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RWD-DOF: a dual-degree-of-
freedom reconfigurable wheel
design for improved robotic
mobility

Yanijie Liu, Yanlong Wei"™*, Tong Feng, Chao Wang & Heng Wu

Wheeled mobile robots are efficient on flat surfaces but face limitations in overcoming obstacles like
steps due to their fixed wheel radius. This paper presents a novel modular reconfigurable wheel with a
dual-degree-of-freedom active reconfigurable mechanism, designed to adapt dynamically to varying
step sizes. The wheel’s structure includes three curved segments, whose synchronized motion is driven
by five-bar linkages and two planetary gear systems. By analyzing the kinematic constraints and both
forward and inverse kinematics of the reconfigurable wheel, we established the range of dimensions

it can surmount over steps, specifically focusing on height and depth, as well as the relationship

with the output angles g, and g- of the two motors driving the reconfiguration. Simulations using
ADAMS software demonstrates the wheel’s capability to maintain smooth, continuous center-of-mass
movement over steps and stairs. Moreover, physical prototype testing further confirms the feasibility
and advantages of the proposed wheel structure. This adaptive design significantly enhances the
performance of wheeled robots in navigating complex environments, offering promising potential for
applications in challenging terrain.

Keywords Modular reconfigurable wheel, Dual-Degree-of-Freedom mechanism, Kinematic analysis,
ADAMS simulation, Step-like obstacles navigation

With the rapid development of mobile robot technology, its applications are expanding, especially in military
scenarios such as urban counter-terrorism, rescue operations, nuclear radiation detection, and fire search
and rescue?. In these dangerous environments, deploying mobile robots instead of personnel significantly
reduces the risk of unnecessary casualties. However, the military field presents not only highly complex and
hazardous operating conditions, but also demands that mobile robots respond swiftly and adapt to dynamic
environmental changes. These factors pose significant technical challenges for mobile robots, particularly in
terms of environmental adaptability, mobility, and task efficiency®>.

Currently, mobile robots can be categorized into three main types: tracked, legged®, and wheeled, each with
distinct advantages’. On structured, flat surfaces, wheeled robots are favored for their efficiency, low energy
consumption, and ease of control®’. However, obstacles like steps and stairs often become major challenges for
wheeled robots, especially when their wheel radius is limited, hindering efficient traversal!?. Tracked robots,
while capable of overcoming such obstacles with rocker arm mechanisms, suffer from high energy consumption
and lower motion efficiency!!%. Legged robots, though adept at crossing steps due to discrete support points,
face high control complexity, making it difficult to match the locomotion efficiency of wheeled robots!>.

To address these challenges and enhance the adaptability of mobile robots in complex environments,
particularly when encountering steps and stair-like obstacles, while maintaining efficient movement on flat
surfaces, this paper introduces a mobile robot equipped with a dual-degree-of-freedom reconfigurable wheel.
This design allows the robot to retain the efficient motion characteristics of traditional wheeled robots on flat
terrain. When faced with obstacles such as steps, the Reconfigurable wheel can actively adjust its radius and rim
deflection angle, enabling a wheel-leg hybrid motion, which ensures smooth and efficient traversal of various
step-like obstacles.

The main contributions of this paper are as follows:
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A novel dual-degree-of-freedom active modular reconfigurable wheel is developed, featuring synchronized
movement of a three-segment rim through a parallel five-bar mechanism combined with a planetary gear
system.The adjustable radius (r) and rim deflection angle (6) allow the wheel to actively deform and adapt to
different obstacle sizes, offering optimal performance on both flat surfaces and varied step-like obstacles. This
dual-functional design enhances both energy efficiency and speed on flat terrains, while ensuring smooth
and adaptive traversal over complex obstacles. Additionally, the modular structure enables easy integration
into existing wheeled robot platforms, offering scalability, reduced maintenance complexity, and enhanced
adaptability across a range of robotic systems.

o The kinematic model and motion constraints of the reconfigurable wheel are thoroughly analyzed, including
both its forward and inverse kinematic properties. This analysis defines the reconfiguration constraints and
derives the range of variation for the input variables, enabling the determination of step sizes the wheel can
traverse. Furthermore, the relationship between obstacle dimensions and corresponding input variables is
established, ensuring precise adaptation to varying step sizes.

« Simulation and physical prototype experiments were conducted to validate the reconfigurable wheel’s per-
formance. A detailed simulation model in ADAMS demonstrated the wheel’s ability to dynamically adapt
to various step sizes, successfully performing tasks such as ascending and descending stairs and crossing
double-sided steps without altering the vehicle’s direction. The physical prototype tests further validated the
wheel’s structural integrity and superior real-world performance, confirming its robustness and effectiveness
in overcoming step-like obstacles. Results of simulation and experimental highlight the wheel’s practical ap-
plication potential in challenging environments.

