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Space is full of unknowns

The reason we explore
The reason it is so hard



Perseverance’s First Coring Attempt

• Five rock types were used for Qualification Model Dirty Testing (QMDT), chosen based on experiences from past Mars missions. 
• >700 coring tests performed and the Sampling and Caching System met the requirements 

“Roubion” sampleRock crumbled to powder



Pre-OSIRIS-Rex prediction: Bennu has a smooth surface
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RSE 1.0

Paradigm Shifts in Robotic Space Exploration (RSE) 

RSE 2.0 RSE 3.0

1960s Current Future

Driver of paradigm shift: environmental uncertainty of unvisited worlds



RSE 1.0
The Moon (1958 – 1968)



RSE 1.0: Trial-and-error



RSE 2.0
Mars (1992 – Now)



Robotic Space Exploration 2.0
Incremental sophistication through a series of missions

Environmental uncertainty
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Orbiter

Environmental uncertainty

Task complexity
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Simple robotic mission

Task complexity

Environmental uncertainty
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Simple robotic mission

Environmental uncertainty

Task complexity
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Complex robotic mission

Environmental uncertainty

Task complexity
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Mars Exploration Timeline with RSE 2.0

18



21



Europa

Ganymede

Triton

Titan

NASA/JPL-Caltech

Ocean Worlds

22



Alien life?

Death Star
(D = 160 km)

(D = 513 km)
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Why RSE 2.0 is not applicable?

Orbital reconnaissance of subsurface 
environment is not possible

Long cruise time to outer solar system (often >10 
yrs)

Multitude of worlds to explore
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Environmental uncertainty

RSE 3.0
One-shot exploration with an adaptive space system 
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Land and observe

Environmental uncertainty

Task complexity
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Adapt and perform simple tasks

Task complexity

Environmental uncertainty
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Adapt Complex robotic tasks

Environmental uncertainty

Task complexity
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EELS (Exobiology Extant Life Surveyor) Mission to Enceladus Vent 
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Antenna Circuit Space system

Software-defined Space System
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Antenna pattern is defined by shape

Antenna pattern is modulated by 
controller

Phased-array antennas
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Circuit is defined by electric components

Circuit is defined by programmable gates

Spacecraft capabilities are (mostly) 
defined by hardware

Spacecraft capabilities are (mostly) 
defined by software
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Programmable, Software-Defined Devices

Shape-adaptive materials

Sakovsky at al. EuCAP 2024.

High density FPGAs

Science Instruments
Programmable microfluidic circuits

Avionics

Structure

Mobility
Modular/reconfigurable robots

Romanishin & Rus IROS 2019Lordos et al., IEEE Aerospace 2013 

WORMS M-Block

Luis & Maerkl. Lab on a Chip. 2011

Popescu et al. Advanced Materials, 2024

Programmable optical device 
with metasurface

Propulsion
Adaptive ion thrusters

Levchenko et al. Nature 
Communications 2018

Software-defined radio
Communication
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Lindy Elkins-Tanton
The Big Questions of Solar System Exploration

Dean Bergman
Autonomy for One-Shot Missions

Hiro Ono
Toward Adaptivity by Design: Lessons from Space 

Mission Operations Beyond the Plan

Annika Rollock
TESSERAE: Robotic Self-Assembly for In-Space Construction
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