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Supplementary Text

Supplementary Text 1: The definition of obstacle-crossing capability

The formula for calculating the robot’s obstacle-crossing capability is given in
Equation (1), where M,.,,,, represents the total weight of the robot, g is the
gravitational acceleration, H,,,, is the maximum height the robot can overcome, 7 is
the number of drive motors, and 7,,,, is the maximum driving torque. The
denominator of the equation represents the total sum of the driving torques, which is
the product of the number of drive motors and their respective driving torques, while
the numerator represents the product of the robot’s weight and the maximum obstacle
height it can overcome. This ratio is a dimensionless number that reflects the
efficiency of driving torque utilization during the obstacle-crossing process. A higher
ratio indicates that, under the same load and driving torque, the robot can overcome
higher obstacles, implying stronger obstacle-crossing capability.

Mg 8

capability —

(1)

T

Supplementary Text 2: The definition of the unevenness after the wheel
contraction

The formula for calculating the unevenness of the outer rim after wheel contraction is
shown in Equation (2), where R,,, represents the maximum distance from a point on
the outer rim to the wheel’s center, and R,,;, represents the minimum distance. The
unevenness of the outer rim after contraction is expressed as the ratio of the difference
to the sum of these two values. A smaller ratio indicates that after contraction, the

outer rim is closer to a perfect circle, with R,,,. and R,,, being more similar.
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Supplementary Text 3: Calculation methods for the grounding coefficient and
average grounding pressure

The calculation formula for the ground contact coefficient of the wheel under radial
load is shown in Equation (3)!!), where L. represents the contact length and L,
represents the contact width. A higher ground contact coefficient results in increased
longitudinal traction, improving acceleration and braking efficiency, making it
particularly suitable for off-road or soft terrains, this coefficient has a substantial
impact on the robot’s obstacle-crossing capability. As for the average contact pressure,
it is determined by averaging the pressures extracted from all the nodes, as shown in
Equation (4), where N,,4. is the number of nodes extracted in the simulation, P; is

the contact pressure at node i.
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Supplementary Text 4: Design of the spiral wheel’s contraction mechanism

The spiral wheel’s drive mechanism is shown in Figure S7(A). The system includes a
12V lithium battery, two brushless DC motors, and the necessary components for
motor control. The motors have a maximum output torque of 1.8 N-m and a rated
voltage of 12V. The mechanism is controlled by an ESP32 microcontroller and an
L298N motor driver module, with control commands transmitted via Bluetooth. The
ESP32 functions as both a transmitter and receiver for Bluetooth signals, maintaining
a continuous Bluetooth connection with the main control unit during the robot’s
operation. In different driving conditions, the main control unit sends signals to the
microcontroller to control the motor’s direction and duration of rotation, enabling the
switching between different spiral wheel configurations. The assembly process of the
spiral wheel and its contraction mechanism with the robot is shown in Figure S8.
There is an interference fit between the spiral wheel and the hub motor of the robot,

while the drive mechanism is securely fixed to the hub motor using screws.



Supplementary Text 5: Simulation parameters for the spiral wheel

The material used for the spiral wheel is TPU83, a rubbery material. To obtain its
constitutive model, uniaxial tensile testing was conducted to generate the
corresponding stress-strain curve. Prior to the experiments, standard tensile specimens
made of TPUS83 material were fabricated according to existing standards and
specifications. The structural dimensions of these specimens, as well as the model, are
shown in Supplementary Material Figure S9(B). The tensile specimens were placed in
a mechanical testing machine, as depicted in Figure S9(A), and an external video
extensometer was used to measure displacement changes during the tensile process.
By tracking the distance changes between characteristic points on the specimen’s
surface, deformation data can be generated. By combining the data from the force
sensor on the testing machine and the specimen’s cross-sectional area, the nominal
stress-strain curve for the tensile specimen was further calculated. The resulting
stress-strain data for the uniaxial tensile test of the standard specimen is shown in
Figure S9(C). These data were then imported into Abaqus, where the software’s
material fitting tools were used to derive the appropriate constitutive model. These
tools allow for fitting the selected strain energy function using the experimental data.
The material’s nominal stress-strain data obtained in this experiment were fitted to
several models in Abaqus, including Mooney-Rivlin, Polynomial (N=2), Ogden, Neo
Hooke, and Yeoh. The fitting comparison curves are shown in Figure S9(D). From the
results, it is clear that the test data closely aligns with the Mooney-Rivlin model.
Therefore, the Mooney-Rivlin model was selected, and the resulting parameters were
used for simulation. For the Mooney-Rivlin constitutive model, the strain energy
function is given by Equation (5)1>?!, where C;, =0.0182, Cy; =2.834, and D;=0.
W=Cy (1, -3)+Cy (I, —3)+Di(J-1)2 5)
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Supplementary Text 6: Measure of the rotational speed of the motor during the
contraction process

