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Abstract: Historically, robotic space exploration has been conducted in a sequence of incrementally more
sophisticated missions, starting with flyby and orbiting, followed by simple landing and roving missions, and
eventually leading to more complex robotic missions involving long-range driving, drilling, or sample return. The
benefit of this approach is that capabilities can be specifically designed for narrowly defined environmental conditions.
For example, the development and V&V of the complex robotic functions of NASA’s Mars rover Perseverance, such
as autonomous driving and the sampling and caching system, were heavily informed by the environmental knowledge
gained from previous Mars missions. However, now that NASA is destined to explore a multitude of more challenging
worlds, we will likely not enjoy the luxury of sending a series of spacecraft to the same destination due to budgetary
constraints, a scarcity of flight opportunities, and the extensive cruise time to the Outer Solar System and beyond. We
argue that a new robotic exploration paradigm will be needed, which replaces an incremental exploration campaign
with a single-shot mission where a robot or a team of robots adapts its behavior affer arrival and increasingly elevates
the level of behavioral complexity as it learns about the new environment. A key enabler of such adaptive one-shot
exploration is highly versatile robotic hardware combined with onboard intelligence. We have developed a snake-like
versatile and intelligent robot, namely the Exobiology Extant Life Surveyor or EELS, which would enable access to
the subsurface oceans of icy moons by descending into an erupting vent, such as those on Enceladus. By combining
its high-DOF mechanical system (Gildner, et al. 2024), active skin propulsion system (Marteau, et al. 2024), and the
new adaptive autonomy software framework called NEO Autonomy (Thakker, Paton, et al. 2023), we demonstrated
through numerous lab and field tests that EELS can locomote in a wide range of environmental conditions, including
sand-covered surface, undulating ice, high-slope snow, and vertical glacial shafts, by switching between significantly
different mobility gaits. It is particularly notable that EELS achieved ~1.5 m fully autonomous vertical descents in the
natural ice moulins of Athabasca Glacier in Canada. This paper first highlights the limitations of the current
incremental exploration paradigm and builds an argument for the adaptive, one-shot exploration paradigm by drawing
insights from a number of flight and research projects. We will then provide a broad overview of the vision,
technologies, scientific impacts, capabilities, and field test results of EELS, while the three companion papers
(Gildner, et al. 2024), (Marteau, et al. 2024), and (Thakker, Paton, et al. 2023) provide the detailed description of the
hardware, active skin propulsion, and autonomy systems of EELS, respectively.

Copyright © 2024 by the American Institute of Aeronautics and Astronautics, Inc.
The U.S. Government has aroyalty-free license to exercise adl rights under the copyright claimed herein for Governmental purposes. All other rights are reserved by the copyright owner.

10.2514/6.2024-1746



Downloaded by Abhinandan Jain on January 4, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-1746

I. Introduction — A brief history of paradigm changes in robotic space exploration

Robotic space exploration has been at the forefront of scientific discovery for more than six decades, driving
humanity to uncover the mysteries of the cosmos. Its essence has been, and will be, unchanged: turning unknowns
into knowns. What has changed, though, is our approach to turning unknowns into knowns. To put it another way, the
reason we have been able to push the frontier of exploration over six decades is that we reinvented the way to explore
space multiple times.

Take, for example, NASA’s pre-Apollo Lunar missions in the late 1950s to 1960s. Their approach to turning
unknowns at that time was rapidly iterating trial and error cycles. NASA launched 20 spacecraft during the decade, or
at a six-month interval on average. The intervals were often merely a month or two (e.g., Pioneer 1-4; Ranger 1-3,
Surveyor 3-4). Moreover, sometimes it was not just a relaunch of identical spacecraft, but enhancements were rapidly
implemented within an interval of only a few months (e.g., Ranger 2 and 3). Flight projects at that time operated very
differently from today. All the first ten missions (Pioneer 1-4; Ranger 1-6) failed, with an overall success rate of 40%.
NASA and the Jet Propulsion Laboratory, which built and operated the missions, quickly learned from failures and
eventually landed five Surveyor landers on the Moon successfully, which played a critical role as the precursor to
Apollo. This “try again, fail again, fail better'” paradigm was adequate for the Moon because of the short flight time
(~3 days) and the frequent launch opportunities.

The same paradigm does not work for interplanetary missions. The relatively long cruise times (e.g., 6-7 months
for Mars) and infrequent launch opportunities (e.g., once every 26 months for Mars) make rapid trial-and-error
practically impossible. This may be the primary reason NASA (and other space agencies) switched to a more risk-
averse paradigm after the conclusion of the pre-Apollo Lunar missions. For example, in the ongoing robotic Mars

A) Incremental exploration with multiple missions
* Spanned over three decades for Mars (longer for more distant targets)
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Figure 1 The proposed paradigm change for enabling complex robotic missions beyond Mars. A) NASA has
sent a series of missions that incrementally built up the complexity, but we will unlikely have the luxury of sending a
series of spacecraft to each high-priority target beyond Mars. B) We argue that a one-shot mission can replace the
conventional paradigm by sending a highly adaptive robot (or a team of robots) that changes the physical behavior as
it learns about the unknown environment.

! Quote from Samuel Beckett
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Exploration Program, which started in 1990, NASA/JPL-Caltech has launched 14 spacecraft over 30 years (~2-year
intervals on average), of which 11 were successful®. As illustrated in Figure 1-A, this campaign is characterized by an
incremental approach, which started with orbiters (e.g., Mars Global Surveyor, Mars Odyssey, Mars Reconnaissance
Orbiter), followed by relatively simple surface missions (e.g., Mars Pathfinder, Mars Exploration Rovers), and evolved
toward more complex missions (e.g., Mars Science Laboratory, Mars 2020, the planned Mars Sample Return
campaign) that involve complicated robotic operations on the surface such as drilling and coring carefully selected
rocks, autonomously driving over extensive distances, flying in the thin atmosphere, and transferring sample tubes
between two robotic vehicles. Such an incremental approach has a clear benefit: as we sketch out in Section II with
concrete examples from Mars 2020 and the planned Mars Sample Return missions, the complex robotic capabilities,
which typically involve a greater level of risk to operate in an unknown environment, could be designed specifically
for narrowly constrained environmental conditions, thanks to the data brought back by previous missions. This
paradigm change from “try again, fail again” in the pre-Apollo Lunar missions to the cautiously incremental one was
indeed one of the primary reasons for NASA/JPL’s tremendous success in Mars exploration.

However, such an incremental exploration approach is not applicable, or highly inefficient at best, for more
challenging destinations beyond the surface of Mars. Firstly, the cruise time to the Outer Solar System, in which many
of the high-priority targets in the latest Planetary Science and Astrobiology Decadal Survey are located, is very long
(often ~10 years or more), while launch opportunities are highly limited primarily due to budgetary constraints.
Secondly, the Outer Solar System alone includes a multitude of worlds to explore, such as centaurs, ice giants and
their satellites, and KBOs. Unlike Mars exploration, we will not be able to enjoy the luxury of sending many spacecraft
to a single target. A combined orbiter-lander (such as Enceladus Orbilander concept (MacKenzie, et al. 2021)) can
provide detailed reconnaissance before the surface phase in a single mission, but the newly acquired environmental
knowledge cannot be used for the design and V&V of the spacecraft before the launch. But perhaps more
fundamentally, many scientifically interesting targets lay below the surface, where orbital reconnaissance is physically
impossible (other than low-resolution mapping by ice/ground-penetrating radars). Examples include the lava tubes on
the Moon and Mars, geysers on Enceladus and potentially on Europa (Sparks, et al. 2016) (Jia, et al. 2018), and the
subsurface ocean of icy moons. We have two choices to move forward: to rely solely on low-risk missions (orbiters
and basic landers), or to seek a new paradigm that enables single-shot missions with complex robotic tasks, such as
autonomously roving over an extended range, collecting a diverse set of carefully selected samples, or even diving
into the subsurface (Chodas, et al. 2023). This paper explores the latter option.

