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S O F T  R O B O T S

Soft deployable airless wheel for lunar lava tube 
intact exploration
Seong-Bin Lee1†, Namsuk Cho2,3†, Geonho Lee3, Seungju Lee3, Junseo Kim1, Gyujin Shim4,  
Jong Tai Jang4, Se Kwon Kim5, TaeWon Seo6, Chae Kyung Sim7,8, Dae-Young Lee1*

Lunar pits and lava tubes hold promise for future human habitation, offering natural protection and stable envi-
ronments. However, exploring these sites entails challenging terrain, including steep slopes along cave funnels 
and vertical cliffs. Here, we present a soft, deployable airless wheel to address these challenges. By achieving a 
high deployment ratio, multiple rovers can be stowed efficiently without sacrificing mobility, thereby improving 
mission reliability and flexibility. The proposed wheel incorporates a reconfigurable reciprocal structure of elastic 
steel strips arranged in a woven helical pattern, enabling shape transformations while preserving load-bearing 
capacity. This reciprocal arrangement also allows for safe vertical descents and mitigates damage from accidental 
falls in caves. By distributing strain throughout the wheel’s body, reliance on delicate mechanical components is 
minimized—a critical advantage under extreme lunar conditions. The wheel can be stowed at a diameter of 
230 millimeters and deployed to 500 millimeters. Experimental results show successful traversal of 200-millimeter 
obstacles, stable mobility on rocky and lunar soil simulant surfaces, and resilience to drop impacts simulating a 
100-meter descent under lunar gravity. These findings underscore the wheel’s suitability for future pit and cave 
exploration, even in harsh lunar environments.

INTRODUCTION
The Moon, Earth’s closest celestial neighbor, offers a wealth of scien-
tific data for understanding the origins of the universe and abun-
dant natural resources and serves as a pivotal stepping stone for 
deep space exploration. Among the many intriguing lunar features, 
lunar pits and caves, formed by collapses of subsurface voids, are 
considered particularly promising sites for long-term human habi-
tation because they offer natural protection from cosmic radiation, 
(micro)meteorites, and extreme temperature variations (1–6). Data 
from Diviner Lunar Radiometer shows that Mare Tranquillitatis and 
Mare Ingenii pits are about 100 K warmer than the surrounding sur-
face at night and ~20 K warmer at daily peak, thereby mitigating 
temperature variations (7). Furthermore, volatile stability increases 
inside pits in permanently shadowed regions, making them ideal for 
storing and protecting lunar water ice (8). Subsequent analyses of 
surface images across the Moon by Lunar Reconnaissance Orbiter 
Narrow Angle Camera, using a shadow detection algorithm, re-
vealed over 300 pits. These pits typically have diameters ranging 
from ~10 to 300 m and depths of about 100 m. They feature a funnel-
shaped top and nearly vertical walls transitioning to the bottom, 
which is not necessarily flat (5, 9).

Several initiatives have proposed missions to investigate these 
subsurface lava tubes. The European Space Agency developed the 
Descent And Exploration in Deep Autonomy of Lava Underground 

Structures probe in collaboration with the University of Würzburg, 
incorporating three-dimensional (3D) Light Detection And Rang-
ing (LiDAR) and stereo cameras to produce detailed cave maps 
(10, 11). Researchers at the University of Oviedo proposed deploying 
a swarm of small robots via a crane, using wireless power transmis-
sion to overcome the challenges posed by limited solar illumination 
(12). NASA’s Moon Diver mission, with its Axel rover, plans to de-
scend deep pits using rappelling techniques to examine exposed 
stratigraphy through a suite of scientific instruments (13). Canaden-
sys is investigating gravimetric surveying techniques for rover-based 
scouting and mapping (14), and the German Research Center for 
Artificial Intelligence has proposed a semiautonomous rover that 
uses a tether system for power and communication (15). However, 
these rappel-centric strategies may introduce risks for multirover 
missions, such as technical complexity in deployment and safety 
concerns related to deploying rappelling equipment on a pit funnel.

Although robotic technologies have been continuously devel-
oped to enable exploration of extreme environments such as the 
deep sea (16, 17), ice worlds (18), and planetary surfaces (19), steep 
inclines, unstable terrain, and uncharted voids still pose substantial 
obstacles. Consequently, there is a need for innovative robotic plat-
forms capable of approaching, entering, and conducting interior 
investigations without relying on additional, complex, heavy equip-
ment. To address a range of mobility challenges, extensive research 
efforts have focused on advancing the locomotion capabilities of 
ground-based exploration robots (20–22). In particular, augment-
ing conventional circular wheels with reconfigurable or soft struc-
tures has emerged as a promising avenue for enhancing adaptability 
to unpredictable terrains, thereby increasing obstacle-negotiation 
capabilities and broadening operational parameters across a wide 
range of terrestrial environments (23).

Many shape-change wheel structures developed to date rely on 
rigid mechanisms, such as origami-inspired folds (24) or rotational 
hinges (25). Although these articulated designs enable efficient shape 
transformation, the exposed joints are often vulnerable to mechanical 
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shocks, contamination, and environmental hazards such as sharp de-
bris or lunar regolith, making reliable operation in harsh extraterres-
trial environments difficult. Soft wheels have been used previously, 
most notably in the Apollo Lunar Roving Vehicle (26), and continue 
to be studied for space applications (27–31). These designs aim to en-
hance traversability in regolith terrain by distributing the vehicle’s 
weight and preventing sinkage. However, achieving enough displace-
ment for large contact areas typically requires oversized wheel diam-
eters, which are unsuitable for compact or lightweight robotic 
platforms. Soft deformable wheel structures have focused on variable 
stiffness functionality, allowing adaptability to terrain (32, 33). Yet, 
such systems often require additional actuators to adjust stiffness, in-
creasing structural complexity. Such complexity can reduce mission 
reliability, particularly in harsh environments like space, where direct 
human intervention is not feasible. Soft wheel designs that enable vol-
ume change often incorporate localized fabric membranes or textile 
bellows (34). These low-strength textile components can compromise 
overall durability. Given that the structural integrity of such systems 
depends on their weakest element, even minor damage may lead to 
catastrophic failure—an unacceptable risk in planetary exploration 
scenarios. Therefore, there remains a critical need for compact, ro-
bust, impact-resistant soft wheel systems that can provide sufficient 
traversability without compromising durability, particularly for mis-
sions in extreme planetary environments.