The motor’s rotational speed was obtained by counting the number of pulses received
by the motor per unit of time. Each complete revolution of the motor’s rotor generates
9 pulse signals. Since the motor and its gearbox are integrated with a reduction ratio
of 506:1, after the motor’s rotor completes 506 rotations, the visible output shaft of
the motor completes one full rotation. Therefore, by dividing the number of pulses
obtained in a given time interval by the corresponding factor, the rotational speed of
the motor shaft can be calculated. The formula for this calculation is given in
Equation (6), where num,, represents the calculated number of feedback pulses from
the motor, num,,, is the number of pulses generated by one complete rotation of the
motor’s rotor, #; is the reduction ratio of the gearbox, At is the unit measurement

time, and ng,,; is the calculated rotational speed of the motor shaft. For calculating

num,,, an interrupt counting method using a microcontroller is employed. Each pulse
corresponds to a high voltage signal. The motor’s feedback pulse voltage data line is
connected to a pin on the microcontroller. Every time this pin receives a high voltage
signal, an interrupt is triggered, and the pulse count is incremented by 1. The unit
measurement time for the interrupt program is set to 0.5 seconds. Once the pulse
count is obtained, it is divided by the corresponding factor to calculate the motor shaft
speed. The results of the rotational speed variation of the four motors in the spiral

wheel contraction process are shown in Figure S5(B).
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After obtaining the relationship between the contraction motor speed and time, the
motor’s rotational angle over time was determined by integrating the speed, as shown
in Figure S10(A). Motor 1 and 2 are contraction motors from the same contraction
unit, controlling the wheels on one side of the robot, while Motor 3 and 4 control the
wheels on the opposite side. Due to the robot’s center of gravity not being perfectly
aligned with the geometric center and the limitations of the manufacturing process,
the resistances encountered by the two wheels during the contraction are not exactly
the same. This results in slight differences in the angular changes of the motors in
each unit during contraction. The software ImagelJ was used to extract the rotation

angle of a point on the edge of the spiral wheel around its center, as well as the



variation of the wheel’s radius over time. Detailed instructions for using the software
can be found in the Methods section of the main text. After specifying a reference
length in the provided image, this tool can measure both the length and angle of lines
formed by pixel points in the image. The relationship between the spiral wheel’s edge
rotation angle and its radius with respect to the contraction motor’s rotation angle is
shown in Figures S10(B) and S10(C). The relationship between the spiral wheel’s
radius and the edge rotation angle is depicted in Figure S10(D), indicating that the

radius and edge rotation angle exhibit a nearly linear relationship.

Supplementary Text 7: The rigid wheel-based standing balance control method
for robots
When the robot maintains an upright posture, the hip joint motors are locked to keep
the leg linkage mechanism fixed. In this state, the robot can be effectively modeled as
a two-wheeled self-balancing robot. With rigid wheels, a Linear Quadratic Regulator
(LQR) is used to control the robot’s balance and speed!*. First, the spatial state
equations of the robot are formulated, as shown in Equation (7):
x(t) = Ax(t)+ Bu(t) (7)
For the robot’s balancing system, the speed, tilt angle, and tilt angular velocity are
treated as state variables. As a result, the above equation can be transformed into the
form shown in Equation (8). Here, x; represents the x-coordinate of the contact point,
with the x-axis indicating the robot’s direction of travel; ¢ is the tilt angle of the
robot’s legs; and 7,,is the input torque.
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In Equation (8), the following relationships hold, where M is the total weight of the
robot, m,, is the weight of the robot excluding the wheels, 7 is the radius of the rigid
wheel, L is the total length of the robot, b is the ground friction coefficient, 7, is the
rotational inertia of the rigid wheel, I, is the moment of inertia of the robot’s body
around the y-axis, and /, is the moment of inertia of the robot’s body around the

Z-axis.
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When the robot maintains balance and travels at a speed of v, the legs remain in a
vertical position, resulting in a tilt angular velocity of zero. This leads to the
relationships x=v,.r and ¢=0. The system’s steady-state variables are x=F(v,s), and
the steady-state control input is u;=G(v,,). By introducing new state variables
Ax=x—x; and new system inputs Au=T,~u,, the new system state equations can be

derived, as shown in Equation (19).
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The optimal control input can be obtained from Equation (20).
u=u, —kAx (20)
The functions F and G are defined as follows:
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The optimal control gain matrix K is determined by solving the corresponding
discrete-time algebraic Riccati equation, given by Equation (23), where Q and R are
positive semi-definite weighting matrices. The resulting K is expressed in Equation
(24).

