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ABSTRACT

Enceladus, one of Saturn’s icy moons, has been a subject of
intense scientific interest since the Cassini mission revealed a sub-
surface ocean containing salts and complex organic molecules.
This ocean, buried beneath kilometers of ice, is accessible only
through surface cracks at the moon’s south pole, where geysers
emerge. In support of future missions searching for extraterres-
trial life within our solar system, we developed a robot aimed at
exploring such environments. Using Peltier elements, the robot
attaches to icy surfaces by locally melting and refreezing water
and detaches by re-melting the contact area. Adhesion tests based
on local phase change dynamics demonstrate strong bonding, of-
ten exceeding the cohesive strength of the ice. While originally
developed for planetary exploration, the underlying principle is
also applicable to Earth-based operations such as exploration
and rescue missions in icy environments.

Keywords: Ice Climbing Robot, Ice adhesion, Bio-
Inspired Robotics, Planetary Exploration, Icy Moons

1. INTRODUCTION

The Cassini-Huygens spacecraft completed its exploration
of the Saturn system in 2017 after 20 years of research on the
planet and its moons. One of its most remarkable discoveries
was the detection of cryovolcanic plumes on Saturn’s small moon
Enceladus, which eject gas and icy grains into space from a sub-
surface ocean [1]. Cassini flew through these plumes on multiple
occasions to analyze their composition [2], identifying a vari-
ety of molecules, including salts, volatiles, and complex organic
compounds [3], which are believed to reflect the composition of
the underlying ocean. These findings have made Enceladus a
key focus in the search for extraterrestrial life [2], and icy moon
exploration has since become a priority for both NASA and ESA.
In recent years, numerous scientific missions have been proposed

*Corresponding author: s.m.cazaux @tudelft.nl
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to return to Enceladus [4—7] or to investigate other icy moons [8],
with the aim of determining whether these environments could
host life.

FIGURE 1: CONCEPTUAL DESIGN OF ICE CLIMBING ROBOT
IN ENCELADUS’ TIGER STRIPES.

Copyright © 2025 by ASME

G20z Joquaoa( G0 UO J8sN %83uj01qig- I8 HeNsIaAuN 8Ydsiuyds | Aq Jpd ./ 91-GZ0ZSISews-G00.90}L 00A/28+89S2/S00VI0.LLOON/SLZ68/SZ0ZSISYINS/HPd-sBUIpasd0.d/SISYINS/B10 awse uoRoa)|oole)bipawse)/:diy woly papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1115/SMASIS2025-167744&domain=pdf&date_stamp=2025-11-13

The large plumes of water vapor ejected from Enceladus’
South Polar Terrain indicate a substantial subsurface reservoir,
where water beneath the thick ice crust is maintained at approx-
imately 273 K. These plumes are expelled at high velocities,
and due to the moon’s low atmospheric pressure and gravity
(0.113 m-s~2), they extend far above the surface [9]. As the
South Polar Region is of particular interest for future exploration
missions [3, 6, 10], the scale of surface features is highly relevant
for both potential landing strategies and mobility design. The so-
called “Tiger Stripes” refer to V-shaped valleys flanked by nearly
parallel ridges [11]. The ridges are estimated to rise 100—150 m
above the terrain, with valleys ranging from 200-250 m deep and
spanning a total width of 2-5 km.

Realizing a landed life-detection mission to Enceladus that
can explore the south polar cracks presents a significant challenge.
The extreme and largely unknown environment demands a robust,
versatile, autonomous, and adaptable robot capable of navigating
harsh terrain while carrying a scientific payload for life detection.
Current exploration proposals include melting probes [4, 5, 8],
snake-like robots designed to crawl through icy crevasses [10].
However, these systems face limitations related to mechanical
complexity, energy consumption, and scalability.

Only one ice wall-climbing robot has been proposed for ex-
ploring icy moons: the IceWorm robot developed by NASA [12].
This system employs two motorized alpinist screws, similar to
those used by human ice climbers to create anchor points. While
this system is capable of scaling individual ice walls, its mechani-
cal anchoring method is energy-intensive and induces high stress
on ice walls, whose mechanical properties remain poorly under-
stood at the extremely low temperatures and pressures found in
such environments.

