
along the strut and avoid directly transmitting the force to
the relatively fragile actuators. While such sliding collars add
a degree of mechanical complexity to the robot and could
potentially be jammed by environmental obstacles, we opted
to prioritize the impact resistance capability to support safer
jumping.

In the robot’s rest state, the actuator cables are slightly
slack. Preparing for a jump, the actuator reels in the cable,
removing the slack. The actuator slides upward along the strut
until it contacts a compliant bumper made of TPU. At this
point, the actuator unit couples to the tensegrity structure such
that it can exert tension on the cables in preparation for a
jump. Upon jumping, the actuator decouples from the struc-
ture and remains decoupled during subsequent impacts. This
arrangement helps mitigate potentially damaging vibrations
and impulse loads propagating through the actuators upon
landing.

The fully assembled robot has a mass of 507 g and a volume
of 0.119 m? (nominal, unactuated). The resulting density,
4.26 kgm™3, is even lower than common packaging foam [3].
A tether runs from the robot to an external power supply and
computer. See Appendix D in the supplementary material for
a more detailed breakdown of the robot and its components.

B. ACTUATOR DESIGN

We created a custom actuator unit to deform the tensegrity
structure to store energy for jumping. The actuator con-
tains a combined winch and clutch mechanism, inspired by
active clutch designs [18] [Fig. 2(c)]. This mechanism unites
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FIGURE 2. Design of the jumping tensegrity robot. (a) CAD model of robot featuring strut assemblies, structural cables, actuator
cables, and actuators. (b) Strut node assembly protects compliant elements, routing for the actuator cable, and attachment points for
the structural cables and springs on the hub. (c) Components of an actuator (the protective case has been removed to show the
internal components). (d) Clutch mechanism components illustration (for increased visibility, the compliant ratchet is colored red and

the engaged ratchet tooth is colored blue).

functionalities for winch winding, clutch engagement, and
clutch disengagement and only uses a single motor.

The actuator unit comprises a three-piece gear train that
links a motor (Pololu 5228) to a cable spool. Both the motor’s
drive gear and an intermediate gear are mounted in the clutch
module, and the entire clutch module can pivot about the
motor shaft. The third gear is attached to a spool around which
the inelastic actuator is wound. The spool sits tightly within
a housing [circled in Fig. 2(b)] to ensure that the cable is
constrained and cannot unravel or tangle when it is slack.

When the motor rotates clockwise, the clutch engages and
the winch winds at a constant rate. A quadrature encoder
is attached to the motor shaft to estimate the change in
cable length. The motor can then be rotated counterclock-
wise, which will engage the ratchet and cause the clutch to
pivot. The clutch pivoting disengages the intermediate gear,
allowing the winch to freely unwind, releasing the tension
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on the actuator cable [Fig. 2(d)]; Supplementary Video). Due
to the high gear reduction ratio (986:1) on the output of the
motor, the mechanism is not back-drivable. Thus, the robot
can maintain any deformed state after tensioning the cables
without power.

lll. ROBOT CHARACTERIZATION

We conducted an array of simulations and hardware exper-
iments on the robot to assess its vertical and directional
jumping, self-righting by rolling, robustness to impacts, and
shape changing—key performance considerations for space
applications. Furthermore, we sought to gain insights into the
governing physical principles and actuation strategies for this
new type of tensegrity robot. We used the NASA Tensegrity
Robotics Toolkit (NTRT) to simulate the robot [23] (see
Appendix G in the supplementary material for more infor-
mation about the simulation setup).
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FIGURE 3. Vertical jumping characterization. (a) Simulation of tension in the cables as a function of reduction in cable length. The
regions of different slopes correspond to different global stiffness modes of the structure. (b) Influence of reduction in cable length
on resulting jump height, including simulated and real data points. Inset simulation snapshots illustrate the robot’s global structural
compression at the given data point. Error bars indicate one standard deviation from the mean over four trials. Maximum jump height
is achieved by compressing the tensegrity all the way to its flat configuration, storing the largest amount of elastic energy.

(c) Comparison between simulated and experimental vertical jumps, tracking vertical (y) and horizontal (x) movement of the robot’s

center of mass.