P=APA-APBR+B'PB'BPA+Q  (23)
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Supplementary Text 8: Energy consumption testing of the contraction
mechanism and a comparison of the robot’s energy consumption under different
wheel configurations.

A quantitative analysis of energy consumption was conducted, and the energy
consumption of the contraction mechanism was first analyzed. The contraction
mechanism is powered by an independent lithium battery, which does not rely on the
central power supply of the robot. To quantify energy consumption, this study
employs a straightforward method by monitoring the battery voltage. The fully
charged lithium battery has an output voltage of 12.3 V and a capacity of 2800 mAh.
The mechanism was operated repeatedly to switch the flexible wheel between its fully
expanded and contracted states. The number of switching cycles and the
corresponding battery output voltage were recorded during operation. The results,
shown in Figure S13(A), demonstrate a linear decrease in the output voltage of the
battery as the number of switches increases. After 100 expansion-contraction cycles,
the battery voltage decreased from 12.3V to 10.8V. The discharge process of the
lithium battery follows a constant current discharge characteristic, as depicted in
Figure S13(B). With an output current of 1A, the battery voltage rapidly drops to OV
once the output voltage reaches 8.5V, indicating complete depletion of the battery’s
energy. During discharge, the battery’s voltage decreases linearly with energy
consumption. The area enclosed by the curve and the horizontal axis represents the
energy consumed. At an output voltage of 10.8V, the battery has not yet been fully
depleted. The total energy capacity of the battery is approximately 22.8Wh (82.1kJ),
as provided by the manufacturer. Therefore, it can be inferred that the energy

consumed per switch during the 100 cycles is less than 0.821kJ.



For the energy consumption testing of the robot during travel in different wheel
configurations, a similar approach was employed to measure the relationship between
the output voltage of the robot’s power supply and the travel distance. The results are
presented in Figure S13(C). A flat concrete surface was selected as the driving
environment for this experiment, as it provides better control over environmental
consistency compared to terrains such as grass, thus minimizing the impact of
unknown variables. The robot’s motors were set to operate at maximum power
throughout the experiment. The results show that with the wheels in the expanded
state, the robot’s maximum travel distance was 2.5 km, at which point the battery’s
output voltage dropped sharply to 5.7V. In contrast, with the wheels in the contracted
state, the maximum travel distance increased to 4.4 km. This represents an obvious
improvement in energy efficiency, with the contracted wheel state achieving
approximately 1.76 times better energy utilization. These results confirm the validity
of the initial design concept, wherein the expanded wheel state is employed for
obstacle traversal, while the contracted state is optimized for low-energy, high-speed

travel.

Supplementary Text 9: Fatigue and wear testing of wheel materials.

To assess the reliability of the wheel structure, fatigue and wear tests were conducted.
The fatigue properties of the TPU83 material were used to assess the overall fatigue
behavior of the structure, given the limitations of the experimental equipment. The
region experiencing the highest alternating stress within the wheel structure is the
outer rim. As detailed in the main text, the contract simulation was employed to
determine that the maximum local stress at the outer rim is 1 MPa. Based on this
stress value, uniaxial tensile fatigue testing was performed on the material, as
illustrated in Figure S14(A). During the fatigue tests, triangular wave loading was
applied to the sample, with a peak stress of 1 MPa and a stress ratio of 0.1 between
the minimum and maximum stresses. Considering that the entire shape-switching
cycle of the wheel takes approximately 28 seconds, around two shape changes occur
per minute. To ensure safety, the loading frequency for the fatigue test was set to
three cycles per minute, for a total of 1000 cycles. The results, presented in Figure

S14(B), show that after 1000 loading cycles, the test sample exhibited no significant



plastic deformation or crack formation. The initial length of the sample was 170 mm,
and after the test, its measured length remains approximately 170 mm, confirming that
the use of this material in the design is both reasonable and reliable.

The wear characteristics of the wheel were also evaluated based on the material’s
wear properties. Initially, a standard friction specimen was developed, and
reciprocating friction tests were conducted to analyze wear parameters. The spherical
contact friction method was employed during the experiment, utilizing a 5 mm
diameter ball made of silicon nitride. Prior to the experiment, it was necessary to
determine the force exerted on the friction head during the friction process. As
analyzed in the main text, the contact pressure when the wheel interacts with the
ground was found to be highest when the wheel is in the contracted state, reaching 1.2
MPa. Based on this contact pressure, the pressure exerted by the friction head on the
flat surface of the specimen was maintained at this level. To calculate the required
force on the friction head to sustain this contact pressure, finite element simulation
was implemented. The setup for the contact simulation is shown in Figure S15(A).
When an applied force of 0.8 N was used, the resulting contact simulation, shown in
Figure S15(B), indicated that the average pressure within the contact area approached
1.2 MPa.