In this work, we propose a different design approach, one
that uses the environmental challenges to the robot’s functional
advantage. Specifically, we exploit the adhesive properties of
ice as part of the locomotion strategy, enabling the robot to stick
and move across icy surfaces wherever ice is present. On icy
moons, the robot could use existing cracks to descend toward the
subsurface ocean and collect water samples in the search for life.
Our concept is illustrated in Fig. 1.

A robot capable of moving on icy surfaces would also of-
fer valuable benefits in Earth-based environments. From rescue
missions in ice caves to remote exploration in Antarctica, a robot
that can maintain secure contact with ice could access difficult-
to-reach locations and support ongoing operations. Icy surfaces
are prevalent in regions near the North and South Poles, as well
as in high-altitude areas across continents. These environments
are typically remote and challenging for humans to navigate, yet
they hold importance for scientific exploration, logistics, and even
sport activities. Ice-climbing robots could provide safer access
to such regions and help unlock their potential. Additionally, in
urban areas affected by extreme cold, first responders could ben-
efit from robots capable of traversing icy terrain to reach people
in need more quickly and effectively.

In this work, we demonstrate the feasibility of a switchable
ice adhesion actuator by designing its components and testing
their performance in a cold chamber. The actuator is then inte-
grated as a link within a track-based locomotion system capable

of attaching to and detaching from icy surfaces by locally freezing
and melting the interface.

2. ADHESION MATERIALS AND EXPERIMENTAL
SETUP

2.1. Ice Adhesion

Ice adhesion has been widely studied for decades, although
most research focuses on minimizing adhesion strength for de-
icing applications rather than maximizing it. At the molecular
level, several mechanisms contribute to ice adhesion, includ-
ing electrostatic interactions, van der Waals forces, and covalent
chemical bonding, in descending order of significance [13]. On a
macroscopic scale, surface roughness greatly influences ice adhe-
sion strength; while smooth hydrophobic surfaces yield low adhe-
sion, structured (super)hydrophilic and (super)hydrophobic sur-
faces both exhibit high adhesion due to mechanical interlocking
from freezing-induced transitions from Cassie-Baxter to Wenzel
wetting states [14]. This indicates the critical role of interlocking
effects in ice adhesion phenomena, as illustrated in figure 2a.

MACROSCOPIC MECHANICAL

INTERLOCKING

ICE ADHESION

a) Mechanical interlocking effect in ice adhesion

_-~ WATER BLOCK
//’ _- HEAT SINK
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T T PELTIER ELEMENT

,,,,, MOUNTING PLATE

PR ADHESION PAD

40 mm

b) Components of the ice adhesion effector

s

'm

¢) 6061 Aluminium and copper adhesion pads: (left) Polished
(4000K), (middle) grit blasted, (right) protruding grid pattern

FIGURE 2: TOP PANEL: PRINCIPLE OF INTERLOCK-
ING USED FOR THE ADHESION MECHANISM. MIDDLE
PANEL: ADHESION END EFFECTOR COMPONENTS. BOT-
TOM PANEL: ADHESION PADS OF DIFFERENT MATERIAL
AND SURFACE FINISH.
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2.2. Ice Adhesion Effector Design

The ice adhesion effector consists of three main components:
the adhesion pad, a Peltier element, and a heat sink. The adhe-
sion pad contacts the ice to form an adhesive connection and
must be made from materials suited to this purpose. First, a high
surface energy is desirable, as it leads to stronger intermolecular
forces, promoting wettability and therefore, intrinsic ice adhe-
sion strength between the substrate (adhesion pad) and ice [15].
Second, because the pad undergoes frequent heating and cool-
ing to trigger local phase changes in the ice, the material should
exhibit high thermal diffusivity to respond quickly to changes in
temperature.

