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Compression members 
suspended within a 
network of tension 
members.

Biomimetic structural 
inspiration.

Applications scale from 
sculpture, architecture, 
and engineering.

Tensegrity

Buckminster Fuller
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Tensegrity Characteristics

MobilityDescent & 
Landing

Light-Weight Energy-Efficient

Robust To Failures

Impact tolerant

Distributed loading

Tunable
Omnidirectional

Swimming

Field of View

High drag
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Some lift

Numerous impacts
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Ocean Worlds
• Ocean worlds are planetary bodies with known 

current liquid oceans. 
• Enceladus, Europa, Titan, Ganymede, and Callisto
• Other worlds are suspected, not confirmed: Triton, 

Pluto, Ceres, and Dione
• Ocean worlds have been, and continue to be, 

studied for the following traits of scientific interest:
• Identify ocean worlds, characterize oceans, evaluate 

habitability, search for and study any life found.
• NASA Outer Planets Assessment Group (OPAG) 

have determined that in-situ investigation is 
required for the comprehensive exploration ocean 
worlds. 

• Exploration goals are echoed in the 2013-2022 
Planetary Science Decadal Survey.
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[7] Hendrix, A. R., and Hurford, T. A. “The 
NASA Roadmap to Ocean Worlds.” 
ASTROBIOLOGY, Vol. 19, No. 1, 2019.
doi 10.1089/ast.2018.1955
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Titan
• Surface lakes in the north region of the planet as well

as the subsurface ocean.
• Surface lakes of Titan, composed of liquid ethane and

methane
• Detected by the Cassini-Huygens space probe

and Hubble Space Telescope.
• Titan’s methane lakes are part of the methane cycle.

similar to Earth’s water cycle.
• Surface temperature of Titan -180 Celsius. The lakes

estimated to be -183 C.
• The NASA Outer Planets Assessment Group has

recommended an orbiter, an atmospheric probe, an
aerial mission, a submarine, a deep drill, and a lake
lander.

[9] Baldwin, E. “The Mysterious ‘Lakes’ on Saturn's Moon Titan,” NASA, URL: 
https://www.nasa.gov/feature/the-mysterious-lakes-on-saturns-moon-titan [retrieved 1 December 2018].

[10] Mastrogiuseppe, M., et al., “The bathymetry of a Titan sea,” Geophysical Research Letters, 2014, URL: 
https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1002/2013GL058618 [retrieved 1 December 2018]. 
doi:10.1002/2013GL058618
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Mission Concept
• Orbital transfer precedent from Huygens probe

• 8-10 year transit
• Atmospheric
• 2.7m diameter heat shield

• Descent analysis shows terminal velocity of 3.65 m/s with bell and 15.6 m/s without bell.
• Landing directly into Titan surface lakes
• Swimming locomotion allows for efficient exploration

[4] Bayandor, J., “Lightweight Multifunctional Planetary Probe for Extreme Environment 
Exploration and Locomotion” NASA Innovative Advanced Concepts (NIAC), URL: 
https://www.nasa.gov/sites/default/files/atoms/files/niac_2016_phasei_bayandor_lightweightm
ultifunctionalplanetaryprobe_tagged.pdf [retrieved 1 May 2018].
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Relationship between acceleration and structure tuning

[5] Agogino, A., SunSpiral, V., and Atkinson, D. “Super Ball Bot – Stuctures for Planetary Landing and Exploration.” ” NASA Innovative 
Advanced Concepts (NIAC), URL: https://www.nasa.gov/sites/default/files/files/Agogino_SuperBallBot.pdf [retrieved 1 December 2018].
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Rolling Locomotion Swimming Locomotion

- Redundant to cable loss
- Capable of rolling uphill
- Studied in NIAC at Ames
- Numerous methods (CG, lengths, 

ect.)

- Jelly fish locomotion is most efficient 
form of locomotion up to a weight 
limit

- Reynolds number difference from 
descent to swimming

[17] Gemmell, B., Colin, S., Costello, J., and Dabiri, J.O., “Suction-based propulsion as a basis 
for efficient animal swimming”, Nature Communications, Vol. 9, 3 Nov. 2015.
doi: 10.1038/ncomms9790

[5] Agogino, A., SunSpiral, V., and Atkinson, D. “Super Ball Bot – Stuctures for Planetary 
Landing and Exploration.” ” NASA Innovative Advanced Concepts (NIAC), URL: 
https://www.nasa.gov/sites/default/files/files/Agogino_SuperBallBot.pdf [retrieved 1 
December 2018].
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With help from Anna Woodmansee, JPL