In this study, we present a soft, deployable airless wheel with a 
reconfigurable reciprocal structure, designed for multirover lunar 
pit exploration. The wheel integrates elastic steel strips in a crossed-
helical configuration, enabling continuum-based shape transforma-
tion without relying on conventional mechanical joints such as 
hinges or bearings—an essential advantage in the Moon’s extreme 
environment. This design achieves a high deployment ratio while 
maintaining robust mobility over rugged terrain near pit entrances 
and caves (35–38). The reciprocal arrangement of crossed strips fur-
ther improves load-bearing capacity and impact resistance, leading 
to anisotropic behavior: Although the strips coil radially for com-
pact stowage, they resist deformation under vertical loads, provid-
ing mutual structural support and preventing collapse during drops 
or vertical descents into pits. By preserving mobility in these condi-
tions, the wheel reduces reliance on complex access systems, such as 
rappelling or crane-based systems. Prototype tests demonstrated 
expansion of the wheel diameter from 230 to 500 mm, successful 
traversal of 200-mm obstacles and simulated lunar soil terrain, and 
impact tolerance equivalent to an ~100-m lunar descent, validating 
its potential for future lunar pit exploration (Movie 1).

RESULTS
Concept of operations for intact exploration of lunar 
lava tubes
Lunar pits present a unique opportunity to investigate the Moon’s 
near-surface geology and volcanic history. Their steep interior walls 
expose stratified bedrock, such as lava flows, paleoregolith layers, and 
impact-related deposits, without the need for heavy equipment like 
drills (4, 6, 13, 39). Some pits may open into subsurface voids or lava 
tubes, preserving pristine materials from space weathering and poten-
tially harboring volatiles such as water ice (2, 4, 5, 9, 40). To explore 
these features, compact payloads including stereo imagers, LiDAR, and 
spectrometers can be used to map 3D pit geometry and analyze mineral 
composition. Instruments for radiation, temperature, and geophysical 

sensing can further characterize the internal environment and evaluate 
the potential of these sites as natural shelters.

These scientific motivations call for a subsurface-access strategy 
that can navigate complex pit terrains while minimizing mission 
risk, particularly in hazardous environments where conventional 
single, primary rover systems may prove vulnerable. Figure 1 illus-
trates a hypothetical mission scenario for lunar pit exploration, em-
phasizing the potential operational benefits afforded by the proposed 
deployable wheel design. In the initial stage, multiple microrovers, 
referred to as “explorers,” would be deployed from a larger base rov-
er, the “carrier.” Conventional missions that rely on a single, 
instrument-laden rover face elevated risks of total mission failure if 
that rover malfunctions, particularly in hostile environments such 
as lunar pits. In contrast, deploying multiple smaller rovers would 
disperse this risk and enhance operational flexibility. However, re-
ducing rover size to accommodate more units typically constrains 
wheel dimensions, thereby limiting maneuverability over rugged 
cave terrain. The proposed deployable wheel design would over-
come this challenge, enabling the carrier to transport multiple ex-
plorers without compromising mobility. To guide the derivation of 
the wheel’s design requirements, we outline a hypothetical mission 
scenario and corresponding concept of operations for the explorers.

First, once deployed, the explorers would traverse the sloping re-
gions around pit entrances, where maintaining robust traction is 
crucial to avoid sinkage in loose regolith. Although the explorers 
remain compact when stowed, the large diameter of the deployable 
wheels is expected to increase the ground contact area, thereby im-
proving traction on thick dust and uneven slopes. This capability 
would allow the explorers to navigate challenging pit entrance ter-
rain safely.

Upon reaching the pit rim, the explorers would proceed to the 
subsurface by descending steep vertical cliffs. Owing to the wheels’ 
elasticity and impact capacity, a direct drop deployment could be 
feasible, obviating the need for complex rappel systems. This strate-
gy would lower overall risk by keeping the carrier at a safe distance 

Movie 1. Overview of a soft deployable airless wheel for lunar lava tube ex-
ploration. This video provides an overview of the mission sequence for exploring 
lunar lava tubes and the proposed wheel architecture designed to carry it out. Field 
demonstrations show the key capabilities required at each mission stage, includ-
ing pit approach and exploration.
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from the pit edge while also reducing the mass and operational com-
plexity associated with rappel equipment—an especially valuable 
advantage when multiple rovers are deployed.

Last, once inside the pit, the explorers would undertake subsur-
face investigations, where they might encounter sharp undulations 
and unpredictable rocky steps. The large, highly elastic wheels are 
expected to excel at surmounting abrupt variations in elevation, en-
suring stable and reliable performance despite the harsh subterra-
nean conditions. This robust mobility ultimately underscores the 
potential of the proposed wheel design to advance future lunar pit 
exploration efforts.

Design principle
The proposed wheel design used continuum deformation of the ma-
terial to achieve shape transformation. This approach not only 
avoided the mechanical vulnerabilities of conventional joint compo-
nents but also distributed strain uniformly, in contrast with compli-
ant origami structures that concentrate strain in localized regions. 
This uniform strain distribution enabled large circular-to-circular 
volume transformations while mitigating the risk of failure under 
high mechanical loads or impacts.

The circular-to-circular volume transformation was facilitated by 
a coiling mechanism driven by the counterrotational motion of the 
left and right sides of the hub (Fig. 2Ai). The hub had a cylindrical 
structure with a separated middle section, where one side was freely 
rotatable and the other was fixed to the driving axis, allowing coun-
terrotation between the two sides (Fig.  2Aii). Adjustments in the 
strip’s rim and spoke ratio were achieved using a slit in the interweav-
ing grouser block, enabling both interweaving with other strips and 

sliding motion (Fig. 2Aiii). This design ensured flexibility and adapt-
ability, critical for robust performance in extreme lunar conditions.

When the wheel transitioned to the storage state, the diameter 
decreased, requiring the spoke portion of the strip to be decreased 
while the rim portion increased. Conversely, when transitioned to 
the deployment state, the spoke portion of the strip increased, and 
the rim portion decreased (Fig. 2B). The stress on the strip and its 
bending energy reached a minimum when deployment was com-
plete and increased as the system moved toward the storage mode. 
The system passively returned to the lowest energy state, meaning 
that the wheel could be deployed without the need for an additional 
actuator (movie S1).

Figure  2C shows the detailed assembly sequence and storage 
mode. To assemble the strips and grousers with the hub, the ends of 
the strips were inserted into the hub. A wheel with a single strip 
could be coiled by the rotation of the hubs (Fig. 2Ci). Similarly, for a 
wheel with multiple strips (N strips) interwoven through the grous-
er’s slit, coiling was achieved by hub rotation, just as with a single 
strip (Fig. 2Cii).

The key feature of the wheel was its resistance to shape changes 
under external loads while allowing easy volume modulation under 
torsional forces during folding. This was achieved through the char-
acteristics of reciprocal structure. One of the main characteristics of 
the reciprocal structure applied to this design was that a single strip 
affected adjacent strips in a chain. Such structural behavior enabled 
a level of resistance to external loads that would be difficult to 
achieve with an individual strip alone.