A. VERTICAL JUMPING

Vertical jumps are achieved by tensioning all three actua-
tor cables equally, resulting in symmetric flattening of the
tensegrity robot. To understand the forces and elastic energy
stored in the structure during jumping, we conducted simula-
tions to estimate the relationship between changes in actuator
cable length and the resulting tension. All cables were ten-
sioned simultaneously by the same amount, up to a 50%
reduction in length.

Simulation results reveal that tensioning the robot elicits
distinct stiffness regimes in the cables [Fig. 3(a)]. Since the
skew-central actuation topology overconstrains the structure,
we observe sharp transitions between different forms with
different stiffnesses as the robot compresses, producing the
piecewise affine sections of the plot. The nonlinear regime
transition beginning at approximately 38% reduction in cable
length is where the structure collapses into a flat configu-
ration. The downward-sloped curved section is where the
structure “pulls” itself into a stable flat configuration. The
noisy, broadly increasing region of the plot that closely fol-
lows arises from self-collisions when trying to further deform
the structure once it is already flat.

Integrating the tension over the actuator cable’s length
change yields the energy stored in the structure, serving as
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a proxy for jump height. The rate of energy storage through
structural deformation increases with higher actuator cable
tensions (see Appendix E in the supplementary material).
Practically, this means that achieving incremental additional
jump height requires significantly greater actuator tensions.
On the actual robot, motor displacement is measured using
encoders, allowing inference of global tension as a function
of motor position and enabling open-loop control of vertical
jump height.

To more directly analyze the effect of actuator cable length
reductions on jump height, we performed both simulations
and experiments on the physical robot. Cable lengths were
commanded to reduce by 20%, 30%, 40%, and 46%, and the
resulting jump heights were measured. On the physical robot,
we conducted four jumps for each reduction level. Data were
collected by tracking the trajectories of the robot’s endcaps
using slow-motion footage. These trajectories were averaged
to estimate the centroid path, from which jump height was
calculated (see Appendix H in the supplementary material).

At a46% reduction in actuator cable length, corresponding
to a tension of nearly 50 N, the tensegrity structure reaches
its maximally flattened configuration, storing the greatest
amount of elastic energy. Upon releasing the actuator cable
tension, the structure transitions back to its rest configuration,
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FIGURE 4. Directional jumping characterization. (a) Directional jumping workspace generated in simulation (red), with experimental
trajectories superimposed atop in blue. The experimental trajectories correspond to tensioning a single actuator cable to a 50%
reduction in length. Experimental trajectories are smoothed (as described in Appendix H in the supplementary material) and
averaged across four trials, with the mean plotted in blue and one standard deviation error band in pale blue. These single-actuator
jumps are the longest. All other intermediate jumping directions are accessed by superimposing different levels of tensions from the
three actuators, demonstrating a large directional workspace accessible by multiactuator jumps. (b) Comparison between simulation

and experiments for four directional jumps utilizing one actuator tensioning a cable to 50% length reduction. Note that x’ is distinct

from x in the coordinate system of A.

generating a resultant force vector orthogonal to the ground,
and producing the highest vertical jump recorded at 1.18 m
(1.93 BL; Table 1). This height surpasses the state of the art
by 9.60x m/m (1.97x BL/BL) [10].

Simulations generally reflect the jumping height trend
seen in experiments [Fig. 3(b)]. For the particular case of
a 40% reduction in cable length, we note a large standard
deviation on the experimental data point, suggesting that
near this point the jump height is very sensitive to small
variations in global compression. Simulations also indicate
this uncertainty; oscillations in predicted jump height occur
after a reduction in cable length exceeds 40%. The steep
gradients of the simulated curve past 40% reduction in cable
length indicate a regime in which such sensitivity would be
expected.

We noticed that, when vertically jumping, the tenseg-
rity rotates about the axis of the jump direction, which we
attribute to small torques about the structure’s center of mass
generated by the transition from the flat configuration to the
rest configuration. Such a rotation indicates that not all of the
stored elastic energy is effectively directed vertically during a
jump. Thus, we conducted further jumping tests at maximum
cable tension while recording the ballistic trajectory of the
robot’s center of mass with 3-D motion capture (OptiTrack
motion capture system). Simulation trajectories mirror the
behavior of the actual robot [Fig. 3(c)], with a mean square
error (mse) of 3.0e > m? in the y-direction and 2.3e~* m? in
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the x-direction. Both simulated and experimental results
demonstrate that the robot’s horizontal motion is highly sensi-
tive to the timing of actuator release. Even slight asynchrony
on the order of 0.1 s during vertical jumps can cause unin-
tended horizontal displacement. This effect arises from the
uneven force applied to the ground when the first actuator
releases, as well as the influence of subsequent actuator
releases while the robot is airborne.