Descent and Landing in our Solar System

1m class 20kg probe.Measure Units Earth Titan Europa Miranda Mars Moon Ceres

Reynolds Number N/A 1,000,000 200,000 Negligible 
atmosphere

Negligible 
atmosphere .000025 Negligible 

atmosphere
Negligible 

atmosphere

Drop Height m 11,000 40,000 10,000 10,000 7,000 10,000 10,000

Terminal Velocity m/s 620. 15.6 Negligible 
atmosphere

Negligible 
atmosphere 35,400 Negligible 

atmosphere
Negligible 

atmosphere

Impact Speed m/s 620 15.6 162. 39.7 26,000 180. 73.5

Gravity m/s^2 9.81 1.35 1.32 0.079 3.71 1.62 .270

Coefficient of drag N/A .40 .45
Negligible 

atmosphere
Negligible 

atmosphere

1.6
Negligible 

atmosphere
Negligible 

atmosphereCoefficient of lift N/A
0 (no 
spin)

.15 (spin)

0 (no spin)
.1 (spin)

0 (no spin)
.01 (spin)
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Prototyping
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Joint Design

Some images and design by Julie Kraus, Georgia Tech/JPL
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Test data

Ac
ce

le
ra

tio
n 

(L
SB

)

Time (ms)

• Initial testing with a brittle 
Kevlar tensegrity

• Peak of 75 g’s on impact

• Confirmation that elasticity 
and buckling of 
compression members is 
very important to lowering 
impact loads

• Payload environments need 
to be fully defined

Drop Test Run #5
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The Tensegrity Team

• Kalind Carpenter (JPL)
• Julie Kraus (JPL/Georgia Tech)
• Dr. Samuel Case Bradford (JPL)
• Dr. Julian Rimoli (Georgia Tech)
• Dr. Doug Hoffman (JPL)
• Anna Woodmansee (JPL)
• Collaborators at Ames Research Center
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• https://upload.wikimedia.org/wikipedia/commons/5/5d/Kenneth_Snelson_Needle_Tower.JPG
• https://www.reddit.com/r/space/comments/4bt9j1/testing_the_mars_pathfinder_airbags_used_to_land/
• https://www.jpl.nasa.gov/missions/web/mer.jpg 
• https://en.wikipedia.org/wiki/Jellyfish#/media/File:Phyllorhiza_punctata_(White-spotted_jellyfish)_edit.jpg 
• https://www.popsci.com/sites/popsci.com/files/styles/1000_1x_/public/import/2014/ReCToR_on_hill.jpg?itok=Z_S44FkZ 
• https://www.youtube.com/watch?v=pj_juKi3Jo4 
• http://www.pnas.org/content/110/44/17904 
• https://www.nasa.gov/sites/default/files/atoms/files/niac_sunspiral_superballbot_phaseii_finalreport_tagged.pdf
• http://www.pnas.org/content/110/44/17904 
• https://www.newscientist.com/article/2174691-spectacular-new-photos-of-titan-show-saturns-moon-like-never-before/



j p l . n a s a . g o v

CFD Pictures
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Structure Pictures
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Bars Cables
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http://ad009cdnb.archdaily.net/wp-
content/uploads/2014/10/542db8f
4c07a80c9ea00042e_students-of-
ball-state-construct-parametric-
tensegrity-structure-for-local-art-
fair_005_module_variation.jpg
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Spherical Lattice Spherical Tower Oblate Freeform

Descent

• Somewhat 
directionally 
agnostic

• Low terminal 
velocity

Extremely complex to 
model

• Higher terminal 
velocity

• Known 
aerodynamic 
orientation

Known aerodynamic 
orientation Dependent on geometry

Landing

• Somewhat 
directionally 
agnostic

• Impact dynamics 
are well 
researched

Extremely complex to 
model

Unstable landing due to 
aerodynamic descent 
orientation

Unstable landing due to 
aerodynamic descent 
orientation

Dependent on geometry

Locomotion Jellyfish biomimetic Almost any method 
possible Anguilliform locomotion Anguilliform locomotion Dependent on geometry

Actuated DOF 
needed for 
swimming

2 or more 3 or more 3 or more 3 or more Dependent on geometry

Payload 
Capability

Central void provides 
good payload carrying 
capability

• Multiple volumes 
for payload

• Very little payload 
space

Very little payload 
space

Very little payload 
space Dependent on geometry

General Notes Well researched in the 
literature

• Type 2 tensegrity 
allows for slightly 
more stability

• Extremely low 
terminal velocity

Ballistic shape possible Complex manufacturing Geometry can be tuned 
for any use
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Basis
Where does tensegrity fit in?

• Opportunity rover airbags
• Opportunistic exploration
• Swarms
• Small to mid-sized landing scenarios
• Multiple Impacts

Bayandor – NIAC 2016
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Icy/Rocky Worlds Ocean Worlds

- End-to-End exploration solution
- Impact resistant
- Robust locomotion architectures
- Low terminal velocity
- High payload mass fraction
- Can sustain numerous impacts

- End-to-End exploration solution
- Payload is protected without the 

obstruction of a full enclosure, 
allowing for constant data 
collection

- Efficient locomotion underwater
- Low terminal velocity