This anisotropic property was critical for achieving efficient per-
formance in deployable wheels. The performance analysis of the 

Fig. 1. Lunar pit exploration mission scenario. A mission scenario was proposed for entering and exploring lunar pits, and the four key operational segments necessary 
for its implementation are described. (A) “Deployment” focused on mitigating extreme cave risks by launching multiple compact rovers equipped with deployable wheels 
from a carrier unit. (B) “Entrance Slope” tackled steep inclines and dense soil, leveraging large, flexible wheels that distribute pressure to reduce slippage and sinkage. 
(C) “Cliff Fall” targeted vertical drops exceeding 40 m; in contrast, a rope system may introduce additional mass and cause slope instability, the wheel’s elastic properties 
help it withstand the impact of direct falls. (D) “Debris and Lava Rock Surface” ensured robust navigation over rough, uneven terrain, where oversized wheels facilitate the 
negotiation of obstacles.
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deployable wheel focused on the torque required for storage and 
structural elasticity under vertical loads. Both the wheel’s storage 
torque and structural elasticity were derived by the bending strain 
energy of the strips u, and u could be geometrically derived as 
follows:

where B is the flexural rigidity, that is, B  = EI/(1 − v2) for wide 
beams (41). E is the Young’s modulus of the material, I is the mo-
ment of inertia, and v is the Poisson ratio of the material. The arc 
length measured from the end clamped to the grouser and the 

tangent angle of the centroidal axis of the strip are denoted by s and 
θ(s). Accordingly, dθ/ds represents the curvature of the strip, and 
(dθ/ds)0 denotes its value in the absence of external forces. The cur-
vature directly determines the overall shape of the wheel.

First, to analyze the configuration and its properties of the 
deployment-storage process, a large deflection cantilever beam 
model was used (42, 43), starting from the grouser’s contact point 
with the strip and extending to the hub’s fixed point with the strip 
(Fig. 3A). This geometric configuration model derived the curvature 
and bending moment from numerous combinations of design pa-
rameters, which included the hub radius (rh) and the number, 
length, width, and thickness of the strips (N, L, b, and t). These re-
sults enabled capturing the bending behavior of the strip, providing 
an accurate representation of the strip’s deflection, and helping to 

u =

L

∫
0

B

2

(

dθ

ds
(s)−

(

dθ

ds
(s)

)

0

)2

ds (1)

Fig. 2. Geometrical description of the wheel structure and coiling mechanism. (A) Soft deployable wheel structure with different shape modes: (i) coiling mechanism 
for deployment and storage, enabled by (ii) a specialized hub set, axis, and (iii) grouser design (the wheel model illustrated: hub radius, 30 mm; 10 strips; strip length, 200 mm; 
strip width, 30 mm). (B) Shape analysis of a single strip shown in (A). (C) Detailed description of wheel assembly sequence and coiling mechanism: (i) single-strip assembly 
and (ii) multiple-strip assembly.
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Fig. 3. Structural analysis of wheel. (A) Free body diagram (FBD) of cantilever beam for reciprocal soft deployable wheel structural analysis. (B) Validation of the FBD 
analysis through wheel transformation torque testing. (C) Validation of the normalized structural elasticity matrix (Ew) through testing wheel load capacity. For both (B) 
and (C), the shaded bands indicate the full ranges (minimum to maximum) across repeated measurements, and the dotted lines denote the means (n = 5). (D) Shape and 
stress of the wheel in deployed, stowed, and vertically loaded states. (i) Deployed to stowed transition; (ii) Cartesian and (iii) polar representations from FBD analysis. (iv) 
Deployed to vertically loaded transition; (v) Cartesian and (vi) polar representations from multiflexible body dynamic simulation (model: [rh30, N10, L200, b30, t0.4]). 
(E) Energy comparison in two different deformation modes, (i) storage and (ii) load-bearing capacity: The reciprocal structure enabled dual stiffness levels and anisotropic 
properties without the need for additional joints to adjust stiffness (model: [rh30, N10, L200 to L600, b30, t0.4]).

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



Lee et al., Sci. Robot. 10, eadx2549 (2025)     17 December 2025

S c i e n c e  R o b o t i c s  |  R e s e a r c h  Ar  t i c l e

6 of 15

analyze the wheel’s performance. Accordingly, the wheel model was 
parameterized by the vector [rh, N, L, b, and t]. For concision, spe-
cific designs were denoted as “model: [rh30, N10, L200, b30, t0.4],” 
defined as a hub radius of 30 mm, 10 strips, a strip length of 200 mm, 
a strip width of 30 mm, and a strip thickness of 0.4 mm.

To apply the large deflection cantilever beam model, the vari-
ables and conditions were defined using a free-body diagram 
(Fig. 3A). The strip is interwoven with the adjacent front (s = 0) and 
rear (s = λL) strips; accordingly, a single beam model contains three 
constraint points, including fixed point by hub at s = L. The model’s 
primary variables are (P1, ψ1, P2, ψ2, and λ), and the grouser length 
and thickness (Lg and tg) are treated as given parameters. The force 
applied at the first constraint point (s = 0) is denoted P1 and acts at 
an angle ψ1 measured counterclockwise from θ01(=θ(0)). The force 
P2 is applied to the second constraint point (s = λL) at an angle ψ2 
measured counterclockwise from θ01(=θ(λL)). The variable λL rep-
resents the relative position of P2 with respect to P1 along the arc-
length coordinate s. At the third constraint point (s = L), the force 
components Fx and Fy and the moment ML depend on the primary 
variables. Through the model analysis, a unique solution for the 
function dθ/ds could be determined at a specific value of λ (Supple-
mentary Methods; eqs.  S1 to S16 describe more details of model 
analysis). These relations were evaluated using MATLAB (fig. S2) to 
compute the curvature and bending moment for the specified de-
sign parameters. To validate these results, torque testing served as 
an effective approach because the storage torque was directly deter-
mined by the evolving geometry during the deployment-storage 
process. Accordingly, wheel storage torque tests were conducted to 
validate the reliability of the calculation method (Fig. 3B). The ex-
cellent consistency with the torque test validated the accuracy of the 
deployment-storage configuration analysis, thereby supporting the 
reliability of the “Roll storage mode” analysis (Fig. 3Ei) used to char-
acterize the anisotropic property shown in Fig. 3E.