In the new one-shot exploration paradigm, a robotic explorer cannot be designed for narrowly constrained
environmental conditions. Rather, it must be built fo adapt. As we show with examples in Section I1I, adaptive robots
are capable of resiliently performing complex robotic tasks under substantial environmental uncertainty. As illustrated
in Figure 1-B, in the new paradigm, a robot, or a team of robots, would land in a poorly characterized environment
and use its own sensors to observe it. As the environment is better understood, the robot(s) would adapt its behavior
to perform simple robotic tasks, such as short-range/slow surface locomotion. As the environmental uncertainty is
further reduced, it would adapt to perform more complex tasks, such as long-range traverse, sample collection, or
subsurface mobility. We argue that the primary enablers are i) versatile robotic hardware and ii) intelligent, risk-
aware autonomy. An adaptive robotic system, with single or multiple robots, will have to flexibly change the physical
behaviors to interact with the environment (e.g., locomotion, sampling) after its arrival in an uncharacterized world.
Furthermore, if the environment is not homogeneous or static (such as a region with an active plume), it will likely
need to continuously adapt as new environmental conditions (e.g., different terrain types, changing topography)
emerge. A non-versatile robot, which has a singular, pre-designed mode of interacting with the environment, will
likely fail to cope with substantial environmental uncertainty. A versatile robot with multiple modes of mobility,
sampling, and manipulation, combined with onboard autonomy for choosing the best mode based on the observed
environmental conditions and the risks associated with it, will be a necessity.

The rest of the paper is structured in the following way. In Section II, we will investigate three concrete examples
of complex robotic capabilities from the Mars 2020 rover and Mars Sample Return planning and reveal that the
development and V&V process highly depended on the environmental knowledge brought by prior missions, hence
necessitating the incremental exploration with a series of missions. Then, in Section III, we will propose a new one-
shot exploration paradigm with an adaptive robotic system and argue with concrete examples that the key enabling
technologies for the adaptive robotic system are hardware-level versatility and onboard intelligence. Section IV
introduces EELS, our instantiation of the versatile and intelligent robotic system, which would enable access to
subsurface oceans of icy moons and other challenging destinations. We present the hardware and software prototypes
of EELS and summarize the outcome of lab and field tests, which demonstrate the adaptivity of EELS.

2 It is also notable that the three failures occurred during NASA’s “faster, better, cheaper” era.
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I1. Limitations of Incremental Exploration: Examples from Current Mars Missions

The Mars 2020 Perseverance rover and planned Mars Sample Return missions involve perhaps the most complex
robotic systems ever sent to another planet. This section will take a deep dive into the development and V&V processes
of several key robotic capabilities of these missions, and analyze how the environmental knowledge from past missions
contributed. From there, we will discuss the limitations of the current incremental exploration paradigm.

A. Enhanced AutoNav (ENav) of the Mars 2020 Perseverance Rover

The Perseverance rover drives at an unprecedented rate on Mars. As of writing (Sol 960), she has driven 22,980 m,
which far exceeds the distance traversed by previous rovers over the same time span (7,345 m for Spirit, 10,004 km
for Opportunity, and 10,564 m for Curiosity (Rankin, et al. 2020) on Sol 960). Perhaps even more remarkably,
Perseverance drove ~88.7% of the distance autonomously using the Enhanced AutoNav (ENav) capability (as of Sol
960), while Spirit, Opportunity, and Curiosity drove 23.6%, 5.4%, and 6.1%, respectively, with autonomous driving
(Verma, et al. 2023). The enhancement of the autonomous driving capability was required because Jezero Crater, the
landing site of Perseverance, was known to have substantially higher rock density and slope from the high-resolution
images of the HiRISE camera on Mars Reconnaissance Orbiter (Ono, Rothrock, et al. 2016).

The development and V&V of the advanced autonomous driving capability of Perseverance was enabled by
existing environmental knowledge obtained by preceding missions. For example, ENav was required to dive the rover
at the rate of 100 m/hr on benign terrain and 86 m/hr on complex terrain to achieve the mission objectives, where
terrain is defined as benign if the slope is less than or equal to 15 degrees and the rock abundance is less than or equal
to 7% CFA (cumulative fraction of area)®. Since the requirement was written in a way that is conditional on
environmental parameters (slope and rock density), the V&V of ENav against the requirement needed to depend on
the localized knowledge of these parameters. Using the 25 cm resolution imagery from HiRISE, a slope map at 1 m
resolution and a rock density map at 30 m resolution were created. A Monte-Carlo simulation was then run with
thousands of samples over the distribution of the landing point, and a path to the science goals from each sample of
the landing point was simulated using the existing knowledge of the terrain traversability (Ono, Rothrock, et al. 2016).
The Monte-Carlo simulation produced the statistics of slope and rock density. Combined with the digital elevation
model (DEM), another Monte-Carlo simulation was run, in which the ENav path planner simulated more than 1,000
drives and verified that the driving speed requirements were statistically satisfied (Toupet, et al. 2020). Such a rigorous
V&V process was impossible with the complete coverage of the landing site with high-resolution orbital imagery.

For another example, ENav was required to be robust to slips. Since the mission was going to involve climbing up
a high slope at the edge of the delta in Jezero Crater, guaranteeing the vehicle's safety from slip hazards was critical.
For this purpose, ENav sets bounding boxes around each wheel and runs conservative collision checking (Otsu, et al.
2019) at every 25 cm of drive such that any wheel slip within the bounding boxes is accommodated. One of the
challenges during the development was finding the right size of the bounding boxes because ENav becomes overly
conservative if they were too large but could result in critical failure if they were too small. The team relied on
historical slip data from previous rover missions to address this challenge. Specifically, they used the data set
containing all the observed slips that occurred during nominal drives of the preceding rover, Curiosity, from her
landing in 2012 till the time of the ENav development around 2018 and set the bounding box sizes to accommodate
them.

B. The coring drill of the Mars 2020 Perseverance Rover

One of the top-level objectives of the Mars 2020 Rover Mission is to acquire and cache carefully selected rock samples
for potential return to Earth. For this purpose, the sampling and caching system (SCS) was designed to core rock samples,
document and seal the sample tubes, store them inside the rover body, and drop them on the ground at a sample depot.
SCS is a highly complex system consisting of the Robotic Arm (RA), the Turret and Corer, and the Adaptive Caching
Assembly (ACA). In particular, the development of the coring drill was challenging because it would directly interact
with the external environment (i.e., Martian rocks) with unknown characteristics. The development and testing
approach was to rely on the extrapolation from the environmental knowledge acquired from prior missions.

For example, the extensive Qualification Model Dirty Testing (QMDT) of the coring drill was conducted using
six geo-analog rock types shown in Figure 2: Bishop Tuff Intermediate (BTI), Napa Basaltic Sandstone (NBS),
Kramer Massive Mudstone (KMM), Old Dutch Pumice (ODP), China Ranch Gypsum (CRG), and Uniform
Saddleback Basalt (USB) (Moeller, et al. 2021) (Farley 2015), which were carefully selected by the JPL Geo-Analogs
team to represent a diverse and realistic variety of test articles that would mimic material characteristics of those

* To put it in perspective, Curiosity's average autonomous driving speed was 11.6 m/hr (Verma, et al. 2023).
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potentially found during the Mars 2020 mission (Chu, Brown and Kriechbaum 2017). The selection was heavily
informed by prior missions. For example, USB is a basalt sourced from the Tertiary Tropico Group in the western
Mojave Desert, chosen for its inert hygroscopic characteristics and its physical and chemical characteristics that
resemble basalt rocks observed by Mars Pathfinder and the two Mars Exploration Rovers (Peters, et al. 2008). Over
700 coring tests were performed on the six rock types (ODP was dropped in the later test campaign) to meet the
following two requirements:
1)  Acquire average rock core masses of greater than or equal to 15 g, and less than or equal to 10% of the rock
cores that are less than 10 g
2)  No greater than 20% by mass of the core in pieces with the largest dimension less than or equal to 2 mm
(effectively “powder”) and no less than 70% by mass of the core in pieces with the largest dimension greater
than or equal to 10 mm.
The second requirement is to ensure that most of the cored rock sample is not broken into powdery pieces. The SCS
performed “very well” and met these requirements for the selected geo-analog rocks (Moeller, et al. 2021).
The limitation of this test approach was exposed at the very first coring attempt on Mars by Perseverance. On
August 6, 2021, the rover successfully executed the automated sampling process at Polygon Valley. However, the
CacheCam image, which captures the interior of the sample tube before it was sealed, showed no rocks (Figure 3). It