The test was first conducted under typical driving conditions, applying a force of 0.8
N to the friction head, with a test distance of 10 mm and 43,200 friction cycles. After
completing the friction test, 3D profilometry scans were performed on the sample to
measure its volume loss. The results of the 3D scan under typical driving conditions
are shown in Figure S15(C), where the surface of the specimen was sampled at
various points. Based on these measurements, the depth of the wear marks was
calculated, as depicted in Figure S15(D). This graph illustrates the variation in wear
depth across the width direction in the middle region of the specimen. The results
indicate that the maximum wear depth did not exceed 50pum. Due to the minimal wear,
which was below the resolution capacity of the scanning device, the wear volume
could not be accurately calculated. In addition to the test under typical driving
conditions, wear was also tested under more severe and complex driving
environments. For scenarios involving intense contact, such as collisions and obstacle
crossings, the force on the friction head was increased to 5 N, while maintaining the
same number of friction cycles and distance. The wear test results, followed by 3D

profilometry scans of the specimen, are presented in Figure S15(E). The 3D scan



results showed a wear volume of 0.628 mm?, which is very small relative to the
overall volume. Furthermore, mass loss before and after the test was compared, as
shown in Figures S15(F) and S15(G). The initial mass was 15.512 g, and the post-test
mass was 15.502 g, resulting in a mass loss of 0.010 g, or approximately 0.061% of
the original mass—an extremely small reduction. The depth of the wear marks along
the width direction of the middle region of the specimen after wear is shown in Figure
S15(H). The results indicate that increasing the force to 5 N led to a wear mark depth
of up to 120um, but the overall wear volume remained minimal. The friction test
results demonstrate that the use of TPUS3 as the material for the proposed wheel

design is both reasonable and reliable.

Supplementary Text 10: Analysis of the motion performance of the wheel in its
intermediate state.

The stiffness of the wheel at different intermediate states was tested. The wheel was
mounted on a test bench during the experiment, and the driving mechanism was
employed to contract the wheel to various diameters. Compression tests were
performed, and displacement-load curves were obtained to analyze the variation in
stiffness, with the results presented in Figure S16(A). The results indicate that during
the initial phase of diameter reduction, the radial stiffness of the wheel remains
relatively unchanged. However, once the diameter reaches 30 mm, an obvious
increase in radial stiffness is observed. This can be attributed to the fact that, during
the early stages of contraction, the gaps between the spokes are not fully compressed,
leaving considerable space between them. The radial stiffness of the wheel has a
direct influence on the contact deformation with obstacles. In the expanded state, the
wheel’s ability to overcome obstacles is primarily based on its inherent flexibility,
allowing it to deform upon contact and adapt to the contours of the obstacles, thus
preventing it from becoming stuck during movement. As the diameter decreases in the
later stages, the stiffness increases sharply, leading to a marked reduction in contact
deformation. At this point, the wheel behaves similarly to a conventional rigid wheel.
Based on the analysis of the stiffness variation above, further performance analysis of
the wheel’s intermediate states was conducted. From the perspective of speed and

driving stability, the tighter the wheel contracts, the closer its performance is to that of



a traditional rigid wheel. This results in lower rolling resistance and higher stability.
As shown in the experimental results in Figure 3C, the ride roughness corresponding
to the fully contracted state of the wheel is remarkably smaller than that in the
expanded state. Therefore, if speed and stability are prioritized, the fully contracted
state is the best choice. From the perspective of obstacle-crossing capability, although
there is no obvious change in radial stiffness during the initial phase of diameter
reduction, one critical parameter is changing—the ratio of the wheel’s radius to the
vertical height of the obstacle. The larger the radius of the wheel relative to the
obstacle height, the easier it is to cross the obstaclel>71. In vehicle dynamics, for a
given wheel’s radius, the maximum obstacle-crossing height generally follows the
universal relationship shown in Equation (25)3],

hy=r—h,,—(r—h)u (25)

where 7 is the wheel’s radius, /., is the soil penetration depth, 4, is the deformation
of the wheel at the obstacle edge, i is determined by the load on the wheel and the
manner in which it contacts the obstacle. In the same robot and driving scenario, the
main parameters determining the maximum obstacle-crossing height are the wheel
radius and edge contact deformation. During the early stages of the wheel’s shape
change, since stiffness variation is minimal, it can be assumed that the contact
deformation remains approximately constant. Thus, the only factor determining the
obstacle-crossing limit is the wheel’s radius. When the wheel is in its fully expanded
state, the radius is maximized, and its obstacle-crossing capability is strongest.
Therefore, using this configuration for obstacle-crossing is the optimal choice.
Considering the control complexity and the work we plan to carry out in the next
phase, our research focuses only on the two extreme states of the wheel. This decision

minimizes other development issues while ensuring practical applicability.