The second analysis focused on the wheel’s deformation under 
external vertical loading from the ground. In the proposed soft 
structure, the applied force (Fi) increased displacement (∆yi) as in a 
spring model, but the relationship was not strictly linear. In such a 
complex nonlinear spring model, it was challenging to derive an ex-
plicit relationship between the design parameters and the load ca-
pacity. To facilitate the analysis of this nonlinearity, the individual 
elements of the original linear spring model were reformulated in 
vector form:

Each element in the vector was assumed to follow the linear 
spring model. The structural elasticity kn, defining the stiffness of 
the soft wheel in terms of the force-displacement relationship, was a 
key parameter for analyzing wheel performance and played an es-
sential role in calculating strain energy under vertical loading. How-
ever, because of its numerous nonlinear elements and dependence 
on the wheel’s multiple interrelated design parameters, kn was diffi-
cult to compute directly from the wheel’s geometry, making intuitive 
design highly impractical. To address this issue, a normalization 
method with respect to wheel scale was applied. The normalized 
structural elasticity matrix (Ew) was defined to be dimensionless to 

ensure consistent properties across different wheel scales resulting 
from varying design parameters, and it can be obtained from load 
test for any wheel sample. Rd and u0 represent the wheel radius and 
its strain bending energy in the deployment state, respectively. This 
approach allowed stiffness as a function of the design parameters to 
be estimated from load test data of a wheel sample, which could be 
presented in the following form:

where Fn and ∆yn are vectors of applied force and displacement 
and Ewu0/(Rd − rh)2 is kn (Supplementary Methods; eqs. S17 and S18 
describe detailed derivation of Eq. 3). Wheel load tests were conducted 
to validate Eq. 3 (Fig. 3C). In addition to the torque test, the good 
agreement with the load test further supported the reliability of the 
“load-bearing mode” analysis (Fig. 3Eii) related to the anisotropic 
property presented in Fig. 3E. Figure 3D illustrates the strip positions 
and stress in both Cartesian (x-y) and polar (φ-R) coordinates in the 
deployed, stowed, and vertically loaded states of the wheel.

A comparison of the energy required for volume changes in stor-
age mode and the vertical load state, using the validated methods, 
revealed that less energy was needed for storage, whereas more en-
ergy was required to support vertical loads (Fig. 3E). These results 
indicated that the structure features both easy storability and high 
load-bearing capacity. By applying the reciprocal structure, we 
achieved two different stiffness levels in two distinct deformation 
modes, resulting in an anisotropic structure, despite using a single 
material and no hinge components.

Parametric characterization
Deployment ratio (Dd/Ds) and kn were set as key parameters for the 
wheel performance analysis. This section presents an analysis of the 
method for selecting design parameters that satisfy the prescribed 
performance requirements, Dd/Ds and kn. These performance re-
quirements were influenced by both the flexural rigidity (B) of the 
flexible strips and the shape of the wheel structure. Among the 
wheel’s design parameters, b and t were parameters of the flexural 
rigidity and could be easily calculated for the key parameters 
(I = bt3/12). Given that kn was proportional to EI, it follows that kn 
was proportional to bt3. With respect to the deployment ratio, the 
upper bound of allowable bending curvature (dθ/ds|max) was deter-
mined by the material’s yield stress (σyield) and the strip thickness t. 
On the basis of this criterion, the minimum storage diameter Ds 
could be determined with t. The Lg and tg parameters affected only 
the magnitude of the storage torque, with a negligible effect on both 
Dd/Ds and kn. The parameter b did not affect Dd/Ds.

The design parameters rh, N, and L determined the shape of the 
wheel in the x-y cross section. Because N is a discrete variable, it 
could be analyzed by selecting values such as 8, 10, or 12; by con-
trast, the relationship between rh, L, and the performance parame-
ters was difficult to express explicitly and had to be obtained 
numerically. To present a method for selecting appropriate design 
parameters that satisfy the required wheel performance, there was a 
need to group design parameters sharing the same performance re-
quirements and to systematically classify the implicit relationships. 
On the basis of the wheel configuration and structural elasticity cal-
culation methods validated in the “Design principle” section, it was 
shown that with N and b fixed, any wheel model in which rh, L, and 

Fn=knΔyn,

⎧

⎪

⎨

⎪

⎩

Fn=
�

F1 ⋯ Fi ⋯ Fn
�T

Δyn=
�

Δy1 ⋯Δyi ⋯Δyn
�T

kn=diag
�

k1 ⋯ ki ⋯ kn
�

(2)

Fn = Ew

u0
(

Rd− rh
)2

Δyn (3) D
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t are uniformly scaled by a factor p > 0 had the same Dd/Ds and kn. 
Specifically, comparing model 1 [rh, N, L, b, t] with model p [prh, N, 
pL, b, pt], it was found that [rh, L] corresponded to Dd1, whereas 
[prh, pL] corresponded to pDd1. Given that Ds and dθ/ds|max have an 
inverse relationship, the models [rh, L, t] and [prh, pL, pt] shared the 
same Dd/Ds. According to the Ew-based spring model (Eq. 3), the 
structural elasticity of model 1 (kn,1) and model p (kn,p) were also 
identical

This comparison-based grouping approach was validated experi-
mentally (Supplementary Methods and fig. S3). An increase in the 
performance parameter Dd/Ds enhanced the traversal ability for a 
given rover’s storage volume. Similarly, a higher kn increased the ca-
pacity to carry scientific equipment, enabling a broader range of 
mission capabilities. This implied that performance improved with 
increasing values of the flexible strip design parameters [N, L, b, t]. 
However, weight must be considered as a critical design constraint 
in the design process to select an appropriate scale. Here, the nor-
malized weight parameter (W) is defined as the product NLbtg0 with 
normalized density 1 g/cm3(= 1000 kg/m3) and gravitational accel-
eration g0 (m/s2). This definition was based on the weight of strips 
with normalized density and constant width, which are the main 
components of the deployable wheel structure.

By appropriately adjusting the design parameters related to weight, 
wheel models with identical performance parameters for a specific 
weight W were grouped for integrated analysis. As previously 

mentioned, models in which [rh, L, t] were related by the same posi-
tive scalar multiple, with identical N and b, shared the same perfor-
mance parameters. By combining the [rh, L, t] to eliminate the positive 
scalar p, models were grouped using the dimensionless ratios [L/rh, 
t/L, rh/t]. These variables—L/rh, t/L, and rh/t—are not independent; 
determining two of them fixes the third variable. Consequently, 
among wheels designed with different geometric parameters, match-
ing any two of these variables implies identical performance parame-
ters. Figure 4 presented the performance parameters as functions of 
two selected dimensionless ratios. To incorporate the weight con-
straint W on the design, the relationship between W and the dimen-
sionless ratios was expressed as

When L/rh  =  x and t/L  =  y, each line in the graph of 
y = Constant/x2 represented a group with a constant W∕r2

h
 , N, b, g0. 