Figure 2. Examples of rock cores of the five rock types collected in the Qualification Model Dirty Testing. The
tests of the coring drill were performed only on six geo-analog rock types, which were later downselected to five.
From left to right: Kramer Massive Mudstone (KMM), China Ranch Gypsum (CRG), Bishop Tuff Intermediate (BTI),
Napa Basaltic Sandstone (NBS), and Uniform Saddleback Basalt (USB). Image from (Moeller, et al. 2021). Credit:
NASA/JPL-Caltech.

Figure 3. Perseverance's first sampling attempt at Polygon Valley on August 6, 2021. The rover’s coring drill
successfully drilled the target rock (left), but no rock sample was found in the interior of the sample tube, as shown in
the CacheCam image (right). It turned out that the rock was unexpectedly soft, and it crumbled and fell out of the tube.
Such a rock was not represented in the six rock types, selected based on the experiences from past missions, on which
the drill was tested on the ground before the launch. Credit: NASA/JPL-Caltech.
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turned out that the rock was particularly soft, and it crumbled to powder during coring and fell off from the tube
(NASA/JPL-Caltech 2023). The empty sample, named Roubion, was later repurposed as an atmospheric sample. The
characteristics of the Roubion rock were not represented in the six rock types used in the coring tests. This result was
unexpected because the drilling by Curiosity did not result in an empty sample. Based on this experience, the ground
operation team changed the sampling procedure such that the rock sample is less likely to fall from the tube. All the
following sampling attempts were successful. Therefore, this example also demonstrates the effectiveness of on-site
adaptivity to deal with environmental uncertainty, although the adaptation was performed with the ground in the loop.

C. Mobility and Manipulation System of the Sample Recovery Helicopters
The current baseline mission architecture of the planned Mars Sample Return Mission campaign (which is currently
under high-level review) includes two small helicopters called Sample Recovery Helicopters or SRH, which would
serve as a backup method for retrieving the sample tubes. The Perseverance rover collected two samples at each
sampling site (except for the atmospheric sample at Polygon Valley and a singular sample from Kukaklek) during the
first 1.5 years on Mars. Before the rover ventured to the top of the delta, she left one of each pair (eight sample tubes
in total), as well as the atmospheric sample, at the carefully selected sample depot site called Three Forks while
carrying the rest of the samples with her. In a nominal scenario where Perseverance is still operational when the
Sample Retrieval Lander (SRL) arrives on Mars, the rover would hand the samples to SRL directly. Otherwise, the
two SRHs, dispatched from SRL, would retrieve the nine backup samples left at Three Forks one by one and deliver
them to SRL. The Three Forks depot site was selected because it was very flat, devoid of large rocks and high slopes.
Each SRH is a small (~3 kg) “flying car,” which
combines the aerial mobility inherited from Mars
Helicopter Ingenuity with the ground mobility enabled by
four small wheels at the end of the landing legs and a 3
DOF light-weight robotic arm for picking up the sample
tube (Mier-Hicks, et al. 2023). At each tube transport run,
an SRH would fly from SRL and land about 2 m away from
a tube. Then she would autonomously drive on the ground
and park right in front of the tube to put the tube within the
highly constrained workspace of the arm (required
precision: £1.5 cm in X, #4 cm in Y, and +5 deg in
heading). On the return flight, she would land in the
“helipad” 10 m away from SRL and drive up to the
workspace of the SRL arm to deliver the sample tube. Each
SRH is required to repeat this cycle every 4 Martian Sols.
One of the greatest challenges of SRHs is to reliably
perform such highly complex robotic tasks with a
minimalistic hardware design due to the very tight mass
budget. Therefore, the team took a design approach that
fully exploited the intricately detailed environmental
knowledge of the Three Forks depot site brought by the
Perseverance rover. For example, using the documentation
images taken at each dropped tube and in the SRL landing
circle, the team identified rocks on the order of centimeters
tall and determined that the SRH ground mobility system
is only required to go over 3 cm high rocks to achieve >99% confidence of successfully driving up to the tubes to pick
them up, and driving up to SRL to drop them off. This knowledge allowed the team to minimize the diameter of the
wheel to conserve mass and fit in the tight space allocated for launch. The development of the autonomous driving
capability was also informed by the knowledge of rock size and distribution (Reid, Bartlett, et al. 2024). The team
also exploited the knowledge of the size and the relative location of all the rocks taller than ~3 mm within a certain
distance around each tube (Figure 4) to validate the minimalistic gripper design. For another example, the team
determined that it is sufficient to require SRH to handle only up to 5.5-degree slopes based on the slope map at a 50
cm resolution created from the high-resolution stereo images taken by Perseverance. This highly optimized design
approach, which narrowly targets a specific, well-documented site on Mars, is only made possible by the serial nature
of the Mars exploration campaign, where the spacecraft is designed based on the environmental knowledge acquired
by prior missions.

Figure 4 An example of rocks on the order of
millimeters high identified around one of the sample
tubes in an image taken by Mars rover Perseverance
for gripper validation of the Sample Recovery
Helicopter (SRH). This exemplifies the dependence on
the highly detailed environmental knowledge brought by
preceding missions for the development of complex
robotic capabilities. Credit: NASA/JPL-Caltech



Downloaded by Abhinandan Jain on January 4, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-1746

D. Limiting factors for the current incremental exploration paradigm

The complex robotic capabilities in the Mars missions, such as the ones described above, depended on detailed
environmental knowledge from prior missions because, in the conventional paradigm, the robot's behaviors must be
designed and tested before the launch. The same limitation applies to combined orbiter-lander missions, such as the
Viking mission in the past and the Enceladus Orbilander mission concept recommended by the Planetary Science and
Astrobiology Decadal Survey 2023-2032 (National Academies of Sciences, Engineering, and Medicine 2022) in
which an orbiter and a lander are launched at the same time because the lander (and a potential rover on it) must be
designed before the high-resolution images from the orbiter become available.

A key observation is that, in most cases, the primary source of environmental uncertainty is the terrain for two
reasons. First, surface robotic activities are often sensitive to the scale terrain features below the detectable limits from
orbiters. Subsurface exploration would be even more challenging because orbital reconnaissance is impossible at any
scale. Second, terramechanics, or the interaction between mechanical systems and soil, rocks, or ice, is highly
unpredictable (e.g., wheel slip, drilling), in contrast to the almost-perfectly predictable orbital mechanics. Another key
observation is the negative correlation between the complexity of robotic behavior and the level of environmental
uncertainty that can be accommodated. For example, coring rocks, as described in Section II.B, is more sensitive to
the physical properties of rocks than abrading them, as was done by Spirit and Opportunity. There are two approaches
to circumvent these fundamental limitations. The first is to send a series of increasingly complex missions, in which
the observations from earlier missions reduce the environmental uncertainty and inform the design of more
sophisticated capabilities in the following missions. This is the current exploration paradigm shown in Figure 1-A. An
underlying assumption in this paradigm is that the robotic behaviors are designed and fixed before the launch. If we
can relax this assumption, an alternative paradigm becomes available, which will be discussed in the next section.