B. DIRECTIONAL JUMPING

For directional jumps, there are options to tension any of the
three actuator cables individually or in combinations thereof.
To understand the directional steerability of the robot, first,
a workspace was generated with NTRT by performing a
parameter sweep on each of the three actuator cable length
reductions. Namely, we evaluated 1131 parameter sets (gen-
erated via the 3-D Cartesian product of the set of actuator
cable length reductions {0%, 5%, 10%, 15%, 20%, 25%,
30%, 35%, 40%, 45%, 50%}). We calculated the trajectory
of the robot during the jumps by extracting its CoM from
slow-motion footage and projecting it onto the plane that the
robot was initially at rest on with its down-face (x—z).

The simulated workspace generation demonstrates that
the tensegrity robot possesses nearly omnidirectional jump-
ing capability [Fig. 4(a)]. The longest jumps occur along
“principal directions” and are achieved by tensioning a single
actuator cable to 50% length reduction. We corroborated this

VOLUME 2, 2025
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TABLE 1. Jumping performance of the robot. Each datapoint created from four samples. “Distance” refers to how far the robot’s CoM

travels when projected onto the horizontal plane.

Jump Avg (m) Min (m) Max (m) Std Dev (m)
Vertical Jump, Height 1.09 (1.79BL) 1.05 (1.73BL) 1.18 (1.93BL) 0.0589 (0.0966BL)
Vertical Jump, Distance 0.110 (0.180BL)  0.0361 (0.592BL)  0.280 (0.460BL) 0.113 (0.185BL)

0.447 (0.733BL)
0.462 (0.757BL)

Directional Jump, Height

Directional Jump, Distance

finding through hardware experiments, as indicated by the
averaged blue trajectory in the figure. Experimental trajec-
tories differed somewhat from simulated ones. The different
trajectory lengths are likely due to the simplified physics of
frictional contacts simulation, a model that does not fully
capture node endcap slippage of the tensegrity while jump-
ing. Given these unmodeled dynamics, we were deliberately
conservative with frictional losses in simulation. We attribute
the fact that the experimental trajectories are less straight
than those in the simulation to measurement noise during
experiments.

Interestingly, attainable jump distance varies as a func-
tion of jump direction, rendering an asymmetric workspace.
Investigating the cause of this asymmetry led to the discov-
ery that the robot’s support surface shifts before a jump,
despite the fact that it always starts from the same down-
facing position. The shift arises because tensioning different
actuators alters the robot’s structure, shifting its center of
mass, and allowing it to settle into a stable configuration on
a transiently formed support face. This transient support face
does not correspond to one of the original icosahedral faces
but ultimately has bearing on the robot’s jumping direction.

An unusual effect of the creation of such transient
faces before jumping is that neighboring trajectories in the
workspace may not necessarily share similar tensioning pat-
terns. For instance, applying tensions of (0%, 5%, 10%) to
three actuators does not produce a trajectory closely aligned
with that of (5%, 5%, 10%); they end up being nearly 30°
deviated from one another.

To ascertain the effects of differing actuator tensions on
the physical robot, we conducted additional directional jump
tests with a reduction in actuator cable lengths of 40%
and 50%. Reductions below 40% produced minimal jumps,
so these were not thoroughly evaluated. Beyond 50% length
reduction of one actuator cable, the structure started experi-
encing self-intersections of the struts.