These graphs showed the appropriate values for L and t that satisfy 
the weight constraint and the required performance parameters for 
a specified rh during the design process (Fig. 4, A and B). We ana-
lyzed that there was a trade-off between the deployment ratio and 
structural elasticity when using only the design parameters rh, L, 
and t. Increasing the width b proportionally enhanced only the 
structural elasticity, thereby expanding the performance limits 
(Fig. 4C). As the number of strips N increased, the performance im-
proved under the same weight constraint W (Fig. 4, D to F). In Fig. 4, 
the structural elasticity, k, was treated as a constant by using the ini-
tial linear region of the response curve. However, the weight of the 

kn,p = Ew

u0,p
(

Rd,p− rh,p
)2

= Ew

p2u0,1

p2
(

Rd,1− rh,1
)2

= kn,1 (4)

W

r2
h

=
NLbtg0

r2
h

= N

(

L

rh

)2
t

L
bg0 (5)

Fig. 4. Analysis results with design parameters L/rh and t/L. (A) How to select design parameters to achieve required W and wheel performance Dd/Ds and (B) struc-
tural elasticity (b = 50 mm). (C) Trade-off in Dd/Ds and structural elasticity: Width b expanded performance limits (b = 30, 50, and 100 mm). Increasing strip number N im-
proved performance (D) Dd/Ds and (E) structural elasticity (b = 50 mm). (F) As 𝑁 increased, the performance limits expanded, but there was a risk of an increase in overall 
wheel weight that was not reflected on the graph (b = 50 mm).
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grousers was not included in W, and as N increased, the number of 
grousers also increased, leading to a rise in the overall wheel weight. 
Therefore, careful adjustment was needed during the design process.

These analytical methods provided guidance for designing wheel 
structures to meet mission-specific requirements. The process be-
gan by defining three primary parameters: deployed diameter Dd, 
Dd/Ds, and target stiffness ktarget. As an example case, we considered 
a 10-kg two-wheeled rover with Dd = 450 mm, Dd/Ds = 2.5, and a 
vertical displacement limit of 10% of Dd, resulting in a target stiff-
ness of ktarget = 1.089 N/mm. Two initial geometric parameters—the 
number of strips (N = 10) and the hub radius (rh = 30 mm)—were 
selected by considering trade-offs among circularity, mass, and mo-
bility stability. A lower number of strips reduced the effective circu-
larity of the wheel, leading to increased geometric irregularity and 
dynamic instability. In contrast, a larger N increased the overall 
structural mass because of the increased number of grousers. Al-
though a smaller rh was beneficial in terms of wheel weight and per-
formance, it must also ensure secure anchoring of the strips at the 
wheel center and maintain structural integrity by preventing shaft 
deformation between the hub and the motor.

By solving the beam model, the required strip length L = 365 mm 
was obtained for the specified Dd. From Fig. 4A, a material-limited 
maximum thickness of tmax = 0.6 mm was determined to satisfy 
Dd/Ds = 2.5. Applying a safety factor of 1.5 resulted in the selection 
of a safe working thickness of t = 0.4 mm. Using Fig. 4B, the corre-
sponding strip width that satisfies ktarget was calculated as b = 57.4 mm 
(see the “Design workflow” section in Supplementary Methods for 
more details). These parameters were derived on the basis of the 
material properties of heat-treated SK-5 steel, with Young’s modulus 
E = 194 GPa and σyield = 1567 MPa.

The proposed wheel structure maintained a consistent geometric 
form across a variety of flexible sheet materials, enabling fabrication 
with alternative materials suited to specific environmental require-
ments. The allowable thickness of the strip is proportional to σyield/E; 
materials with a higher ratio permit greater thickness and maxi-
mum curvature, which enhances both structural load capacity and 
deployment ratio for a given constraint parameter W.

Several plastic-based materials considered for space applications 
offer relatively high σyield/E values compared with metals, enabling 
the use of thicker strips (see table  S3). However, because of their 
generally lower Young’s modulus, stiffness compensation must be 
achieved by increasing the strip thickness, given that stiffness is pro-
portional to the moment of inertia (∝t3). In certain cases, PEEK 
(polyetheretherketone) offered a more favorable stiffness-to-weight 
characteristic, which is advantageous for lightweight wheel designs. 
Specifically, it resulted in a 28% weight reduction compared with a 
spring steel (SK-5) structure of equivalent stiffness while also 
achieving a 10% increase in allowable curvature. This increase in 
allowable curvature is particularly important, because it improves 
both the deployment ratio and the maximum load capacity. Kapton 
performs reliably across a wide temperature range, including high 
temperatures (44), whereas Teflon and Mylar (45) retain flexibility at 
cryogenic temperatures. These diverse material properties expand 
the applicability of the proposed structure across a range of extreme 
mission environments.

Thermal characterization
Thermal behavior is an important consideration in the design of space 
systems, affecting both structural reliability and mission operations. 

To analyze the thermal characteristics of the deployable wheel, a 
42-day mission profile was established for the outer rim of the Marius 
Hills Pit. The thermal environment was modeled using “Thermal 
Desktop,” incorporating the thermophysical and thermo-optical 
properties of the lunar regolith—including density (ρ), thermal con-
ductivity (kre), specific heat (cv, re), and albedo (A)—which were de-
fined as depth (z)—and temperature-dependent functions (Fig. 5A) 
(46–48). The regolith model had a radius of 5 m and a depth of 2 m, 
with parameters such as solar absorptance (α), albedo (49), surface 
emissivity (ε = 0.97) (50), and a subsurface heat flow of 0.018 W/m2 
applied (Fig. 5B) (51).

Temporal variations in total solar irradiance, elevation angle (θA), 
and azimuth angle (θZ) were incorporated into the model over the 
entire mission period (Fig.  5C) (52, 53). The resulting thermal re-
sponse of the wheel structure was assessed at sunrise, noon, and sun-
set, revealing substantial temperature gradients across the system 
(Fig. 5D). At noon, the wheel structure exposed to sunlight experi-
ences substantially higher temperatures than that in shaded regions, 
resulting in considerable temperature gradients in the structure. The 
material composition and temperature sensor locations of each com-
ponent are shown in Fig. 5E. On the basis of these sensor locations, 
the grouser labeled G2, shielded at noon, cooled to ~348 K—about 
145 K lower than its exposed counterpart G1—and subsequently 
warmed to ~433 K because of lateral radiation, conductive heat 
transfer, and reflected solar input (Fig. 5Fi). Similarly, strips S2 and 
S3 remained around 343 K at noon because of solar shielding 
(Fig. 5Fii), whereas the hub, mostly obstructed by other components, 
exhibited a relatively low peak temperature of 425 K (Fig. 5Fiii) (see 
the “Details of thermal characterization” section in Supplementary 
Methods for more information on the thermal analysis).

Operating soft robots in the extreme thermal environment of 
space posed notable challenges. Thermal analysis suggested several 
critical operational strategies. The wheel’s temperature exceeded 
400 K throughout the lunar day, primarily because of the thermo-optical 
properties of its constituent materials. The deployable soft wheel 
proposed in this study could be fabricated from elastic plates made 
of various materials, enabling the use of options that remain resil-
ient at elevated temperatures. One major concern was heat conduc-
tion from the wheel hub, which could cause motor overheating. To 
mitigate this risk, high-performance thermal-insulation pads, such 
as Bakelite or ceramic washers, could be inserted between the hub 
and the motor, limiting heat transfer and ensuring reliable actuation.