ITI.New Paradigm: One-shot exploration with in-situ adaptation

Imagine you find yourself in a completely unknown place when you wake up, say, in the middle of a rainforest or
a desert. You would carefully raise your head and look around to understand the situation. Then, you would take a
few very cautious steps to learn more but avoid any close interaction with the environment. As you build up confidence
in your understanding of the environment, you would finally dare to perform more complex behaviors that are deemed
safe under the given situation, such as touching selected objects around you, picking up a rock or two, or moving over
a longer distance with a gait that is suitable for the observed surface condition. In other words, you adapt your
behaviors as you learn about the environment instead of replacing yourself with someone more suitable for the
environment.

An adaptive robotic explorer can do the same, i.e., adapting the behavior in situ and incrementally elevating the
level of behavioral complexity based on the environmental knowledge acquired by itself. As illustrated in Figure 1-B,
it would land in a poorly characterized environment and observe the surroundings to reduce the environmental
uncertainty. It would then adapt its behavior to perform relatively simple tasks, such as short-range/slow surface
mobility and reconnaissance, to gain more environmental knowledge and further reduce uncertainty. Eventually the
robot would make further adaptations to conduct complex robotic tasks such as long-range fast traverse, sample
collection, and subsurface exploration. The key difference from the conventional paradigm is to design the robot for
adaptivity over a wide range of environmental possibilities rather than designing it to narrowly constrained
environmental conditions. In the remainder of this section, we will use three examples from existing research to
illustrate how adaptive robots can overcome the existing limitations of the conventional paradigm. We will then
discuss the key enabling technologies for the new adaptive exploration paradigm.

A. Sand trap experienced by Mars Rover Opportunity and EELS

In 2005, the Mars rover Opportunity became trapped in unexpectedly soft sand, as shown in Figure 5-Left. While high-
resolution orbital reconnaissance provided detailed topographical knowledge of the terrain of Mars, the surface properties,
such as softness, remained uncertain, particularly in the early phase of the Mars Exploration Rovers missions. The rover was
not adaptive because it had a singular mode of mobility (i.e., driving); hence, what the ground operation could do was limited
to spinning wheels in various ways. It took 39 sols (Martian days) to get the rover out of the sand trap. Later, the sister rover
Spirit was also entrapped in sand, eventually ending her mission.

Compare this incident to one of the surface mobility tests of JPL’s snake-like EELS robot, which will be detailed in
Section IV, shown in Figure 5-Right. The robot dug into the sand and got stuck during a forward motion. But then the robot
adapted its behavior by switching to a sidewinding gait, and it could easily get out of the sand trap by rolling sideways. As
an analogy, animals typically have multiple gait patterns (e.g., locomotion modes of biological snake include lateral
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undulation, sidewinding, concertina, arboreal, and rectilinear) and chooses the most suitable one for a given surface
condition.

Figure 5 Comparison of non-adaptive and adaptive robots. Left: It took 39 sols for Mars rover Opportunity to
escape from a sand trap in 2005 because a rover has a single mode of mobility (driving), and the only behavior the
group could command was to rotate the wheels. Right: EELS is versatile, meaning it has multiple modes of mobility.
When it got stuck in the sand when driving forward, it switched to a different sidewinding gait and could easily escape
the sand trap by rolling sideways.

B. Icy moon surface mobility with wheel-on-limb mobility
The surface topography of icy moons, such as Europa
and Enceladus, is highly uncertain not only because of
the lack of high-resolution orbital reconnaissance but
also because of entirely different geomorphology from
rocky, water-shaped surfaces, such as that of Earth and
Mars. The surface geology of Enceladus is highly
diverse and includes surface topographic variations
with amplitudes of hundreds of meters (Thomas, et al.
2007). The current global maps of Enceladus from
Cassini are typically at resolutions of 50 to 500 m/pixel
(Bland, et al. 2018), much larger than the footprint of
the proposed Enceladus Orbilander concept, which is
only a few square meters (MacKenzie, et al. 2021). In
another example, (Hobley, et al. 2018) hypothesized
blade-like structures, called penitentes, might form on
the surface of Europa and rise to many meters in
height, while an experimental study by (Hand, Figure 6 IceSimian traversing on extremely rough
Berisford, et al. 2020) suggests the existence of giant terrain in Devil's Golf Course, Death Valley (Reid, Paton,
penitentes on Europa is unlikely. While the upcoming et al. 2020)

Europa Clipper mission will substantially improve the

understanding of the Europa’s surface through multiple flyby observations (Vance, et al. 2023) the coverage with
high-resolution (4-m spatial scale) imagery will be limited, and sub-meter scale surface topography will remain largely
unknown until the first landing mission.

(Reid, Paton, et al. 2020) demonstrated that wheel-on-limb mobility can cope with extremely rough terrain. They
used the IceSimian robot, which has four fully actuated arms with wheels at the arm termini, as shown in Figure 6.
This mechanical configuration allows a wide range of mobility modes, from regular wheel mobility with and without
actively articulated suspension to more exotic gaits such as inchworming and wheel walking. As a result of the tests
at Devil’s Gold Course in Death Valley and on Matanuska Glacier in Alaska, they found that regular wheel mobility
is more energy efficient on flat terrains, while inchworming is more resilient on high slopes (Reid, Merion-Griffith,
et al. 2021). But perhaps more importantly, the robot's versatility allowed the operation team to adapt its mobility
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behavior after the arrival at the test sites rather than pre-planning the mobility mode for preexisting environmental
knowledge.

C. Steep terrain mobility with an adaptive rover

One of the limitations of conventional wheeled rovers is the mobility on steep slopes with unconsolidated surfaces
such as sand or Lunar regolith. Substantial backward slip could prevent the forward motion or make it highly energy
inefficient at best. Lateral slip when driving in a cross-slope direction poses a risk of collision with obstacles. This
limitation can be relaxed if a rover is adaptive to the environment. For example, (Bouton, et al. 2023) experimented
with rovers that have extra actuated degrees of freedom and hence have multiple modes of mobility, such as
“inchworming” or “push-pull” locomotion (Figure 7-left). They experimentally showed that conventional driving with
passive suspension is the most energy efficient up to 20-degree slope on Lunar regolith simulant, while the load-
adjusted squirming gait (Figure 7-right) can climb steeper slopes more efficiently. They also reported that
unconventional locomotion gaits, such as circular wheel-walking (Figure 7-right), can reduce slip by 15-20%. Again,
the point is the versatility of the robot, which allows the operator to select the best mobility mode for a given
environment rather than pre-fixing the behavior based on limited environmental knowledge.

H
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Figure 7 The “Asterix” rover, which can locomote with multiple gait patterns due to the two extra DOFs in its
body. Image excerpted from (Bouton, et al. 2023).

D. Ingredients for Adaptive Robot: Versatility and Intelligence
Let’s find out the ingredients for making a robot adaptive through induction from these examples. We argue that they are
versatile hardware and intelligent software.

Versatile Hardware: Redundant DOFs and sensing modalities

The essential feature to enable adaptation is the multiplicity of possible behaviors, or versatility. This, in turn, requires
redundant degrees of freedom (DOFs). This sharply contrasts with the conventional paradigm that typically employs the
simplest possible mechanical design to satisfy a given set of requirements, which are written based on narrowly constrained
environmental/operational conditions. For example, it requires 6 DOFs for an arm to place the end effector at a desired 3D
position at any angle. The robotic arm of the Perseverance rover only has 5 DOFs because the required tasks are indifferent
to the roll angle of the turret at the end of the arm. In contrast, a human arm has 7 DOFs. This one extra DOF allows humans
to improvise a wide range of the ways to use arms (e.g., a parent holding a baby in an arm and a cell phone on the shoulder
while taking a note using the other arm, or a waitress in Oktoberfest who transports 13 beer glasses at the same time (Luyken
2023)). Similarly, in the conventional paradigm, robots are designed to have just enough sensing capabilities to satisfy
prescribed requirements. Having redundant sensing modalities would be crucial for robots to be adaptive. In particular, many
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robots lack proprioception, which is known to play a central role in animal locomotion (Tuthill and Azim 2018). Versatility
is often obtained at the cost of efficiency. For example, the most energy-efficient human transportation is a bicycle, which
has only 3 DOFs but only consumes about one-third of the energy of walking the same distance. In contrast, a human’s body
has over 200 DOFs, which allows highly versatile mobility from walking and running to jumping, climbing, and swimming.
In the new adaptive paradigm, robot hardware should be designed for versatility instead of optimizing on a singular metric.