Based on these criteria, copper and 6061 aluminum were
selected as pad materials. Each was fabricated with three different
surface treatments: polished to 4000 grit finish, grit-blasted, and
machined with a 1 mm-deep grid pattern, resulting in six different
adhesion pad configurations. These surface treatments introduce
increasing surface roughness to explore the effects of contact
area and interlocking on adhesion strength. The pads have outer
dimensions of 40 mm x 40 mm x 14 mm, with a projected circular
contact area of 1256 mm?. The grid pattern is milled into the
surface of the adhesion pads to a depth of 1 mm using a horizontal
milling machine with a 1.5 mm HSS end mill cutter. The grooves
are spaced 3.5 mm apart and intersect at 90°, forming a grid-like
texture. This surface treatment results in an increased effective
contact area of 2125.2 mm?, representing approximately a 69%
increase in surface area compared to the other two treatments.

The Peltier elements are thermally coupled to the adhe-
sion pads using conductive paste to ensure efficient heat transfer.
TEC1-12706 modules were used, capable of a maximum cooling
power of 65 W and a theoretical maximum temperature difference
of 70 K (in the absence of heat flow). Polarity control enables
both heating and cooling modes, powered by a constant-current
source (1-5 A).

On the opposite side of the Peltier element, a heat sink dis-
sipates both pumped and internal heat. Because cooling perfor-
mance depends on how effectively heat is removed from the hot
side, a liquid cooling system was implemented. A copper water
block circulates coolant at 18°C through the heat sink. The com-
plete effector assembly is housed in an additively manufactured
enclosure. Figure 2b shows the assembled stack with the housing
cover removed.

2.3. Thermal Performance Testing

The thermal performance of the effector was characterized
by measuring the temperature response of copper and aluminum
adhesion pads. In these tests, the Peltier element was powered
with 3 A at 8 V to cool the pads from an ambient temperature of
18°C. Temperature was recorded using a digital sensor mounted
on the outer surface of each pad. Results (Figure 3) show that
the aluminum pad reached 0°C in 42.9 s, while the copper pad
required 53.7 s.

In operation, part of the thermal energy from the Peltier is
used to locally melt the ice, not just to cool the pad. This phase
change improves overall cooling efficiency by dissipating energy
into the ice. To quantify this behavior, we measured the time
required to achieve adhesion when the pads were placed directly

FIGURE 3: TEMPERATURE RESPONSE OF COPPER AND
ALUMINUM ADHESION PADS WITH POLISHED SURFACE
FINISH UNDER IDENTICAL COOLING CONDITIONS.

on a block of ice (defined as “time-to-adhere). Adhesion was
initiated by powering the Peltier element the moment the pad
contacted the ice. The measured time-to-adhere for the copper
adhesion pad with a polished surface finish is ~8.5 s and ~6.8 s
for the aluminum adhesion pad with identical surface finish.
Although copper has a higher thermal diffusivity, alu-
minum’s lower volumetric heat capacity (about 39% lower) leads
to a faster cooling response under these conditions. This effect
is evident in both the temperature response (figure 3) and the
reduced time-to-adhere. Meanwhile, the surface finish was found
to have no effect on the cooling response or the time to adhere.

2.4. Ice Adhesion Strength Experiments

The adhesion strength of the ice effector was quantified using
tensile pull-off tests performed with a Zwick Roell Z100 materials
testing machine. The tests were conducted inside a cold chamber
set to a constant temperature of —15°C. The test setup is shown
in Figure 4.

Ice samples were prepared in stainless steel cups (80 mm
diameter, 60 mm height) filled with boiled tap water. The wa-
ter was pre-boiled to reduce dissolved gases and impurities, then
frozen using a directional freezing technique to force contami-
nants toward the base. This ensured that the upper portion of
each ice sample was clear and free of defects. Although ice on
Enceladus is expected to contain fractures, voids, and volatiles,
using clear ice provides a controlled basis for comparing adhesion
under ideal conditions.

For each test, the effector was brought into contact with the
ice sample. The Peltier element was activated to melt a thin layer
of ice, which was then refrozen to establish an adhesive bond.
Once the adhesion pad reached —15°C, the machine applied an
upward force at a constant rate of 100 nm/s until failure was
detected. This test was repeated with six new ice samples.
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FIGURE 4: TENSILE PULL-OFF TEST SETUP USED TO MEA-
SURE ADHESION STRENGTH AT -15°C.