During the lunar night, the wheel was expected to cool to ~100 K.  
Operability at this temperature was achieved by selecting metals 
such as stainless steel (SUS) and other candidates that preserved 
mechanical integrity at cryogenic conditions, because the wheel ar-
chitecture itself accommodated a wide range of flexible strip materi-
als for additional optimization. Tape spring elements, in particular, 
had long served as hinge members in spacecraft mechanisms, in-
cluding orbiting satellites and deployable antennas, and were docu-
mented to maintain reliable, large-amplitude bending performance 
even under deep cryogenic exposure, underscoring their suitability 
for the present wheel design (54). Although the structure could sur-
vive such low temperatures, cryogenic exposure had historically 
jeopardized the embedded electronics of conventional small rovers, 
prompting a variety of survival strategies in past missions. Instead of 
adding active heaters, the mission used a daytime-only, multirover 
strategy that completed all surface operations including cave entry 
within the thermally favorable window of lunar daylight.

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



Lee et al., Sci. Robot. 10, eadx2549 (2025)     17 December 2025

S c i e n c e  R o b o t i c s  |  R e s e a r c h  Ar  t i c l e

9 of 15

The wheel’s unique geometry created shaded regions that gener-
ated temperature gradients of up to 150 K across the structure. In 
general, these temperature gradients could lead to uneven thermal 
expansion and potential cold welding at contact interfaces. Howev-
er, one of the key strengths of our wheel design was that it incorpo-
rated built-in tolerances at the hub connection and between adjacent 
metal strips, effectively accommodating thermal strain and prevent-
ing thermal binding. In addition to geometric tolerances accommo-
dating thermal strain, continuous contact with regolith further 
hindered the formation of cold-welded junctions, enhancing the 
wheel’s thermal robustness.

Experimental validation
Among the harsh environmental conditions encountered during lu-
nar lava tube exploration, two representative and critical factors—
thermal vacuum and drop impact—were selected for endurance 
testing. Five sample wheels were fabricated for testing. The grouser 
was made of aluminum 6061; the hub was produced using aluminum-
based metal 3D printing; and the strip was manufactured from SK-5, 
a thin and flexible steel plate. The sample wheels have a model [rh26, 
N10, L171, b34, t0.2], where Dd is 224.18 mm and Ds is 86.68 mm.

For the thermal vacuum test, each sample was exposed to a tem-
perature of 423 K at 10−1 torr for 24 hours (test A) (Fig. 6A). After that, 

Fig. 5. Thermal analysis conditions and results of wheel. (A) Thermo-physical and thermo-optical properties of lunar regolith in the mission area. (B) Lunar regolith 
thermal model, analysis conditions, and solar radiation. (C) Total solar radiation, solar elevation, and solar azimuth angle over a 42-day mission period. (D) Thermal analy-
sis results presented temperature contours of the wheel at different times of the lunar day: sunrise, noon, and sunset. (E) Wheel thermal model expanded from (B), show-
ing material composition and temperature sensing points; sun-exposed and self-shaded locations were labeled as G1 and G2 on grousers and S1 to S3 on strips. Scale bar, 
100 mm. (F) Temperature variations at each sensing point in (E); (i) grousers, (ii) strips, and (iii) hub.

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



Lee et al., Sci. Robot. 10, eadx2549 (2025)     17 December 2025

S c i e n c e  R o b o t i c s  |  R e s e a r c h  Ar  t i c l e

10 of 15

a total weight of 9.30 kg, including the wheel, was vertically dropped 
from a height of more than 770 mm (test B) (Fig. 6B). This impact is 
similar to the impact generated when a 4-kg two-wheeled rover lands 
after a 100-m vertical drop in the lunar gravity environment

During the vertical drop test, the allowable displacement was 
limited to (Rd − Rs) with a support structure, which generalized 
the strip thickness and maximum bending curvature. Here, Rd is the 
wheel radius in the deployed state, and Rs is the wheel radius in the 
storage state. The wheel’s main performance parameters, storage 
torque and load capacity, were compared across the samples. Fig-
ure 6 (C and D) shows the storage torque and load capacity for a 
single sample, which remained within ±5% of their initial values 
after tests A and B. Figure 6 (E and F) illustrates the torsional stiff-
ness for storage and the vertical stiffness for payload weight of all 
five samples using box plots.

After the thermal vacuum and vertical drop-impact tests, a 
single-wheel drawbar pull test was conducted on simulated lunar 
regolith (Fig. 7, A and B). To ensure that the wheel interacted only 
with the soil and not with the underlying surface, the regolith was 

layered to a thickness greater than the wheel radius. During the test, 
both the drawbar pull force and the drive motor torque were ac-
quired (Fig. 7, C and D).

On the basis of a 4-kg two-wheeled rover model, the slip ratio on 
a level surface was found to remain below 0.15, indicating stable 
traction in regolith terrain. Inclined driving was feasible when the 
drawbar pull force exceeded the downslope component of weight, 
Wsinϕ, where W denotes the weight and ϕ denotes the slope angle 
of terrain. From the experimental results shown in  Fig.  7C, the 
wheel was determined to be capable of ascending slopes of up to ap-
proximately ϕ ≈ 10° under Earth gravity when mounted on a 4-kg 
two-wheeled rover while maintaining a slip ratio of 0.5 or less. These 
results demonstrate that the proposed soft deployable wheel pro-
vided sufficient traction and slope climbing performance even in 
simulated lunar regolith, validating its terrain adaptability for po-
tential deployment in lunar lava tube exploration.

Field test
The two-wheeled dummy rover system was prepared for the wheel’s 
field performance evaluation. The system was primarily composed of 
an EPS (electrical power system), a communications module, and 
control and drive modules. In addition, it was equipped with light-
emitting diode lights and a camera to facilitate navigation in caves. 
The power system (EPS) included a battery that served as the primary 
power source, providing energy to all subsystems. A converter regu-
lated the voltage to ensure stable power delivery to the motor driver, 

⎧

⎪

⎪

⎨

⎪

⎪

⎩

(mv)moon=m
√

2gh=4.00
�

kg
�

∕2 ⋅
√

2 ⋅1.63(m∕s2) ⋅100(m)

=36.1 (N ⋅ s)

(mv)test=m
√

2gh=9.30
�

kg
�

⋅

√

2 ⋅9.81(m∕s2) ⋅0.770(m)

=36.1 (N ⋅ s)

(6)