Supplementary Text 11: Analysis of the scalability and generalizability of the
wheel design.

Analysis of the scalability and generalizability of the wheel design was also
conducted in this study. The original wheel featured a central mounting hole diameter

of 144 mm, an outer diameter of 412 mm, a spoke thickness of 6.5 mm, and 28 spokes.



To examine its scalability, all parameters except the central mounting hole diameter
and outer diameter were kept constant. These two dimensions were varied as they
represent the size of the platform on which the wheel can be mounted and the size of
the wheel itself. Given the substantial time and economic costs associated with
physical manufacturing, finite element simulation methods were employed for
validation. In the simulation, the central mounting hole diameters were set to 104 mm,
144 mm, and 184 mm, with corresponding outer diameters of 372 mm, 412 mm, and
452 mm. The results, presented in Figures S17 to S19, indicate that for wheels with
varying mounting and structural dimensions, both the feasibility of shape transitions
and the stiffness variation before and after shape adjustments yield reasonable
outcomes. For other mobile platforms, appropriate adjustments to the overall

structural and mounting dimensions can achieve the desired performance.

Supplementary Text 12: Selection of rope material and analysis of strength and
wear resistance.

The driving force required to alter the configuration of the wheel is first estimated
using simulation methods, as detailed in the Materials and Methods section. To drive
the wheel’s contraction, pressure is applied in the fixed area of the spokes within the
simulation. For a wheel with a spoke thickness of 6.5mm, 28 spokes, and an outer
ring thickness of 2mm, the minimum pressure necessary to achieve full contraction is
found through simulation to be 0.014 MPa. The pressure application area is
approximately 22mm in length and 52mm in width (equivalent to the wheel thickness),
resulting in an area of 1144 mm?. Based on this, the estimated force exerted by the
rope on each spoke is around 16N. Given that a single motor drives the contraction of
14 spokes, the total pulling force required from one motor is approximately 224N.
Considering the need for the rope to possess high strength, excellent wear resistance,
and other critical properties, while maintaining an economical cost, commercially
available nylon ropes were selected. Stretching tests were conducted on several nylon
ropes of different diameters, and the results are presented in Figure S20(A). Due to
the rope’s structure being composed of fluffy fibers, it becomes more compact after a
period of stretching, causing the tangential stiffness to slightly increase during the

latter half of the stretch. However, the entire process remains elastic. As indicated in



the figure, the 1.5mm diameter rope failed under a load of less than 200N, making it
unsuitable for the driving mechanism. Conversely, the 2mm and 2.5mm diameter
ropes require breaking forces exceeding 300N, which are theoretically within the safe
range. However, due to the limited size of the winding pulley, larger diameter ropes
would require a larger winding pulley. Therefore, a 2mm diameter nylon rope was
selected in the final design.

Rope wear was considered during the design phase. As illustrated in Figure S20(B), a
cross-sectional analysis of the wheel reveals a distinct spatial distribution of the rope’s
path, indicated by the yellow markings on the spokes. This trajectory helps prevent
excessive bending of the rope, which would otherwise increase friction. This design
effectively mitigates the adverse effects of friction. During testing, however, obvious
wear was observed in certain localized areas. In response, isolating pad sleeves were
added in these high-friction regions to prevent direct contact between the rope and the
wheel. These sleeves are fabricated from high-strength, wear-resistant material, which
substantially reduces wear between the rope and the wheel. In summary, both the
strength and wear resistance of the rope were thoroughly addressed during the design

phase to ensure the proper functioning of the mechanism.

Supplementary Text 13: Motor control process.

After obtaining the results of the motor speed variation during the contraction process
(as shown in Figure S5(A)), it can be observed that the motor speed approaches
approximately 0.06 /s at the end of contraction. Accordingly, this value is adopted as
the threshold for motor speed control in this study to regulate the motor’s start and
stop. The motor control flow is illustrated in Figure S5(B): the microcontroller in the
contraction mechanism receives different signals and executes corresponding actions.
During the motor’s forward rotation, the speed threshold is employed to determine
whether the motor needs to stop. If the speed drops below this threshold, the motor is
deemed overloaded and stops immediately. During reverse rotation, a time threshold
is used to judge the motor’s stop condition; if the rotation time exceeds this threshold,

the motor power is cut off, and the motor ceases operation.