The remaining structure of this paper is organized as follows: In section “Related work’, we review existing
research and prominent solutions related to reconfigurable wheel designs. Section “Modular reconfigurable
wheel design with adaptive dual-degree-of-freedom mechanism” introduces the concept of the dual-degree-of-
freedom reconfigurable wheel and its theoretical implementation. In the mechanical structure design of the active
reconfigurable wheel is discussed in detail, and a mobile robot with reconfigurable capability is designed based
on this concept. Section “Kinematics of reconfigurable wheels” analyzes the forward and inverse kinematics
models of the reconfigurable wheel, along with its motion constraints. Section “Simulation and experimental
studies” validates the surmounting ability and structural integrity of the reconfigurable wheel through ADAMS
simulation and physical prototype experiments. Finally, in section “Conclusions’, we summarize the research
findings and outline future work directions.

Related work

Stairs and steps are common obstacles in daily life, and developing mobile robots capable of overcoming these
obstacles holds both significant academic value and practical potential. However, since steps and staircases
make up only a small portion of flat ground, the ideal robot must not only efficiently cross these obstacles
but also maintain high performance on smooth, structured surfaces. To address this dual requirement,
researchers have proposed various strategies aimed at combining the efficient locomotion of wheeled robots
on flat surfaces with the ability to navigate steps, leading to important breakthroughs. Early studies introduced
mobile robots with shaped wheel structures, where circular rims were divided into multiple sections to enhance
adaptability to uneven terrain. Notable examples include ASGUARD!*-!6, amphibious miniature robots'’, the
RHex-style hexapod'®2!, the Levo mobile robot?>-?, and FleTbot*. While these robots gradually improved
trajectory smoothness when crossing steps and reduced reliance on external factors such as friction, they often
experienced significant bumps during movement on flat surfaces, affecting efficiency and stability. To address
these issues, reconfigurable wheels were developed. Unlike shaped wheels, reconfigurable wheels can smoothly
and efficiently move on flat surfaces in their circular form, while transitioning into a “wheel-leg” configuration
when encountering obstacles, thus enhancing their ability to cross complex terrain.

Current research on reconfigurable wheels can be broadly categorized into two types: passive reconfigurable
wheels and active reconfigurable wheels. Passive reconfigurable wheels rely on friction between the wheels and
the ground or steps, combined with a trigger mechanism, to alter their shape and achieve obstacle-crossing
capabilities. Notable examples of such designs include the Land Devil Ray*’, WheeLeR*?, o-WaLTR*’, Wheel
Transformer®"*2, Shape-Morphing Robot*?, Cylindabot, the deformed wheel-based robot by Manhong Li*>*,
and the reconfigurable wheel-legged mobile robot by Shuo Zhang et al.*”. While these designs perform well on
flat surfaces and can cross steps using a wheel-legged configuration, they depend heavily on external friction to
trigger the reconfiguration process. This reliance on external factors results in poor stability and inconsistent
success rates during reconfiguration, introducing uncertainty into the system and limiting their overall reliability
in dynamic environments.

To address the uncertainty of passive reconfiguration wheels during the reconfiguration process, active
reconfiguration wheels became a new research focus. These wheels achieved controllable reconfiguration through
motorized actuation, significantly reducing dependence on the external environment. A notable example was
the Quattroped wheel-legged robot®, which improved step-crossing ability by morphing a circular wheel into
a semi-circular shape via a gear mechanism. However, the need for the robot to briefly stop and adjust its wheel
morphology while traversing consecutive stairs reduced task efficiency. To address this, the team developed
the TurboQuad mobile robot, which eliminated the need to pause by optimizing its design. Nevertheless, it
still relied on friction between the wheels and the step edge to overcome obstacles®®0. Other designs, such as
SWhegPro*!' and R-Taichi*, shared similar step-overcoming principles to TurboQuad, differing mainly in the
structures that drove wheel shape changes. However, they suffered from the same limitations regarding efficiency
and dependence on friction. Additionally, some wheel-leg structures, like OmniWheg*® and Trimode*, relied
on the wheel rim hooking onto the step tread to climb, resulting in sharp changes in the robot’s center-of-mass
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trajectory, making the motion less smooth. A solution proposed in the literature?> addressed these issues by using
the wheel rim’s surface to contact the step, relying on motor torque and step support to achieve smoother step-
crossing. Although these robots based on active reconfigurable wheels demonstrated both efficient movement
on flat surfaces and stair-climbing abilities, their reconfigurable mechanisms typically had only one degree of
freedom, limiting their adaptability to different step sizes. In addition, since the reconfigurable process in many
designs was not adaptive, it often resulted in less smooth trajectories when climbing stairs. To address this,
Hanyang University in South Korea developed the STEP robot*®, which optimized the design of reconfigurable
wheels by introducing two degrees of freedom. This allowed the wheels to adaptively adjust according to the step
size, with a similar step-overcoming principle to that described in*°. The design achieved greater environmental
adaptability and smoother motion. However, the STEP robot utilized two motors embedded in the body to
drive the reconfigurable process, along with a ball screw transmission system. This resulted in a bulkier overall
structure, which limited its application in narrow spaces and lacked modularity.

Inspired by these previous works and summarizing the advantages and disadvantages of the previous works
as shown in Table 1, this study proposes a novel dual-degree-of-freedom adaptive modular reconfiguration
wheel. The new design combines flexibility with efficient movement, addressing the limitations of existing
reconfigurable wheels regarding degrees of freedom, compactness, and modularity, while enhancing robot
performance in navigating complex terrains.