Fig. 6. Experimental validation of mission scenario feasibility. Two critical tests: (A) thermal vacuum chamber test at 423 K under 10−1 torr and (B) vertical drop impact 
test with 9.30 kg, above 770-mm height, were conducted. Scale bar, 200 mm. (C) Storage torque and (D) vertical load capacity of a single sample were compared. For both 
(C) and (D), the shaded bands indicate the full ranges (minimum to maximum) across repeated measurements, and the marked lines denote the means [n = 1 (sample) × 5 
(repetitions) = 5], demonstrating consistent performance within ±5% (dotted line) of before the two harsh tests. (E) Torsional stiffness during storage and (F) vertical stiff-
ness under payload for five samples were compared using box plots. For both (E) and (F), boxes represent the interquartile range (Q1 to Q3), the line inside each box indi-
cates the median, and the whiskers denote the full range (minimum to maximum) of the experiment’s data [n = 5 (samples) × 5 (repetitions) = 25], demonstrating the 
wheel’s robustness under harsh conditions and supporting its potential for lunar lava tube exploration missions.
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sensors, and communication devices. The communication module 
handled remote control and data transmission, with an antenna that 
managed signal transmission and reception between the rover and 
the lander. The rover was equipped with a camera and lights to per-
ceive the external environment and collect data. This configuration 
enables visual data collection in dark terrains such as caves.

The control and drive system managed the rover’s mobility and 
posture control. The controller used a radiation-hardened 32-bit 
MCU (microcontroller unit), the RH32F, whereas the ADIS16505, 
commonly used in CubeSats, was used as the IMU (inertial mea-
surement unit) to provide attitude data. On the basis of these data, 
the controller sent driving commands to the motor driver. The mo-
tor driver controlled two independent BLDC (brushless direct cur-
rent) motors, each connected to a wheel, allowing precise movement 
and directional changes. The system, using flexible wheels, relied on 
IMU attitude data to achieve stable navigation on the lunar surface 
environment (Fig. 8A).

The rover equipped with deployable wheels demonstrated stable 
driving performance on simulated lunar soil terrain, which was 
challenging to traverse because of its dusty conditions and sand traps 
(Fig. 8B and movie S2). Such performance was typically unattainable 
with conventional joint-based structures, which rely heavily on 
tolerances and lubrication. We confirmed that the rover maintained 
its operational integrity after drop impacts from a height of 4 m under 

Earth’s gravitational conditions (Fig. 8C and movie S3). Such impacts 
would likely have caused malfunctions in conventional joints, which 
were smaller and weaker. The large deployable diameter of the wheel 
not only avoided sand traps but also enabled effective traversal over 
rigid obstacles. This rover successfully climbed a 200-mm stair-like 
obstacle with a 34° incline, demonstrating its robust climbing capa-
bilities (Fig. 8D).

The proposed wheel can be fabricated from a variety of flexible 
sheet materials, including steel. This flexibility in material selection 
allows customization to meet the demands of specific mission envi-
ronments. For our tests, we used durable and resilient carbon steel, 
which enabled stable performance against the impacts and friction 
encountered in rigid, irregular terrains such as caves (Fig. 8E and 
movie S4). Furthermore, the fabricated carbon steel wheel demon-
strated high-temperature resistance, ensuring its operability even in 
extreme fire environments (Fig. 8F and movie S5). The results high-
lighted the deployable wheel’s ability to combine adaptability, dura-
bility, and operational efficiency, making it a promising solution for 
diverse and challenging mission scenarios.

DISCUSSION
In this study, we introduced a soft, deployable airless wheel specifi-
cally aimed at addressing the challenges of lunar lava tube exploration. 

Fig. 7. Drawbar pull test and traversability evaluation in simulated lunar regolith. (A) A drawbar pull force testing platform was developed to evaluate performance 
in simulated lunar regolith terrain. Drawbar pull force was computed from winch torque and its radius. Vertical and horizontal rails accommodated sinkage and con-
strained forward driving motion. The simulated lunar regolith, KOHLS-1 (Korea Hanyang Lunar Simulant-1), was layered to a depth greater than the wheel radius to avoid 
floor contact. (B) Photographs from the drawbar pull force test at different slip ratios. Scale bar, 100 mm. (i) Low slip ratio showed minimal sinkage; (ii) high slip ratio 
showed substantial sinkage. (C) Drawbar pull versus slip ratio and (D) driving torque versus slip ratio were measured [n = 1 (samples) × 5 (repetitions) = 5, each slip ratio], 
indicating sufficient traction to climb 10° slopes as well. For both (C) and (D), boxes represent the interquartile ranges (Q1 to Q3), the line inside each box indicates the 
median, and the whiskers denote the full range (minimum to maximum) of the experiment’s data.
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Fig. 8. Rover system configuration and field test. Field testing of the two-wheeled dummy rover equipped with soft deployable wheels was conducted for performance 
evaluation in extreme conditions. (A) The system configuration, including power, communication, control, and drive modules, was designed to support navigation and 
mobility in lunar cave environments. (B) Traversal on simulated lunar soil demonstrated stability in dusty conditions and resistance to sand traps. (C) An impact resilience 
test verified the rover’s structural integrity after a 4-m drop under Earth’s gravity (stowed state scale bar, 100 mm; deployed state scale bar, 150 mm; drop test scale bar, 
1 m). (D) A climbing capability assessment showed that the rover successfully overcame a 200-mm stair-like obstacle with a 34° incline. (E) Performance validation on 
irregular rocky terrain inside a terrestrial cave simulated lunar cave conditions. (F) A high-temperature resistance test confirmed the wheel’s durability in extreme thermal 
environments.
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Lunar pit exploration is important for deciphering the Moon’s geologi-
cal history, understanding lava activity, and assessing the potential of 
lunar pits as natural shelters from space radiation and harsh thermal 
environments on the surface. Considering current crewed missions 
like Artemis, studying pit craters is both timely and valuable. Unlike 
terrestrial robotics, space robotics demands a substantially higher de-
gree of reliability: A single failure can jeopardize the entire mission. 
Although lunar lava tubes have garnered substantial interest for their 
potential as future habitats, their direct exploration has been limited 
not only by factors such as precision landing and navigation but also 
by the absence of robust hardware systems capable of safely traversing 
steep funnels and vertical cliffs. We believe that our proposed wheel 
design provides a step toward mitigating this hardware gap.

We want to emphasize that a key aspect of our approach is its 
foundation in soft robotics. By harnessing structural deformations, 
we simplified overall system complexity and reduced the number of 
potential failure points. Whereas soft robotic systems were some-
times perceived as fragile because of the use of highly flexible materi-
als, prior research demonstrated that having fewer components 
could increase robustness in extreme conditions. For space applica-
tions, where each actuator, sensor, or joint can introduce a new fail-
ure mode, the minimized complexity of soft robotics is particularly 
advantageous. However, adapting soft robotics to space presents sub-
stantial material challenges. Conventional elastomer-based soft ro-
bots often suffer from outgassing or radiation-induced degradation, 
making them unsuitable for vacuum environments. In addition, ex-
cessive flexibility can result in unpredictable motion, undermining 
reliability. To address these issues, our design used elastically de-
formable metal strips arranged in a helical, interwoven structure, 
enabling substantial shape change within minimal material strain. 
This configuration preserved structural integrity while striking an ef-
fective balance between deformation ratio and stability. Consequent-
ly, the wheel could absorb impacts and navigate uneven terrain while 
remaining robust under extreme lunar conditions.