2.5. Adhesion Performance Results

The results from the adhesion pull tests, presented in Ta-
ble 1, show that copper and aluminum exhibit similar adhesion
strengths across all surface treatments. Among the surface fin-
ishes, grit-blasted pads achieved slightly higher adhesion strength
on average. In most tests, failure occurred through a predomi-
nantly cohesive fracture of the ice rather than detachment at the
interface, indicating that the cohesive strength of ice is the limit-
ing factor in this adhesion method.

TABLE 1: MEAN ICE ADHESION STRENGTH FOR THE SIX
ADHESION PADS, EACH TESTED WITH SIX ICE SAMPLES,
INCLUDING STANDARD DEVIATION.

Surface Type Material Mean adhesion Std Dev
strength [MPa] [MPa (%)]
Polished Copper 1.220 +0.299 (24.5%)
K4000 Aluminium 1.261 +0.253 (20.1%)
. Copper 1.348 +0.589 (43.7%)
Grit-blasted
Aluminium 1.515 +0.239 (15.8%)
) Copper 1.026 +0.158 (15.4%)
Grid Pattern
Aluminium 1.043 +0.218 (20.1%)

Considering both the thermal response and material density,
aluminum was selected for the implementation of the switchable
ice adhesion effector. This material will be used in the final
design integrated into the robotic system.

3. ROBOT DESIGN AND CONTROL ARCHITECTURE
While mechanical interlocking through ice adhesion was suc-

cessfully demonstrated at the component level, the next challenge

was to achieve continuous locomotion using a discrete adhesion

system. Tracked locomotion offers a viable solution for this
purpose. Due to their extensive contact area, track systems are
well-suited for navigating rough and uneven terrain—conditions
likely encountered on icy planetary surfaces.

3.1. Track-Based Locomotion Strategy

Several properties make tracked locomotion especially com-
patible with ice adhesion robotics. First, the movement relies
on zero-velocity contact points with the surface, allowing the
vehicle body to advance while maintaining firm anchor points.
Second, the modularity of a track system enables the integration
of multiple small adhesion effectors into individual links, result-
ing in continuous climbing or crawling capability, as illustrated
in figure 5.

The proposed design consists of a single-track robotic plat-
form with switchable ice adhesion effectors embedded in the
track links. The track is composed of multiple links connected
via one-degree-of-freedom (1-DOF) passive joints and is driven
by a single sprocket. By individually actuating the adhesion state
of each link, the robot can generate rigid anchor points for climb-
ing. While the 1-DOF design limits the robot’s ability to turn,
the primary objective is to demonstrate a proof of concept for ice
wall climbing using adhesion-based locomotion.

This modular system allows for flexible configurations. Iden-
tical track links can be assembled into various layouts, including
single-track or dual-track arrangements. The number of links
per track can be adapted to mission-specific requirements such as
desired track length or payload capacity.

FIGURE 5: LOCOMOTION PRINCIPLE OF TURNING DIS-
CRETE ADHESION SYSTEM INTO CONTINUOUS TRACK
MOVEMENT.

3.1.1. Robot Frame and Components The first proto-
type of the ice-climbing robot was developed with several key
design requirements in mind. First, the total mass was limited to
a maximum of 5 kg to ensure the system remains compact and
resource-efficient. Second, the liquid cooling system, an essen-
tial component for ice adhesion effector, needed to be integrated
entirely within the robot’s structure. This requirement stems from
the reliance on the thermoelectric effect to switch adhesion states;
successful miniaturization of the cooling system is crucial for the
feasibility of the overall design.

In addition, the robot was required to support its own weight,
including the cooling loop, using only the integrated ice adhe-
sion actuators. The system is designed to operate in ambient
temperatures as low as —15°C. The track consists of 16 modu-
lar links, supported by four sprockets—two for driving and two
for tensioning. These components are mounted around a central
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FIGURE 6: 3D CAD MODEL VIEWS OF THE TRACKED LOCOMOTION ICE ADHESION ROBOT.

frame, which houses all systems for locomotion, control, and heat
management. The total mass of the robot, including the water
within the cooling loop, is 4.2 kg. The complete CAD model of
the robot is shown in figure 6.