As predicted by simulation (see Appendix C in the supple-
mentary material), the distance of the jumps using a single
actuator increased with increasing actuator cable tension.
The maximum distance jump achieved with hardware was
0.59 m (0.97 BL), and used a single actuator at 50% length
reduction. Quantifying the trajectory disparity between the
simulated and experimental jumps at 50% length reduction
gives an mse of 6.4¢ =3 m? in the y-direction and 9.4e =3 m? in
the x-direction [Fig. 4(b)], attesting to the accuracy of the
simulation in predicting directional jumps.
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0.423 (0.693BL)
0.353 (0.579BL)

0.475 (0.779BL)
0.589 (0.966BL)

0.0226 (0.0370BL)
0.106 (0.174BL)

In summary, we found that tensioning only one cable
approximately aligns the jump direction of the robot with the
axis of that tensioned actuator cable. Thus, three principal
directions utilize one actuator to jump, separated by approxi-
mately 120° in the plane of the downface the robot is resting
on. More complex asymmetric actuation strategies involving
partial tensioning of the different actuators can elicit higher
resolution in jump direction, although there is a nonlinear
relationship between actuator tension mappings and jump
direction, and self-intersections make actuator cable length
reductions past 50% impossible on the physical robot. As a
result, steerability is best with single actuator directional
jumps. In addition, since using multiple actuators renders
transient support faces, control strategies to ensure desired
jumping behavior become much more complex. An overview
of all jumping results achieved on the actual robot is tabulated
in Table 1.

C. JUMPING IN LOWER GRAVITY

A major advantage of the robot is that jumping becomes
even more effective in lower gravity. While all hardware
experiments were carried out in Earth’s gravity of 9.81 ms~2,
in simulation we extended these results to low gravity envi-
ronments, which yielded significantly longer and higher
jumps. In Moon gravity, for example, we observed that the
robot’s workspace could be increased by a distance of 4.6 x
in the xz-plane [i.e., the same coordinate system as Fig. 4(a)]
and 3x vertically. A complete comparison of performance
improvements under low gravity can be seen in Appendix F
in the supplementary material.

D. SELF-RIGHTING VIA PUNCTUATED ROLLING

If the tensegrity robot is not in the correct configuration for
a desired jump, actuating it can shift the CoM outside of the
support polygon, tipping the robot onto an adjacent face (in
principle, engaging in punctuated rolling). Maneuvering to
a viable jump face, so-called “‘self-righting,” is a method to
unlock configuration-agnostic jumping. Rolls can be chained
together across multiple faces until the robot rests on the
desired down-face.

Since vertical jumps and directional jumps require differ-
ent initial down-face configurations, they may also involve
different self-righting maneuvers. We conducted simulations
of self-righting, in which the robot was spawned on any
down-facing and was commanded to transition to a valid jump
face through sequential actuation of any of the three cables.
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A Valid jump

Actuator cable

length reduction: face

1-50%, 2 —90%,

3-90% Actuated
A Actuator cable A Invalid for L

length reduction:
1-50%, 2 — 0%,
3-0%

self-righting

FIGURE 5. Icosahedron net depicting the actuation strategy (on
the actual robot) required for self-righting for a directional jump.
Here, only the actuator attached to node 1 (gray) is used. The tip
line indicates which valid jump face the robot will self-right
to—configurations left of the tip line will self-right to the left
valid jump face (green), and configurations right of the tip line
will self-right to the right valid jump face. Note that for vertical
jumps, the required actuation is the same regardless of the
face: 46% actuator cable reduction on all actuators.

The results indicated that self-righting would be possible
from all down-facing configurations. However, in practice,
the simulation does not model the robots’ node assemblies
that slightly increase the length of their struts. When test-
ing self-righting on the hardware, we saw that structural
self-intersections make self-righting only possible from 11 of
20 faces.

For the case of a directional jump using a single actuator
on flat terrain—the longest achievable directional jump—the
net of the icosahedron illustrates necessary transitions for
self-righting (Fig. 5). Although there are invalid faces for
achieving directional jumps in any desired direction, it is pos-
sible that performing a high vertical jump and tumbling can
“reset” the configuration, making it possible to subsequently
transition to a face for self-righting.

As another note, we have highlighted the transition map-
ping for a single actuator jump because it is the longest jump
that is possible. There is, however, a distinct map for every
individual actuated node. For example, jumps employing
only actuators on node 2 or 3 would change the map, as would
superposing different cable tensions. Another confounding
factor is the nature of the terrain the robot is locomoting
on. There are likely unique transition maps for any given
terrain profile, where friction and various surface profiles all
influence the self-righting of the robot.