Intelligent Software: Overcoming Moravec’s Paradox

Hans Moravec argued that logical reasoning tasks that are difficult for humans, such as numeric calculation or chess, are
easy for A, while sensorimotor and perception tasks that are seemingly easy for humans, such as grabbing a cup or inserting
a screw into a hole, are difficult for robots (Moravec 1988). This observation, known as Moravec’s Paradox, is more evident
on a high-DOF robot simply due to the challenge of controlling a complex system. For example, in the successful vertical
mobility demonstration of EELS, which will be described in Section IV.E, the most difficult software aspect was the low-
level feedback control to maintain the contact between the arms and the walls. For humans, it is an easy task to keep touching
a wall. Therefore, by intelligence, we do not necessarily mean logical reasoning, which is typically the goal of classical Al
Instead, our emphasis is on bodily intelligence, which includes proprioceptive control for limb placement, locomotion with
complex gaits, gait learning, gait selection, motion/path planning, and risk-aware behaviors, combined with situational
awareness and the understanding of the environment through multiple channels of sensory data. To give one example, in
the sand trap escape demo of EELS described in III-A, it was human operators who commanded to switch the mobility
mode. On the surface of a distant planet, a robot must understand the situation (trapped in sand), understand the
environmental condition (unconsolidated sand), identify the tactical goal (escape from the sand trap), and choose the optimal
behavior for achieving the goal (side winding gait). Since it would be impractical to implement all the behavioral patterns
for a high DOF robot before launch, a robot would have to synthesize new behaviors on-site to be fully adaptive. Humans
and animals acquire new behaviors in multiple ways: trial and error or reinforcement learning (e.g., babies learning how to
crawl/walk), supervised learning, and imitation learning. Sometimes, we improvise a new behavior without trial and error,
guidance, or imitation, such as the triple-tasking parent of a baby mentioned above. Such improvision is presumably
performed through solving a model-based planning problem.

The following section presents our instantiation of a highly versatile and intelligent robot.
IV. EELS - A highly versatile and intelligent robotic explorer for Enceladus vents and beyond

JPL has developed a snake-like robot called Exobiology Extant Life Surveyor (EELS) as an instantiation of a highly
versatile and intelligent robot for enabling the new adaptive exploration paradigm. Three prototypes of EELS have
been built and extensively tested in field environments, including Athabasca Glacier in Canada. This section presents
a broad overview of our vision, prototypes, instrument, and test results while leaving the details for the three
companion papers and other publications.

A. Vision: Enabling access to the subsurface ocean of icy moons

Enabling access to the subsurface ocean of icy moons is a key target of robotic space exploration because it is arguably
the most likely place where we might find evidence of extant alien life in the Solar System, if it is there (Hand 2020).
There are two approaches often discussed for accessing the subsurface oceans or liquid reservoirs of icy moons. One
is to melt through the ice crust, which is typically tens of km thick, using a cryobot (Zimmerman, Bonitz and Feldman
2001) (Hockman, et al. 2022), while the other is to send a small robot into a natural opening of the ice shell that has
evidence linking it to the ocean. Cassini observations of Enceladus, a small icy moon of Saturn, revealed the existence
of actively erupting vents, which are likely connected to its global subsurface ocean (Schenk, et al. 2018). Meanwhile,
the detection of localized water vapor on Europa by the Hubble Space Telescope indicates the potential existence of
similar vents on the Jovian icy moon (Sparks, et al. 2016) (Jia, et al. 2018). A previous study demonstrated that a
robotic mission into an erupting vent is technically feasible except for an extreme case where the largest vent on
Enceladus has a diameter of <10 cm (Ono, Karl, et al. 2018). Cassini’s observations suggest that there are >100 active
vents on Enceladus (Porco, DiNino and Nimmo 2014). While we cannot completely eliminate the possibility that all
of them are <10 cm, such a possibility would be rather unlikely, given the substantial mass flux (300 kg/s, recently
confirmed with JWST observations to still be stable since Cassini (Villanueva, et al. 2023). In the following study,
we performed a mission architecture trade study to determine whether an implementable mission architecture exists.
It considered alternatives in instrumentation, mobility systems, sampling strategies, landing location, and the number
of spacecraft elements. As a result, we found that an Enceladus vent exploration mission is implementable within the
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Flagship mission launch mass and cost constraints (Chodas, et al. 2023). The study also found that the main risk of
the mission is environmental uncertainty, which resonates with the theme of this paper.

EELS was conceived to enable such a mission. As illustrated in the artist's concept in Figure 8, the robot would be
deployed by a lander near an actively erupting vent (e.g., near one of the sulci of the South Polar Terrain of Enceladus)
and slither on the surface to identify the most suitable entry point. It would then descend into the vent while firmly
pushing the opposing walls to resist the dynamic pressure from the jet. If a clear interface between the gas and the
liquid phases of the water exists (as in the hypotheses by (Kite and Rubin 2016) (Nakajima and Ingersoll 2016)), it
should be located at a depth of about 10% thickness of the ice shell; in an alternative hypothesis where a liquid-gas
mixture is propelled by the gas expansion (Mitchell, Rabinovitch, et al. 2023), EELS would only need to descend a
few hundred meters to capture a fresh liquid sample (Chodas, et al. 2023). In either case, EELS would use in-situ
instruments to search for biosignatures in the water sample and/or return the samples to the lander, which can
accommodate larger instruments for detailed analysis.

Figure 8. EELS Concept for enabling Enceladus subsurface ocean access.

The application of EELS is not limited to icy moon exploration. For example, past Lunar orbiter and impact
missions confirmed the existence of water ice trapped in craters with permanently shadowed regions (PSRs) (Laurence
2017). Retrieving the ice samples from Lunar PSR is of particular interest for both scientific investigation and in-situ
resource utilization (ISRU) (Artemis III Science Definition Team 2020) (Brown, et al. 2022). However, the crater rim
with a high slope (typically up to 20-30 degrees) with unconsolidated regolith, as well as unknown topography and
the surface state of the interior due to the limitation in orbital reconnaissance, makes the access to the deep interior of
PSR highly challenging for conventional robots. It is even more challenging for astronauts because of the extreme
temperature of PSRs, as well as the restriction of their mobility to a slope less than 10 degrees for safety. The
underground lava tubes on the Moon and Mars are another example of high-value targets that are challenging for
conventional robots or astronauts. An adaptive robot such as EELS could enable the exploration of such destinations.

B. EELS Mechanical System Overview
The versatility of EELS is sourced from its high degree-of-freedom (DOF) mechanical design. In a nutshell, its
mobility system is a combination of snake mobility with the Archimedes screw. It consists of many semi-identical
modules, each of which has four actuated degree-of-freedoms (DOFs): two shape actuators, consisting of a "twist"
joint that rotates axially and a "bend" joint that rotates about a lateral axis, and two actuated side screws. Right-handed
and left-handed screws are placed alternatively such that they produce axial force when rotated in the opposite
direction (“screw mode™) or lateral force when rotated in the same direction (“wheel mode”), as shown in Figure 9.
The modular design allows EELS to be configured with any number of modules. A 12-module EELS robot, for
example, has 48 DOFs.