3.1.2. Liquid Cooling System The frame contains a
closed-loop water circulation system that distributes coolant to
all track links. The heat absorbed from the Peltier elements must
be dissipated to maintain cooling performance. For this purpose,
the robot includes an onboard cooling unit consisting of a Laing
DDC-1T water pump, a 60 mm radiator, and a 12 VDC axial fan.
Together, these elements provide forced air convection through
the radiator fins to transfer heat from the liquid coolant to the
surrounding environment (Figure 7a).

To accommodate the rotation of the track links around the
frame, the water loop incorporates a live swivel and a 16-spout
manifold. The live swivel maintains a watertight seal while allow-
ing rotational freedom between the frame and manifold. Water
is distributed to each link through this system. A rubber O-ring
ensures sealing, and a set of ball bearings supports rotation while
limiting axial movement. An exploded view of the water distri-
bution system is shown in Figure 7b.

3.1.3. Track Link and Components The individual
track links that form the robot’s drive track are equipped with
a full adhesion effector system, similar to the standalone units
used in previous ice adhesion tests. Each link integrates an adhe-

(a) (b)

FIGURE 7: LIQUID COOLING SYSTEM INTEGRATED IN
ROBOT PAYLOAD; (A) HEAT DISSIPATION PARTS, (B) WA-
TER MANIFOLD WITH INTEGRATED LIVE SWIVEL

sion pad, Peltier element, and heat sink, as well as a mechanical
switch to control the direction of current flow through the Peltier

Figure 8 highlights the key components of the track link.
Component (1), the track link top, secures the aluminum adhesion
pad (2) to the TECI-06308 Peltier element (3). The Peltier
element is thermally interfaced with the heat sink (4), which is
embedded in a cavity within the track link bottom (6). This bottom
component also houses internal water channels that direct coolant
flow from the push-in pneumatic coupling (5) beneath the heat
sink. The track links are joined by a connecting rod (7), which not
only forms the mechanical chain but also enables torque transfer
from the drive sprocket. A modified Double-Pole Double-Throw
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FIGURE 8: EXPLODED VIEW OF THE TRACK LINK AND COM-
PONENTS.

(DPDT) switch (8) is installed to act as a mechanical H-bridge,
controlling the polarity of the current through the Peltier element
to toggle between heating and cooling modes. Both the track link
top and bottom are produced using additive manufacturing. The
fully assembled track link is shown in Figure 9.

(a) (b)

FIGURE 9: ASSEMBLED TRACK LINK; (A) TOP VIEW, (B)
BOTTOM VIEW

3.1.4. Track Link Control Precise control of the heat-
ing and cooling phases of each track link is essential to ensure
timely attachment and detachment from the ice. To achieve this, a
passive mechanical control system is implemented that takes ad-
vantage of the track’s predictable motion around the robot frame.
Since each link follows a fixed trajectory, its position along the
path can be mapped to a repeatable time sequence, as shown in
figure 10. This enables the use of mechanically actuated switches
placed at specific points along the frame.

Each track link contains a double-pole double-throw (DPDT)
switch, wired as an H-bridge circuit, to control the polarity of
the current through the Peltier element, see figure 11. These
switches reverse the direction of heat flow, enabling either cooling
(to adhere) or heating (to release). The DPDT switches are
mechanically actuated via a cam-follower principle, where guides

FIGURE 10: COOLING AND HEATING CYCLE ALONG THE
ROBOT FRAME.

Peltier * Peltier — ~ Peltier *
Il L 1
DPDT Switch DPDT Switch DPDT Switch
L - L ;’_—
L *— L] =
hal i hal e
|1 | |
OFF POS. 1 POS. 2
FIGURE 11: DPDT SWITCH WIRED AS MECHANICAL H-

BRIDGE SWITCH.

embedded in the robot frame interact with the switch at precise
positions in the track’s cycle. This approach minimizes the need
for complex electronics while ensuring deterministic timing for
each adhesion cycle.