Supplementary Text 14: Analysis of vibration test results for the wheel in
expanded state during forward and reverse travel

In the expanded state, the Z-axis acceleration in the forward direction is substantially
higher than in the reverse direction. The Z-axis acceleration for forward motion is
distributed within +£20 m/s?, while for reverse motion, the values are similar to those
in the contracted state, ranging within +5 m/s?. The noticeable difference in Z-axis
acceleration between forward and reverse motion at full speed in the expanded state is
manifested as much greater bumpiness during forward motion compared to reverse
motion. The cause of this difference lies primarily in the rotational direction of the
spiral wheel’s outer teeth. During forward motion, the ground reaction force opposes
the direction of the teeth’s rotation, leading to a complex deformation phase during
the wheel-ground contact. This results in a larger excitation force transmitted to the
robot system, whereas in reverse motion, the ground reaction force aligns with the
rotation direction of the teeth, generating smaller excitation forces and, consequently,
less bumpiness. Although forward motion at high speeds exhibits greater bumpiness,
the interaction between the wheel teeth and the ground is more conducive to obstacle
negotiation, since obstacle traversal typically occurs at low speeds. This result has
practical implications for subsequent motion control; for example, with the spiral
wheel in its expanded state, forward motion can be fully utilized for obstacle traversal,
while reverse motion can be employed to navigate through relatively flat terrain

between obstacles.
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Supplementary Figure 1. Simulation models for contraction and radial compression
of the spiral wheel. (A) Simulation method for the contraction of the spiral wheel: Six
degrees of freedom at the center hole of the spiral wheel are fixed, and a uniform
pressure is applied at the same position along each wheel spoke. (B) Simulation
method for radial compression of the spiral wheel: Six degrees of freedom at the
center hole are fixed, a reference point is coupled with a rigid plane, and displacement

loading is applied at this reference point.



Supplementary Figure 2. Measurement method for Z-axis acceleration during
movement. The MPU6050 inertial sensor is mounted on the top of the robot and
powered independently. Using the built-in Bluetooth communication feature of the
ESP32 microcontroller, the data collected by the sensor is transmitted to the display
terminal.(Photographed by the authors).
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Supplementary Figure 3. Study on the structural parameters of the spiral wheel. (A)

The effect of the outer rim thickness of the spiral wheel on the external force required

for wheel contraction and the unevenness of the outer rim after contraction. (B) The

effect of the external force on the contraction degree of the spiral wheel with different

spoke thicknesses. (C) The effect of the external force on the contraction degree of the

spiral wheel with different outer rim thicknesses.



Supplementary Figure 4. Spiral wheel contraction simulation and experiment. (A)
Simulation results of spiral wheel contraction. (B) Experimental results of spiral

wheel contraction(Photographed by the authors).
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Supplementary Figure 5. Control process and speed measurement of the contraction
motor. (A) Speed measurement of the motor during the contraction of the spiral wheel.

(B) Control flow of the motor.
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Supplementary Figure 6. Grounding parameter results of the spiral wheel mounted
on the robot. (A) Ground pressure distribution contour map of the spiral wheel in the
expanded state. (B) Ground pressure distribution contour map of the spiral wheel in

the contracted state. (C) Grounding parameter results of the spiral wheel.
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Supplementary Figure 7. Spiral wheel and its contraction mechanism. (A) The
contraction mechanism of the spiral wheel, which primarily includes a contraction
motor, a winding pulley, a lithium battery, and a control microcontroller
(ESP32)(Photographed by the authors). (B) An assembled view of the contraction
mechanism and the spiral wheel, where the force from the motor in the mechanism is

transmitted to the spiral wheel via a fine rope. (Photographed by the authors).
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Supplementary Figure 8. Installation process of the spiral wheel and robot. The
installation process consists of three main steps. The first step is to mount the spiral
wheel onto the hub motor. The installation hole of the spiral wheel and the hub motor
are press-fitted, effectively preventing relative slippage between the wheel and the
motor. The second step involves assembling the contraction device. The components
inside the contraction device are secured to the base plate using bolts and nuts, while
the base plate is fixed to the hub motor with screws. The installation between the base
plate and the hub motor also helps to compress and prevent slipping of the spiral
wheel. The third step is to combine the two previously assembled parts, resulting in a

fully integrated robot with the spiral wheel.
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Supplementary Figure 9. Experimental measurement of the constitutive model for
TPUS83 material. (A) Uniaxial tensile testing of TPU standard specimens on a testing
machine, combined with a video extensometer(Photographed by the authors). (B)
Model dimensions and physical appearance of the standard specimens. (C) Nominal
stress-strain curve obtained from the uniaxial tensile test of the standard specimens.
(D) Fitting results of experimental data using various constitutive models in Abaqus.
The Mooney-Rivlin model was found to best match the experimental data, and the
material parameters determined from this model were used for subsequent

simulations.
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Supplementary Figure 10. Variation of the contraction motor’s angle over time and
the relationship between the spiral wheel radius and edge angle. (A) The change in the
motor angles over time during the contraction process for the four motors. (B) The
relationship between the edge angle of the spiral wheel and the contraction motor
angle. (C) The relationship between the radius of the spiral wheel and the contraction
motor angle. (D) The relationship between the radius of the spiral wheel and the edge