E. FREE-FALL IMPACT RESISTANCE

Observations of the robot’s behavior during free fall reveal
distinct landing orientations based on the alignment of its
struts at impact. These orientations can be classified into two
main cases: one where the struts are orthogonal to the ground
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and another where they are angled (see Supplementary Video
for examples). The latter is preferable, as it effectively dis-
tributes impact energy throughout the tensegrity structure.
The former is unfavorable as large forces applied axially to
the struts increase the risk of buckling as a structural failure
mode.

To assess how different orientations of the tensegrity at
impact influence the robot’s impact resistance, six free-fall
experiments were conducted with drop heights of 4.9 m
(8.0 BL), culminating in impact velocities on concrete of
8.7 m/s (14.3 BL/s). We were able to induce a variety of
impact orientations during these tests by varying the orien-
tation at release. Surprisingly, the robot did not sustain any
damage. We thus moved on to perform three sequential drop
tests from the top of a building at 21.5 m (35.2 BL) [Fig. 1(c)].

At these greater heights, the robot achieved velocities of
224 ms~! (44.8 BLs™!), and dissipated as much as 102J of
energy on impact (where energy dissipated is proportional
mg(hy — hy) given the robot’s mass m, gravity g, initial
drop height A1, and height of the first bounce /7). The robot
sustained damage to one actuator on the third impact (Sup-
plemental Video shows slow motion recording), limiting its
ability to carry out vertical jumps and self-right.

When dropped from greater heights, the robot’s slight
weight asymmetry caused it to orient itself with the actuators
facing downward. This occurred because the actuators on
the structure locally increase mass and contribute more to
rotational inertia, making it more likely to swing down-
ward during free fall. Despite these high-energy impacts,
the tensegrity structure itself remained completely undam-
aged throughout all drop tests, highlighting its potential as a
next-generation space exploration rover capable of withstand-
ing extreme conditions.

F. SHAPE CHANGING

Previous studies on jumping and self-righting elucidated
that the robot’s form changes significantly during actuation.
We use the tightest bounding ellipsoid as a volume metric
to compare different deformed configurations. In the robot’s
rest configuration, this bounding ellipsoid is just a sphere,
so we define one BL to be the diameter of this sphere
(0.61 m). This metric yields a rest volume of 0.119 m’.
When in the fully compressed, flattened configuration, the
robot’s bounding ellipsoid has a volume of 0.0293 m?, mean-
ing that a volume reduction in excess of 4x is possible
without inflicting any damage. Flattening the robot into a
disk [Fig. 1(a)], or converting it to a rhombohedron-like
shape [Fig. 1(b)] could prove useful for transport. No damage
was observed in any compressed configuration, suggesting
that with the skew-central actuation topology, the directional
jumping tensegrity can be readily stowed and transported in
a spacecraft.

IV. FIELD TESTING
To assess the robot in a more realistic planetary envi-
ronment and to validate the results seen in the lab, the
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FIGURE 6. Field testing. (a) High-jumping tensegrity robot in the mountain terrain environment. (b) High jumping is still successful
even with the undulations and variable friction of the rocky ground. However, the maximum attainable height is impacted.

(c) Directional jumping enables traversal of long distances, especially when the robot subsequently tumbles down slight declines.
(d) Tensegrity robot retains functionality after the impacts of rolling off a 6.1-m-tall (10.0 BL) cliff face.

robot was deployed at the foot of Sintis, a mountain in
the Appenzell Alps of eastern Switzerland (Fig. 6(a); Sup-
plementary Video). The environment, largely devoid of
vegetation, features rugged rocky terrain, including shale,
scree, and boulders at scales many times the robot’s BL.

Both vertical and directional jump motion primitives were
assessed in this mountainous environment [Fig. 6(b) and (c)].
Undulations, the presence of loose rocks and particulates,
and the grade of the rock face the robot was situated on
influenced the robot’s jumping performance. For instance,
we noted that the maximum height achieved by the vertical
jumps was reduced because of local variations in terrain,
and thereby the robot’s inability to generate productive thrust
uniformly during a jump. Thus, the robot was only able
to reach a height that was 80% of the maximum attained
in the lab. An additional constraint imposed by the com-
plex environment was that the combined slackness and
motion induced in the structural cables during compres-
sion could occasionally cause a cable to become entangled
on a nearby object, interfering with jumping. On the other
hand, we noted that even shallow declines facilitated signif-
icant rolling after directional jumps, increasing the robot’s
range.