3.2. Robot Climbing and Inversion Tests

The finished system, shown in figure 12, is capable of moving
at speeds up to 80 cm/min. A 12 VDC, 6.5 W, 36 mm DC
planetary geared motor (Model NFP-GA36Y-3525) with a built-
in gear reduction ratio of 721:1 was selected as the primary drive
unit. This motor delivers a rated torque of 2.75 Nm. An additional
3:1 bevel gear reduction stage further amplifies output torque,
enabling the robot to climb steep vertical surfaces.

The robot’s climbing ability was evaluated on ice blocks ori-
ented at various inclinations. Experimental results show that the
robot can reliably move at speeds up to 65 cm/min on surfaces
inclined up to 60°, as shown in the middle panel of Figure 12. At
steeper angles, backward tilting reduces the contact effectiveness
between the track links and the ice, impairing adhesion. The max-
imum traveling speed for this tracked robotic climber is limited
by the time-to-adhere, which depends on multiple factors such as
cooling power, the temperature of the ice and environment, and
the temperature of the adhesion pad before contact. Optimizing
these parameters enables faster travel. Additional tests revealed
that the robot can also hang upside down once proper adhesive
contact is established (right panel of Figure 12), demonstrating
secure grip and operational flexibility. A video of the robot
climbing on an inclined surface can be found at the following
link: Robot Climbing Test.
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FIGURE 12: CLIMBING TESTS SHOWING THE ROBOT TRAVERSING INCLINED SURFACES UP TO 60° AND HANGING UPSIDE-

DOWN FROM ICE AFTER ADHESION.

4. DISCUSSION

The adhesion tests revealed notable differences between the
surface treatments. Surprisingly, the increased effective contact
area of the grid-patterned adhesion pads did not lead to higher ad-
hesion forces. This suggests that adhesion strength in this system
is not dominated by total area alone, but rather by stress distri-
bution and defect tolerance at the interface. The sharp corners
and intersecting grooves of the milled grid pattern likely act as
stress concentrators; promoting localized stress risers where mi-
cro cracks can initiate, potentially leading to premature adhesive
or cohesive failure.

In contrast, the polished pads have smooth, deformation-free
surfaces, reducing the likelihood of such stress risers forming
across the contact area. However, the sharp outer edges left by the
polishing process may still act as points of weakness. Grit-blasted
surfaces appear to strike a favorable balance: they introduce
moderate, isotropic surface roughness that enhances wettability
and distributes stress more evenly across the interface. Moreover,
the grit-blasting process naturally rounds off sharp pad edges,
which may further reduce the probability of crack initiation at
the contact boundary. These observations suggest that moderate
surface roughness with reduced edge sharpness may be more
effective than maximizing contact area when designing for ice
adhesion under tensile loading.

This robotic prototype was developed as a potential explo-
ration tool for accessing the subsurface ocean through surface
cracks on Enceladus. Although our preliminary tests demon-
strate the feasibility of adhesion-based locomotion on icy sur-
faces, all experiments were carried out under Earth conditions:
atmospheric pressure, standard gravity, and temperatures down
to —15°C.

However, Enceladus presents a vastly different environment.
Surface temperatures may drop to —200°C, and crevasse pressures
are estimated to range between 6 mbar and less than 1 mbar [16].
Although recent studies indicate that the pressure could be higher
[17] due to the exsolution and expansion of dissolved gases from
ascending water. These conditions would significantly alter the
adhesion dynamics of our system, which relies on local melting
and refreezing. In these low-pressure environments, the phase
diagram of water indicates that heating water ice initiates sub-
limation; a transition between the solid and liquid phases is not
possible. This potentially renders the adhesion mechanism inef-
fective.

One possible solution is to locally increase the pressure
around the adhesion interface by enclosing the links in a sealed
cap. In this configuration, sublimation increases the local vapor
pressure within the sealed cap, raising it above the triple point
and thereby allowing local melting.