angle.
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Supplementary Figure 11. Measurement of Z-axis acceleration during full-speed
forward and reverse motion of the robot with the spiral wheel. (A) The relationship
between the robot’s forward and reverse motion directions, the ground reaction force
direction, and the rotational direction of the spiral wheel’s teeth during forward and
reverse travel. (B) Z-axis acceleration during forward and reverse motion with the
spiral wheel in its contracted state. In the contracted state, there is no noticeable
difference in the Z-axis acceleration between the two motion directions, with the
acceleration distributed within £5 m/s?. (C) Z-axis acceleration during forward and

reverse motion with the spiral wheel in its expanded state.
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Supplementary Figure 12. Experimental setup for robot stair climbing. (A) Stairs
used for the robot climbing experiment. The stairs are symmetric, with three steps
each for both the ascent and descent sections. (B) The wheel hub height above the
ground after the spiral wheel is installed is 16 cm. (C) The height of a single step is 12
cm. (D) The width of a single step is 34 cm. (E) The length of a single step is 114
cm.(Photographed by the authors.)
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Supplementary Figure 13. Energy consumption analysis during wheel configuration
switching and travel in different states. (A) Relationship between the output voltage
of the lithium battery in the contraction mechanism and the number of wheel
configuration switches. (B)According to the data provided by the manufacturer, the
relationship between the output voltage of the lithium battery and its operating time in
the contraction mechanism. (C) Comparison of the robot’s maximum travel distance
at full speed with the flexible wheel in the expanded and contracted

states(Photographed by the authors).
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Supplementary Figure 14. Fatigue testing stress loading method and length of the
specimen after testing. (A) The fatigue test employs a triangular wave stress loading
method, with a total of 1,000 loading cycles applied. (B) The length of the specimen
after undergoing fatigue testing(Photographed by the authors).
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Supplementary Figure 15. Simulation and experimental results of the wear tests. (A)
Simulation setup in Abaqus for calculating the required force on the friction head
during the experiment. (B) Simulation results for calculating the force to be applied
on the friction head. (C) 3D profilometry scan of the specimen after the wear test
under a force of 0.8 N on the friction head. (D) Variation in wear depth across the
width direction in the middle region of the specimen after the 0.8 N wear test. (E) 3D
profilometry scan of the specimen after the wear test under a force of 5 N on the
friction head. (F) Mass of the specimen before the 5 N wear test(Photographed by the
authors.). (G) Mass of the specimen after the 5 N wear test(Photographed by the
authors.). (H) Variation in wear depth across the width direction in the middle region

of the specimen after the 5 N wear test.
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Supplementary Figure 16. Stiffness analysis and experiment of intermediate states
of the flexible wheel. (A) The variation in radial stiffness of wheels with different

diameters. (B) The schematic comparison of the gap between the spokes in the initial
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phase(Photographed by the authors).
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Supplementary Figure 17. The generalizability analysis of wheels with a 104mm

mounting hole diameter.
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Supplementary Figure 18. The generalizability analysis of wheels with a 144mm

mounting hole diameter.
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Supplementary Figure 19. The generalizability analysis of wheels with a 184mm

mounting hole diameter.
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Supplementary Figure 20. Rope tension testing and the spatial distribution of ropes.
(A) The relationship between tension and displacement during the rope stretching
process. (B) The spatial trajectory distribution corresponding to the interaction
between the rope and the wheel, along with the positioning of the isolating pad

sleeves added to prevent excessive local wear.



Supplementary Table 1.

Comparison of performance in existing robots

Obstacle-
Towe | Mepbor | Hupax Maximum
Ref Type n crossing
(N'm) | (kg) (m) speed (m/s)
capability
Rigid i}
[9] 2 2.16 1.50 0.28 [0.95 0.32
reconfigurable
Rigid .
[10] 2 1.40 2.00 0.12 ]0.84 0.94
reconfigurable
Rigid i i
[11] 2 1.20 1.23 0.10° | 0.50 1.95
reconfigurable
Rigid
[12] 4 17.00 | 1580 |0.24 |0.54 3.15
reconfigurable
Rigid
[13] 4 3.04 2.80 023 10.52 0.53
reconfigurable
Rigid . i}
[14] 4 9.70 23.00" [ 0.10 | 0.58 0.72
reconfigurable
Rigid
[15] 4 2450 | 13.00 |0.22 ]0.29 0.30
reconfigurable
Rigid
[16] 2 0.36 0.70 0.13 |1.25 0.80
reconfigurable
Flexible . .
[17] 4 1430 14.00" [ 0.18 | 1.44 0.83
reconfigurable
Flexible . .
[18] 2 1.5e-3" | 4.5¢-3 | 0.02" | 0.22 0.68
reconfigurable
Flexible .
[19] 2 0.50 0.28 0.05 ]0.14 0.20
reconfigurable
Non-reconfigu .
[20] 2 78.00 | 78.00 |0.20 |0.98 1.00
rable
Non-reconfigu
[21] 4 0.50° | 1.00" |0.08 |0.41 1.00"
rable
Non-reconfigu . . .
[22] 4 0.10 0.30 0.10" | 0.74 0.13
rable
Flexible
This work 2 9.60 22.00 [0.13 |1.66 2.50
reconfigurable