EELS has practically infinite ways of propelling itself by combining its rich DOFs in various ways. Broadly
speaking, EELS's mobility modes are categorized into two types: shape-based and screw-based gaits. Shape-based
gaits lock the side screws and only actuate the twist and bend joints to move. Biological snakes typically use four gait
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Figure 10. The active skin propulsion system of EELS. The independently actuated screws with alternating thread
direction enables omnidirectional motion of the robot.
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Figure 9. The hardware configuration of the EELS 1.0 (left) and 1.5 (right) robots. Although they look very
different, they share the same hardware configuration: bend and twist joints between modules and the side screw for
active skin propulsion. The two “arms” of EELS 1.5 represent the both ends of snake while the middle section is
replaced by an avionics box.

patterns (rectilinear, lateral undulation, sidewinding, and concertina) (Jayne 2020), all of which are shape-based,
obviously because snakes do not have side screws. Screw-based gaits use the side screws for propulsion, while the
twist and bend joints are for conforming to the terrain. Screw-based gaits are further divided into two subcategories:
the screw mode, in which the robot is propelled to the axial direction by counter-rotating the screws with the opposite
thread handedness to cancel out the axial torque, and the wheel mode, in which the robot is propelled laterally by
rotating all screws in the consistent direction, as depicted in Figure 8 3. For example, when EELS is straight and on
the surface (as in Figure 8 top-left) or takes a helical shape in a vent (as in Figure 8 bottom-left), counter-rotating
every other screw results in forward or backward motion (screw mode). When the robot is in a self-stabilizing pose
and rotates all the screws in a consistent direction, it moves sideways on the surface or up and down in the crevasse
(wheel mode). In practice, EELS can also use gaits that mix shape-based and screw-based mobility. It can also combine
the screw mode and wheel mode for improved efficiency and robustness.

12
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As of the writing of this paper, we have built three hardware prototypes for development and testing, which all use
the common hardware configuration and the same software codebase: EELS 1.0, EELS 1.5, and Garden EELS.

The EELS 1.0 robot, shown in Figure 9-left, measures about 4.4 m long and weighs ~83 kg, consisting of 10
identical body modules that feature newly developed high power-density actuators (Georgiev 2023), a sensor head
with a LiDAR, four pairs of cameras, and an IMU, and a tail module that houses the interface to the tether and another
IMU. The mechanical and electronics systems are completely modularized such that they can be reconfigured with
any number of modules. Although the robot demonstrated excellent performance in our field tests, as detailed in
Section IV.E-F, it has several notable limitations. The two screws on each module are locked to counter-rotate at the
same rate and driven by a single actuator and therefore did not support the “wheel mode” mobility (Figure 10-bottom)
in its original design. After the realization of the value of the wheel mode mobility, the team removed one of the
screws from each module and configured the remaining screws in alternating directions. This allowed substantially
more versatile mobility but with a half number of screws. We drew a lesson from this experience: extra DOFs are
essential for adaptivity. Another limitation of EELS 1.0 is the lack of force-torque sensing, which in turn restricts its
ability of proprioceptive force/torque-feedback control, which turned out to be essential for vertical mobility. This
gave us another lesson: extra sensing modalities are another essential recipe for adaptivity. These limitations will be
addressed in the EELS 2.0 robot, which is currently under development.

EELS 1.5, shown in Figure 9-right, is an interim robot with commercial-off-the-shelf Hebi actuators that address
the limitations of EELS 1.0 mentioned above. Since the completion of the planned EELS 2.0 robot, the ultimate
successor to EELS 1.0, was not expected before the critical field test in Athabasca Glacier in 2023 described in Section
IV.F, this ~50 kg robot was built to develop and test the vertical mobility capability quickly. Although the appearance
is substantially different from EELS 1.0, it shares the fundamental mechanical features: shape and twist DOFs between
each module and the side screws for active skin propulsion. The two “arms” of the robot represent both ends of the
snake robot, while the middle modules are replaced by an avionics box as they are not necessary for the vertical
mobility tests. Unlike EELS 1.0, it has only one screw per module.
Force/torque sensors are inserted between the modules, and the
actuators also provide joint torque sensing. EELS 1.5 successfully
demonstrated vertical mobility in natural glacial holes, as detailed
in Section IV.F.

Garden EELS (Figure 11) is a small experimental robot that
only weighs ~4.5 kg, consisting of a series of DYANMIXEL
actuators with no active skin propulsion. It serves two purposes.
The first is to be a proof-of-concept for a smaller-scale portable
EELS robot, and the second is to develop and test experimental
shape-based gaits, such as reinforcement learning-based gaits.

More details of EELS hardware and the active skin propulsion
are reported in the companion papers, (Gildner, et al. 2024) and
(Marteau, et al. 2024), respectively. The hardware design is
presented in (Georgiev, Pailevanian, et al. 2024) while (Georgiev
2023) details the actuator design and characterization.

In addition to hardware testbeds, we developed a physics-based
simulator using JPL’s Dynamics Algorithms for Real-Time
Simulation (DARTS) software framework (Jain 2019) to model
EELS 1.0 and 1.5 in simulation. The so-called EELS-DARTS
software simulates the full multibody dynamics of the robot and
includes models for screw-terrain contact forces. Particularly with
EELS 1.5, we also added force-torque sensing models, allowing us
to close the loop with proprioceptive control in sim. By modifying
external environmental factors such as gravity and terrain, as well
as initial robot placement, we quickly prototyped control algorithms
for many traversal scenarios before testing them on hardware
(Figure 12).

Figure 12. The EELS-DARTS simulator
demonstrating vertical mobility of EELS 1.5
between parallel walls.
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C. EELS onboard intelligence for adaptivity: NEO Autonomy

All the EELS robots mentioned above are driven by a
novel autonomy framework called NEO (Thakker, Paton, et
al. 2024). Unlike conventional onboard software designed
for satisfying prescribed requirements, NEO is designed for
in-situ adaptivity at architectural and functional aspects.

As for the architectural aspect, NEO has behavior
managers that allow flexible change in behaviors at every
level of abstraction in the planning and control stack, as
shown in Figure 13. In NEO, every robotic behavior is
implemented as a library, shown as dashed boxes in the
figure, which is activated or deactivated by its behavior
manager. At the top level, the gait manager specifies the
overall behavioral mode, such as surface and subsurface
mobility; at the middle level, the local planner manager
selects the gait and the corresponding motion planning
algorithm; finally, at the lowest level, the controller manager
activates a set of control behaviors that are needed for the
current gait. This architecture enables seamless switching
between behavioral patterns and accommodates additions of
new behaviors without changing the overall architecture or
requiring new software modules.

As for the functional aspect, NEO features a number of
algorithmic capabilities that are needed for adaptation at
every level in the stack. For instance, as explained in Section
[IT and Figure 1, an adaptive robot in the new paradigm needs
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Figure 13 Overall architecture of the NEO
autonomy. Behaviors are implemented as libraries
(dashed boxes) while behavior managers at each level
enables seamless switch between them.

to change its behavior depending on the level of environmental uncertainty. This requires reasoning based on risk, i.e.,
trading off between performance and the risk the system is willing to take. For a simple example, a risk-sensitive
human would walk slowly and cautiously with substantial safety margins in an uncertain environment (e.g., an
unpaved mountain trail), while s/he would feel comfortable moving swiftly under less uncertainty (e.g., a paved
sidewalk in a familiar place). We implemented a risk-aware planner that co-optimizes high-level actions and motion
plans in consideration of risks and contingencies (Vaquero, et al. n.d.) (Daddi, et al. n.d.). At a lower level, controlling
high-DOF hardware is a challenging task, particularly on highly undulating terrains or vertical walls. Over the course
of development, we realized that proprioceptive control, which uses the sense of self-movement, force/torque, and

body positions, is a key enabler. It is known that
proprioceptive feedback plays critical role in human
mobility at the unconscious level (Roden-Reynolds,
et al. 2015) (Tuthill and Azim 2018). Using the joint
torque sensing capability of the EELS 1.5 robot, we
have implemented and successfully tested a
simultaneous shape, contact, and force for vertical
mobility that uses proprioceptive feedback. Finally,
although most of the existing motion gaits for EELS
were manually designed and implemented, we also
experimented with reinforcement learning to
demonstrate the self-discovery of new gaits that suit
given environments. Using Nvidia’s Isaac Gym
simulator, we spawned hundreds of simulated EELS
robots initialized with random initial states and gait
parameters and made them adapt the gait for
efficient mobility (Figure 14). The resulting shape-
based gait was successfully tested on the Garden
EELS and EELS 1.0 robots (Figure 16-D). NEO also
supports essential functions for robotic activities in

extreme conditions, such as simultancous Figure 14. Training of reinforcement learning-based gaits
localization and mapping (SLAM) in perceptually using NVIDIA’s Issac Sim
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degraded environments (Talbot, et al. 2023) and sampling-based path/motion planning for a high-DOF system. More
details of the NEO Autonomy are described in a companion paper (Thakker, Paton, et al. 2024) as well as in our
previous publications (Thakker, Paton, et al. 2023).