Although our research has not yet produced a space-grade rover 
system, the wheel’s modular nature allows it to be mounted on vari-
ous microrovers without imposing substantial structural or me-
chanical burdens on the main rover. We anticipate integrating it into 
a space-ready microrover system and coordinating with a main 
rover to refine mission scenarios for actual lunar lava tube investiga-
tions. By demonstrating how soft robotic principles can be adapted 
to harsh environments through careful material selection and struc-
tural design, our work highlights the potential of soft robotics to 
expand the operational envelope of space missions.

MATERIALS AND METHODS
Fabrication
The deployable wheel presented in this study consists of three main 
components: the hub, grousers, and strips. For the wheels used in 
thermal vacuum and impact environment tests, the hub was manu-
factured using aluminum-based metal powder through metal 3D 
printing (AlSi10Mg, Staco Inc.). The grousers were fabricated from 
Al 6061 using computer numerical control (CNC) machining. For 
field tests and additional verification, the hubs and grousers were 
produced using a 3D printer (Onyx Pro, Markforged) with Onyx 
carbon fiber filament.

The strips used for the wheels in analytical validation of torque 
for storage mode (Fig. 3B), validation of design parameter grouping 

(fig. S3), thermal vacuum tests (Fig. 6), drawbar pull force test on 
simulated lunar soil (Fig. 7), all field tests (Fig. 8), and the analysis 
for maximum load capacity (fig.  S5) were fabricated from heat-
treated SK-5 carbon steel (Wang Special Steel Co.), with a Young’s 
modulus of 194 GPa, a Poisson’s ratio of 0.2786, and a yield strength 
of 1567 MPa. The strips for analytical validation of vertical load 
(Fig. 3C) and the validation for the analysis of maximum curvature 
(fig. S5C) were fabricated from 0.5-mm PET-G (polyethylene tere-
phthalate glycol) film. All strips were processed using the VLS6.75 
laser cutting system (Universal Laser System).

The wheels mounted on the rover were designed with a diameter 
of 500 mm to overcome obstacles as high as 200 mm and were fab-
ricated using strips with a thickness of 0.4 mm and a width of 50 mm, 
resulting in an assembled wheel width of 100 mm. For experimental 
validation, smaller wheels were produced to fit the test setup. 
Specifically, the wheel specimens used in Fig. 3C to validate the theo-
retical stiffness equations were fabricated without rigid grousers, and 
holes were added to the strips to enable interweaving. These models 
were designed to isolate and analyze the properties of the strips alone 
for validation purposes.

Experimental setup
To evaluate the torque in storage mode and force in load-bearing 
mode, we used dedicated equipment tailored for each measurement. 
To measure the torque relative to the hub’s rotation angle, we de-
signed a rotational mechanism incorporating aluminum profile 
frames and gears machined from engineering plastics. This mecha-
nism was designed to control the rotation of the free-rotatable hub 
using an XM540-W270-R motor (Robotis). Torque and angle mea-
surements were recorded using a torque sensor (TRD605-160 N.m, 
Futek). Assembly details of each component are presented in fig. S7. 
Data acquisition was performed in real time at a rate of 400 Hz using 
LabVIEW software and a data acquisition system (National Instru-
ments USB-6341).

For stiffness measurements in load-bearing mode, we used a 
tensile-compression testing machine (MCT-2150 W, A&D Compa-
ny) equipped with a dedicated sensor offering a resolution of 0.01 N 
and a maximum capacity of 500 N. The analysis was conducted us-
ing the proprietary software (MSAT-Lite) provided by the manufac-
turer (A&D Company). A custom jig for securing the wheel was 
fabricated from aluminum 6061 using CNC machining, and tests 
were conducted at a low speed of 30 mm/min.

For the thermal-vacuum test, a vacuum chamber (DFZ-6020, 
Henan Lanphan Industry Co. Ltd.) was connected to an oil rotary 
high vacuum pump (W2V20, WSA Co. Ltd.). The dimensions of the 
chamber’s interior were 300 mm by 280 mm by 300 mm (W × D × H), 
and wheel specimens were designed and fabricated to fit these con-
straints. The vacuum pump achieved a maximum vacuum level be-
low 10−3 torr. Drop impact tests were conducted using a vertical rail 
apparatus capable of a maximum height of 1.6 m, ensuring that the 
wheel specimens were dropped vertically.

The internal dimensions of the drawbar pull force test bed 
(Fig. 7) are 3 m in length, 0.3 m in width, and 0.35 m in height. The 
system is designed to control the wheel’s driving speed and slip ratio 
via a cable-driven mechanism. For the terrain environment, the 
simulated lunar soil KOHLS-1 (Korea Hanyang Lunar Simulant-1), 
developed in South Korea, was used. This simulant, first developed 
in 2009, has a composition ratio similar to NASA’s Lunar Soil 14163, 
which was collected during the Apollo missions. The same simulant 
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was used in the traversal experiment shown in Fig. 8B. In Fig. 7, the 
soil depth was set to 150 mm, deeper than the wheel radius, to en-
sure full wheel-soil interaction. The test setup includes a travel mo-
tor (XM540-W270-T, Robotis) for wheel actuation at 10 rpm and a 
cable control motor (XM430-W350-T, Robotis) for slip and velocity 
adjustment. The cave exploration (Fig. 8E) was approved by the Jeju 
Special Self-Governing Province of the Republic of Korea.

Statistical analysis
All box plots follow standard conventions: The median is indicated 
by a line inside the box, the box height represents the interquartile 
range (Q1 to Q3), and the whiskers denote the minimum and maxi-
mum values. All continuously plotted experimental line graphs fol-
low the same convention: The shaded region indicates the range 
between the minimum and maximum values, whereas the dotted 
line represents the average torque. To enhance the visibility of the 
mean trend, markers were added at regular intervals along the aver-
age curve. Unless noted otherwise, one sample per model was tested 
five times, and graphs show the mean with either the range (mini-
mum to maximum) or interquartile range. The “Experimental con-
ditions and data analysis procedures” section in Supplementary 
Methods provides comprehensive methodological details and data-
processing protocols for each experiment in the main text and Sup-
plementary Methods.

Supplementary Materials
The PDF file includes:
Methods
Figs. S1 to S7
Tables S1 to S4
References (55–60)

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S5
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