The parameter calculations are directly based on the data provided in the paper. For
data not explicitly given, inference is applied. For instance, the maximum driving
torque and maximum travel speed are determined by referencing the motor model
mentioned in the paper and querying the corresponding product performance
specifications. With the motor performance parameters, the robot’s ideal maximum
speed can be inferred based on the motor’s rated speed and the robot’s wheel diameter
[9,10,11,14,19,20,21]. The driving torque is then selected according to the motor’s
maximum output torque [17,18,21,22]. In the case of the maximum obstacle-crossing
height, when not mentioned in the article, the wheel radius is used as a substitute
[11,18,22]. Theoretically, when using wheel-based rolling, the maximum
obstacle-crossing height is equal to the wheel radius. For the total robot mass, which
is not explicitly mentioned, the paper typically provides the mass of a single modular
wheel. The total robot mass is estimated by multiplying the wheel mass by the
number of wheels and adding an estimated body mass [14,17,21,22], with the
estimated weight rounded up to the maximum value based on real-world objects. (The
data marked with an asterisk (*) in the table indicates values derived through

inference)

Supplementary Table 2. Ground contact coefficients of the spiral wheel in two

different states

Grounding | Grounding Average Pressure
Wheel Grounding

length width pressure | skewness
status coefficient

(mm) (mm) (Mpa) (Mpa)
Expanded

132.72 52 2.552 0.168 0.208
state
Contracted

78.24 52 1.505 0.228 0.359
state




Supplementary Movie 1.
Radial Compression Test of the Spiral wheel in Its Expanded State: The spiral wheel
is not contracted and is fixed onto the clamp of the testing machine. The compression

rate of the machine is set to 5 mm/min.

Supplementary Movie 2.
Radial Compression Test of the Spiral wheel in Its Contracted State: The spiral wheel
is first fixed onto the clamp and then contracted. The same compression rate as used

in the expanded state is applied during this test.

Supplementary Movie 3.
Spiral wheel Contraction Test: The spiral wheel is fixed onto a clamp on the testing
machine. Under the external tension of a fine rope, the spiral wheel contracts into a

relatively round shape, resembling a compact wheel.

Supplementary Movie 4.

Bluetooth-Controlled Transition of the Spiral wheel from Expanded to Contracted
State: The robot remains in an upright position. A command is sent from the control
unit to initiate the contraction mechanism. Upon receiving the contraction command,
the spiral wheel smoothly transitions from its expanded to contracted state, without

affecting the robot’s standing balance during the entire process.

Supplementary Movie 5.

Bluetooth-Controlled Transition of the Spiral wheel from Contracted to Expanded
State: After the spiral wheel has contracted, a release command is sent from the
control unit to the mechanism. Upon receiving this command, the spiral wheel
smoothly transitions from its contracted to expanded state. Similarly, the robot’s

standing balance remains unaffected.

Supplementary Movie 6.

Robot Stair Climbing Test with Spiral wheel: The robot follows a stair climbing
strategy controlled from the control unit. First, the spiral wheel makes contact with
the stairs, followed by the robot’s body tilting forward for a short distance. The robot

then jumps, successfully overcoming the stairs. Thanks to the cushioning effect of the



spiral wheel, the robot can also descend the stairs smoothly, without any risk of

tipping over during the descent.

Supplementary Movies 7 and 8.
Robot Traversing a Dirt Slope and Stone Path: The robot operates in the
obstacle-crossing mode with the spiral wheel in its expanded state, successfully

navigating a dirt slope and stone path.

Supplementary Movie 9.
Robot Traversing Grass Terrain: In the obstacle-crossing mode with the spiral wheel

expanded, the robot can also navigate grass terrain without any issues.

Supplementary Movie 10.
Robot High-Speed Mode with Spiral wheel: When the spiral wheel is switched to
high-speed mode (contracted state), the robot can travel at full speed smoothly,

without any noticeable bouncing or instability during the movement.

Supplementary Movie 11.
Robot Traversing Wooden Stairs in the Park: Using its stair climbing strategy, the
robot successfully climbs a wooden staircase in a park with steps approximately 12

cm high.
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