D. Science instruments

Although the emphasis of the ongoing project is on autonomous versatile mobility, we also worked with the science
community to develop two instruments to demonstrate that EELS has the ability to accommodate relevant scientific
instrumentation. The first one is a capillary electrophoresis (CE) instrument, which showcases the ability of EELS to
perform on-board analysis, while the second is the deployment of the CryoEgg sensor package to showcase the
capability of EELS to be used as an instrument delivery platform for targeted drop-off of remote instruments or probes.

Capillary Electrophoresis (CE) Instrument —This instrument, designed to fit within a single EELS module (Figure 15-
left), employs capillary electrophoresis with capacitively coupled contactless conductivity detection (CE-C*D) to
identify and quantify cations and anions in liquid water samples, which is essential for assessing the habitability of
icy moon oceans (Drevinskas, et al. 2023). We also note that these measurements were identified by subject matter
experts as important for glaciology and cryosphere studies, enabling EELS measurements to contribute to Earth
science goals and objectives, such as the evolution of physicochemical properties of glacial rivers. Equipped with two
C*D detectors, it simultaneously analyzes both negatively and positively charged species. This cylinder-shaped tool,
with a 10-cm diameter and 32-cm length, is a modification of a prior underwater CE design (Drevinskas, Mora, et al.
2023). The CE-C*D is encased in a watertight housing with five ports: (1) sampling, (2) internal standard, (3)
background electrolyte (BGE) supply, (4) waste removal, and (5) auxiliary. Two gravity-independent high voltage
reservoirs ensure its operation in any position or during motion (T. Drevinskas, A. Noell, et al. 2023). In its tested
configuration, the instrument accommodates 25 mL of BGE, 25 mL of water for rinsing, and 50 mL for waste.
Additionally, it features a pneumatics and liquid processing module for solution delivery, dilution, spiking, and fluidic
line pressurization and purging. All requisite liquids are delivered to the CE module, which houses separation
capillaries, detectors, a high-voltage power supply, and an injection valve. This module executes the analytical
process, encompassing sample separation and compound detection. The instrument was successfully tested in field
environments at Athabasca Glacier, including while fully immersed. The results of the experiments will be reported
in upcoming publications.

Cryoegg Instrument — The Cryoegg is a wireless sensor package designed to explore subglacial systems (Prior-Jones,
Bagshaw and et al. 2017). Its spherical form means that it can fit inside one of the EELS modules to allow autonomous
release in a desired en- or subglacial location (Figure 15-right). EELS is capable of deploying Cryoegg into a sub-
surface channel to record the temperature, pressure and electrical conductivity of subglacial water over extended
(seasonal to annual) timescales. Data are returned from the egg to the surface via radio and recorded by a satellite-
linked, solar-powered transceiver. Work is currently underway to design a module that can integrate and release a
Cryoegg in an englacial conduit.

Figure 15 EELS instruments. Left: The prototype of a capillary electrophoresis instrument that fits within one
EELS module. Right: Cryoegg sensor package for monitoring the subglacial environment.

E. Versatile mobility of EELS
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The high DOF design of EELS hardware and the flexible NEO Autonomy framework enabled a wide range of
mobility modes, which in turn allowed the robot to be used in a wide range of environments. This subsection describes
a subset of mobility modes of the EELS robots out of numerous possibilities.

Leader-follower gait — This screw-based gait for surface mobility locomotes the robot like a train, where all the
modules follow a prescribed path, as shown in Figure 16-A. The robot is axially propelled by the screws while the
shape actuators are controlled such that each module follows the trajectory of the preceding module. This gait is
suitable for passing through a tight gap between obstacles. One of the advantages of the leader-follower gait is that it
reduces the motion planning problem to a single tractable curve. For this reason, it is currently used as the primary
gait for autonomous surface mobility. This gait has been tested on the EELS 1.0 robot in various field environments.

Constant-shape gaits — This class of screw-based gaits keeps the robot in a constant shape and executes the
commanded two-dimensional motion, as shown in Figure 16-(B). At the core of this gait implementation is a screw
velocity allocator, which takes the commanded motion and the current robot shape as inputs and translates them to the
rotational velocity of every screw. Although we mostly use this gait with a pre-fixed shape for simplicity, the robot

(A) Leader-follower gait (B) Constant shape gait (C) Sidewinding gait
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Figure 16 A subset of the mobility gaits of EELS
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can change the shape while in motion. Constant-shape gaits are usually used to manually control the robot with a
joystick because of its intuitiveness of the motion. This gait has been tested on the EELS 1.0 robot in various field
environments.

Sidewinding gait — Inspired by a locomotion mode biological snakes use to move across loose or slippery
substrates, this shape-based gait locks the screws and moves the joints in a sinusoidal pattern to move to the lateral
direction, as shown in Figure 16-(C). Compared to screw-based gaits, it is more robust to terrain undulations,
particularly on unconsolidated surfaces such as regolith or snow. This gait has been tested on EELS 1.0 in various
field environments.

Reinforcement learning-based gaits — The three gaits mentioned above were directly implemented by human
engineers. However, a high-DOF unconventional robot such as EELS can move in a highly unintuitive way beyond
human imagination. One way to exploit the unexplored potential is to let the robot discover gaits by itself through trial
and error using reinforcement learning (RL) (Figure 16-(D) shows an example that exhibits rotational motion only
using shape-based actuators. RL can also tune existing gaits or even discover new ones in a new environment without
humans in the loop. This gait has been tested on EELS 1.0 and Garden EELS robots in lab environments.

Vertical leader-follower gait — This is an extension of the leader-follower gait to a three-dimensional space, where
every module follows a 3-D curve while the robot expands to push the walls for supporting its own weight or resisting
the dynamic pressure from an upward jet. This gait is particularly suitable for descending or ascending in a cylindrical
conduit with a spiral trajectory, as in Figure 16-(E). We implemented this gait with a spiral trajectory for an earlier
prototype version that preceded EELS 1.0 and demonstrated vertical mobility in a cylinder. We did not implement
this gait for EELS 1.0 or 1.5 in favor of the vertical constant-shape gaits explained below.

Vertical constant-shape gaits — This is a three-dimensional extension of the constant-shape gaits. We extensively
explored these gait patterns for moving vertically between two parallel walls. In this particular use case, EELS bends
itself in a “U” or “Z” shape and uses both ends to push the two walls against each other to support its own weight or
resisting dynamic pressure while using the side screws for moving to a desired direction. We implemented many
variations of this class of gaits named after the shape of alphabetical letters, such as “U,” “N,” “Z,” and “J,” and tested
both in a walk-in freezer and a natural icy hole on Athabasca Glacier. The “J” variant was eventually used for the
successful vertical mobility test in Athabasca Glacier, shown in Figure 16-(F).

Obviously, there are many other gaits that we have yet to explore or even imagine. Compared to a conventional
vehicle with a singular mobility mode, such as the existing Mars rovers, this multiplicity of mobility modes enables
the robot to adapt to a wide range of environmental possibilities.