The presence of impurities (e.g., minerals) in the ice could
reduce the efficiency of freezing and adhesion. We expect that
at high concentrations, such impurities may render the adhesion
mechanism ineffective. However, if the impurities are in the form
of volatiles, we expect them to sublimate as the ice heats up,
thereby not hindering the freezing and adhesion processes. As
part of future work, we plan to test the adhesion system under
simulated low-pressure environments, low-density ice surfaces,
and with introduced impurities to evaluate its performance under
Enceladus-like conditions.

Additionally, temperature plays a critical role in determining
the mechanical properties of ice, including its shear and compres-
sive strength [18]. Testing the adhesion effector at much lower
temperatures will help quantify performance losses and guide
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system optimization.

These environmental constraints also raise critical questions
about power supply and mission duration for exploring icy moons.
Assuming a traveling speed of 65 cm/min and an ice thickness
of 1-5 km, the robot would take 30—130 hours to reach the sub-
surface ocean. No current battery can operate reliably for that
duration under cryogenic conditions.

Solar power is not viable due to low irradiance at Enceladus’s
south pole and the shadowed environment within the crevasse.
Radioisotope Thermoelectric Generators offer long-term power
(2-5 W/kg) and is suitable for a surface lander, but a climbing
robot would likely require a tethered power supply.

Compared to other robotic concepts proposed for exploring
Enceladus, our robot offers distinct advantages and trade-offs.
NASA’s IceWorm [12] uses motorized ice screws for anchoring,
which are energy-intensive and may induce structural failure due
to high local stresses in low density, brittle ice. In contrast,
our lightweight design relies on local phase-change adhesion,
minimizing stress and potentially improving energy efficiency.
NASA’s EELS robot [10], a snake-like system for versatile terrain
navigation, offers high mobility but involves greater mechanical
complexity and higher failure risk. Our track-based robot simpli-
fies mechanical components while enabling reliable, continuous
locomotion.

Melting probes [4, 5, 8] can penetrate deep ice layers ef-
ficiently but lack surface maneuverability and adaptability once
deployed. Our robot concept provides flexible navigation across
icy terrain and controlled descent into crevasses, presenting a
complementary alternative for missions requiring both surface
and near-subsurface access.

Beyond Enceladus, the system could be adapted for lunar
missions. The Moon’s south pole contains permanently shadowed
regions expected to harbor water ice [19, 20]. NASA, ESA, and
other space agencies plan to deploy rovers and crewed missions to
investigate these regions. Our adhesion system could potentially
be integrated into lightweight exploration platforms such as the
Lunar Zebro nanorovers [21], enabling access to rugged, ice-rich
terrains with minimal infrastructure.

5. CONCLUSIONS

Robotic locomotion on icy surfaces remains a significant
challenge but also presents a critical opportunity for both space
and terrestrial exploration. In this work, we designed a novel
switchable ice adhesion actuator and demonstrated its feasibility
through cold chamber experiments. The actuator’s performance
was evaluated across a variety of end-effector configurations,
highlighting how surface finish and texturing influence mechani-
cal interlocking with the ice.

One limitation of the system is its dependence on ice prop-
erties, which are affected by environmental factors such as tem-
perature and pressure. Despite this, the actuator was success-
fully integrated into a modular track-based locomotion platform,
demonstrating reliable operation in a lab setting and offering
promising performance under extreme conditions.

The robot’s modularity, achieved through identical track
links and minimal electronic components, allows for flexible
configurations and enhances resilience in cold environments. The

system can be scaled by increasing the number of links or adapted
to carry heavier payloads by switching to a dual-track configura-
tion.

Future work will focus on scaling the system for deployment
in real-world rescue operations and further refining the design
for extraterrestrial use. Challenges such as power supply, ther-
mal management, and subglacial communication must also be
addressed. Ultimately, this robotic platform could support sci-
entific missions in the search for extraterrestrial life or assist
in reaching otherwise inaccessible regions on Earth, including
glaciers, crevasses, arctic ravines, or hazardous terrain.
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