VOLUME 2, 2025

Several drop tests were conducted in the field to ascertain
the durability of the robot in such a challenging operational
environment. Even when dropped from cliffs as tall as 6.1 m
(10.0 BL), the robot did not sustain any damage that impeded
its locomotion capabilities [Fig. 6(d)]. The only damage
observed was slight wear on the 3-D-printed endcaps after
three sequential falls from the cliff face. Notably, the robot
builds up substantial momentum during these falls, exhibiting
a unique tumbling direction each time we release it.

V. DISCUSSION AND CONCLUSION

Through first-principles analysis, numerical simulations,
and experimental validation in both laboratory and field
environments, this work demonstrated the potential of a
high-jumping tensegrity robot employing clutch-based actua-
tors and a newly introduced skew-centric actuation topology.
The robot achieved vertical jumps of 1.18 m (1.93 BL),
controlled directional jumps up to 0.59 m (0.97 BL), and
quasistatic self-righting from 11 of 20 possible initial down-
face configurations. The robot also exhibited remarkable
durability, surviving free-fall drops of 21.5 m (35.2 BL) onto
concrete and tumbling drops over 6.1 m (10 BL) in rugged
terrain with minimal damage. Additionally, it demonstrated
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the ability to reduce its volume by more than four times with-
out structural damage. Jumping mechanics were generally
well-recapitulated by the NTRT simulation tool, indicating
potential for further development of jumping and locomotion
control strategies.

Through the tests with the robot, we also learned valu-
able lessons about the mechanics and design of jumping
tensegrity systems. A key learning is the importance of syn-
chrony in the actuator release for achieving vertical jumping.
Without synchronized actuator release, additional momentum
imparted by releasing actuators in the air serves to deviate
the ballistic trajectory from vertical. Although counterpro-
ductive for vertical jumping, this asynchronous release could
actually be leveraged to control the robot mid-air in future
work.

Another useful finding is the role of transient support
faces during actuator pretensioning before directional jumps.
These virtual faces are rendered as a function of tension
and terrain characteristics, do not correspond to the robot’s
original icosahedral structure, and complicate targeting a spe-
cific jump direction. Investigating the relationship between
these virtual faces, different tensegrity topologies, and control
strategies thus constitutes a rich future research direction.

Additionally, while the skew-centric actuation topology
presented herein was designed for simplicity and to steer
jumps through superposition of three actuator tensions (as
it effectively forms a basis in 3-D), self-righting experi-
ments revealed a limitation: the three-actuator configuration
does not always permit self-righting to a viable down-face.
Including more centrally spanning actuated cables could
enhance self-righting capabilities and even alleviate the need
to self-right altogether by making it possible to jump from
any orientation. Adding actuators to the robot in this fash-
ion would pose tradeoffs in terms of mass and resilience to
fall damage and merits systemic analysis. Alternate actuator
configurations may also create a larger internal volume for
a payload, although the positioning of this payload must be
carefully considered as its deceleration volume during impact
varies with orientation, as noted in [2]. Hardware demonstra-
tions of directional jumps were constrained to those using a
single actuator in the present analysis, but a more versatile
actuation strategy may also permit a comprehensive investi-
gation of multiactuator directional jumping.

Finally, field tests highlighted challenges with respect to
the variability of jumping height and direction on uneven
terrain. Field tests, by the same token, showcased emergent
properties of the platform not seen in the structured lab envi-
ronment: the ability to overcome obstacles, tumble over cliff
faces, and leverage declines to increase the distance traveled
by a single jump.

Overall, this work serves as a proof-of-concept for tenseg-
rities’ potential for controlled directional jumping, leveraging
their own structures. The steerable high-jumping tensegrity
robot herein has the potential to clear a range of obsta-
cles, mitigate orientation dependence, and improve impact
resistance of next-generation space rovers, in comparison
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to conventional wheeled or legged platforms. Through the
use of simple actuation strategies, directional high-jumping
tensegrities could one day be deployed far from Earth amid
treacherous planetary terrains.
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