F. EELS lab and field tests
We extensively tested EELS robots on a wide range of environments, as summarized in Table 1. EELS robots have
successfully driven on multiple surface types, including sand (JPL’s Mars Yard), ice (Athabasca Glacier, Pasadena
Ice Rink, Table Mountain Observatory), and snow (Big Bear Ski Resort, Table Mountain Observatory). Some notable
achievements include:
e Regolith mobility up to ~20-degree slope in JPL’s Mars Yard with EELS 1.0 using all types of mobility
gaits (Figure 17-A)
e Autonomous ascent of a ~35-degree, snow-covered slope in Table Mountain Observatory with EELS 1.0
using the leader-follower gait (Figure 17-C)
e Autonomous positive and negative obstacle avoidance in the lab, JPL’s Mars Yard, Big Bear Ski Resort,
and Athabasca Glacier with EELS 1.0 using the leader-follower gait (Figure 17-D)
e Semi-autonomous descent into and ascent from a ~2 m deep ice channel in Athabasca Glacier using EELS
1.0 using various surface mobility gaits (Paton, et al. 2024) (Figure 16-A, Figure 17-E)
e  Autonomous ~1.5 m vertical descent in an icy hole (moulin) in Athabasca Glacier with EELS 1.5 using the
vertical constant-shape gait (Paton, et al. 2024) (Figure 17-F)
The highlight of the test campaign was a 3-week long field trip to Athabasca Glacier in Alberta, Canada. We have
conducted five surface mobility tests at three locations with slopes and undulations using EELS 1.0, seven vertical
mobility tests at three moulins (vertical ice holes) using EELS 1.5, five in-situ, fully-autonomous analyses of glacial
water with the CE instruments described in Section IV-D, screw mobility experiments (Marteau, et al. 2024), and
collection of 3-D lidar scans at many locations. The details of the field trip are presented in (Paton, et al. 2024). Note
that all the experiments in the diverse set of environments were made using only two robots (EELS 1.0 and 1.5) that
share the common mechanical configuration and are driven by the same code base.
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Table 1 Summary of the lab and field tests of EELS

Test venue Date Tested environment Tested behaviors
JPL’s Mars Yard Oct, 2022 — | Sandy surface; up to ~20- | All types of surface mobility gaits with EELS
Jul, 2023 degree slope. 1.0 (Figure 5, Figure 17-A)
Pasadena Ice Rink Jul 13, Icy level surface; up to Leader-follower and constant-shape gaits with
2022 ~10 cm terrain undulation | EELS 1.0 (Figure 17-B)
Athabasca Glacier Sep 12-15, | Icy vertical holes 3D Perception with EELS 1.0 sensor head
(Talbot, et al. 2023) | 2022 (moulins)
Table Mountain Dec 22, Unconsolidated (snow) Open-loop leader-follower and constant-shape
Observatory 2022 and consolidated (ice) gaits; slope mobility on snow with EELS 1.0
surfaces up to ~35-degree | (Figure 17-C)
slope
Big Bear Ski Resort | Feb 14-15, | Unconsolidated (snow) Closed-loop leader-follower gait and open-
2022 surface with terrain loop constant-shape and sidewinding gaits
undulations and slopes with EELS 1.0 (Figure 16-C)
JPL’s walk-in May-Sep Two parallel ice walls Vertical constant-shape gaits with closed-loop
freezer 2023 with undulation proprioceptive control with EELS 1.5
Athabasca Glacier Sep 10-30, | Unconsolidated (snow) Closed-loop leader-follower gait and open-
(Paton, et al. 2024) 2023 and consolidated (ice) loop constant-shape and sidewinding gaits
surfaces with up two ~2 with EELS 1.0 (Figure 16-A, Figure 17-E)
m height difference
Icy vertical holes Vertical constant-shape gaits with closed-loop
(moulins) proprioceptive control with EELS 1.5 (Figure
16-F, Figure 17-F)

G. Additional adaptive behaviors of EELS

In addition to adaptive mobility behaviors above, we implemented a couple of additional non-mobility behaviors. For
example, Figure 18-left shows a “head up” behavior for increasing the range of onboard perception. Since the height
of the perception head is low during the surface motion, EELS often suffer from limited range and resolution of the
local map used for obstacle avoidance. We implemented a risk-aware behavior in which the robot autonomously stops
the traverse when the map quality is insufficient and raises its head to scan the environment (Vaquero, et al. n.d.)
(Daddj, et al. n.d.). For another example, Figure 18-right shows a manipulation behavior where EELS uses the tail end
as a robot arm with a gripper attached to the tail section while the perception head is raised to map the manipulation

target.

During the lab and field tests, we had a number of anecdotal cases, often unexpectedly, in which the adaptivity of
EELS solved problems. For example:

Escape from sand trap with sidewinding gait, as described in Section III-A and shown in Figure 5.

Gradual degradation with a lost module. During the field test in Table Mountain Observatory, the side
screw of one of the modules stopped working due to a mechanical issue. The robot remained operational
and mobile with the remaining nine modules (after manually removing a screw from the malfunctioned
module), and we successfully completed the planned tests (Figure 17-C). This example demonstrates that
modularity is another recipe for adaptivity.

On-site gait adaptation. In one of the surface mobility tests at Athabasca Glacier, the EELS 1.0 robot
experienced substantial slip while climbing up the icy slope of an ice channel. The robot operator tuned the
shape parameters to better comply with the terrain undulation and successfully climbed up the slope.
Quick gait iteration. Over the course of the development of the vertical constant-shape gait in JPL’s walk-in
freezer, the team quickly iterated over multiple variations of the shape (e.g., “U,” “Z,” “J,” etc.) to enhance
the stability of the robot between the two vertical ice walls.

These early successes demonstrate the potential of the robot to adapt to the environment after landing in an unvisited
world. However, we note that the adaptation in these examples was performed manually, including parameter tuning
and software updates. Enabling autonomous adaption is our future work.
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Figure 18 Non-mobility behaviors of EELS. Left: “head up” behavior for increasing the range of onboard
perception. Right: Manipulation behavior with a gripper at the tail section.
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V. Conclusion: One small step toward the realization of the new exploration paradigm

We observed from several notable examples in the Mars 2020 and Mars Sample Missions that the development and
V&V of complex robotic capabilities often depended on the detailed environmental knowledge brought by preceding
missions (Section II). However, as NASA is looking to explore a multitude of more challenging and scientifically
fascinating worlds, we will likely not enjoy the same luxury of sending many spacecraft to the same world due to the
tight budgetary constraints, scarcity of flight opportunities, and the extensive cruise time to the Outer Solar System
and beyond. We argued for a new robotic exploration paradigm, which replaces a series of incrementally sophisticated
missions with a single-shot mission where a robot or a team of robots adapt its behavior affer landing and incrementally
elevates the level of behavioral complexity as it learns about the environment (Section III). After reviewing several
existing robotic systems that are adaptive (Section III.A-C), we concluded that the key ingredients for adaptivity are
hardware-level versatility and onboard intelligence that focuses on physical interaction with the environment (Section
[I1.D). We introduced our instantiation of a highly versatile and intelligent robot, EELS, which is envisioned to enable
access to the subsurface ocean of icy moons (Section IV.A). The modularized, high-DOF mechanical configuration
(Section IV.B) and the flexible architecture of the NEO Autonomy (Section IV.C) enabled a multitude of different
mobility gaits (Section IV.E), which were proven in numerous lab and field tests in a wide range of environmental
conditions (Section IV.F), including sand-covered surface, undulating ice, high-slope snow, and vertical glacial hole.
It is particularly notable that all these achievements were made by only two robots with the common mechanical
configuration driven by the same code base. However, there is still a long way ahead of us to realize the new robotic
exploration paradigm we proposed in this paper. The hardware and software technologies of EELS are still at an early
stage of development, and there are many essential capabilities that still need to be implemented, such as automated
adaptation and behavioral evolution. Our progress was a small step, but it could one day make a ‘giant leap’ for
revolutionizing robotic space exploration and enable us to go where no robots have gone before.
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