Modular reconfigurable wheel design with adaptive dual-degree-of-freedom
mechanism

Concept of the dual-degree-of-freedom reconfigurable wheel

A dual-degree-of-freedom reconfigurable wheel offers the potential to surmount a wider range of step sizes,
but defining and implementing these dual degrees of freedom is critical to its design and one of the key focuses
of this paper. The aim is to create a wheel that combines the efficient locomotion capabilities of traditional
wheels with the stair-climbing advantages of wheel-legged robots. To achieve this, the circular wheel serves
as the base frame for the reconfigurable mechanism, while the wheel-leg functionality is achieved by splitting
the wheel rim, as illustrated in Fig. 1. The rim of the circular wheel is divided equally into three parts, forming
the segmented rim of the novel reconfigurable wheel. For this new wheel, the primary factors influencing step-
climbing performance are the distance of each rim section from the center of mass of the wheel (i.e., the radius,
r) and the rotational angle of each rim section around its connecting rod (i.e., the deflection angle, 6). In this
paper, these two parameters-radius r and deflection angle 0-are defined as the dual degrees of freedom for the
reconfigurable wheel. The focus is on analyzing their relationship with the wheel’s ability to surmount steps of
varying sizes.

As shown in Fig. 1, the simplified structure of the dual-degree-of-freedom reconfigurable wheel exhibits four
primary configurations, illustrated in Fig. 1a through d. Each configuration can be flexibly switched between, and
the specific switching mechanisms will be discussed later in detail. The transformations in wheel morphology in
Fig. 1a and b are determined solely by the adjustment of the wheel radius, while the configurations in Fig. 1c and
1d are influenced not only by the radius r but also by the rim deflection angle 6. The key distinction between these
two configurations lies in the direction of rim rotation: the rim in Fig. 1c rotates counterclockwise, while the rim
in Fig. 1d rotates clockwise. These four reconfigurable wheel configurations correspond to the mobility strategies
of the robot in various environments. The configuration in Fig. 1a is ideal for flat, smooth surfaces, preserving
the efficiency of traditional wheeled robots. The morphology in Fig. 1b is suitable for crossing lower obstacles,

Wheel type Subcategory | Representative robots Advantages Disadvantages
Irregular Wheel ASGUARD, Amphibious,
S 8 RHex-style Hexapod, Good obstacle-crossing ability Bumps on flat surfaces
tructures
Levo et al.
Passive WheeLeR, a-WaLTR, ) Reconfiguration success rate depends on external
reconfigurable Suitable for both flat surfaces and step | factors;
Wheel Transformer et al. . .
Wheels Unsmooth trajectories
Quattroped, TurboQuad, | Suitable for both flat surfaces and steps; 8bstz‘1‘c le-cr05§1ng size 1s llm%ted due‘to'a single DoF;
e : - rossing barriers relies heavily on friction;
R-Taichi Controlled and reliable reconfiguration U h trai .
1 DoF nsmooth trajectories
) ] Suitable for both flat surfaces and steps; Obstacle-crossing size is limited due to a single DoF;
OmniWheg, Trimode : : Large sudden changes in obstacle-crossing
Controlled and reliable reconfiguration ] )
trajectory due to mechanism
Suitable for both flat surfaces and steps; | Both DoFs are limited to wheel rim angle changes;
SWhegPro : - e -,
. Controlled and reliable reconfiguration | Similar to R-Taichi in nature and drawbacks
Active reconfigurable
Wheels Suitable for both flat surfaces and steps; | . )
. .= | Complex control with two actuators;
STEP Controlled and reliable reconfiguration; . X
R Not suitable for narrow environments
Smoother stair-climbing
2 DOF N
Suitable for both flat surfaces and steps;
Controlled and reliable reconfiguration;
Ours Smoother stair-climbing; More complex wheel structure due to modular
Easy to integrate with other robots; design
Smaller size for narrow spaces;
Climb dual-side stairs without turning

Table 1. Comparison of different wheel mechanism design options.
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Fig. 2. Schematic diagram of stair climbing on wheeled legs.

temporarily enlarging the wheel radius to improve passability and smoothness. Figure 1c and d represent the
configurations for descending and ascending stairs, respectively. By adjusting both the wheel radius and the
rim deflection angle, the robot can smoothly ascend or descend stairs without needing to change direction,
enhancing operational efficiency. The values of the two degrees of freedom parameters (r, §) are determined
by the size of the encountered obstacles. Adjusting the wheel’s reconfiguration based on varying obstacles not
only improves the robot’s stability when overcoming obstacles but also ensures smooth and accurate trajectory
control.

The climbing attitude of the reconfigurable wheel plays a critical role in determining both the success rate
of overcoming steps and the smoothness of the robot’s trajectory. Previous passive and active reconfigurable
wheels typically rely on two approaches when crossing steps: either by hooking the step tread with the wheel
rim to pull the wheel over, or by using the friction between the wheel rim and the step nose to climb. The former
method often results in abrupt changes in the trajectory and acceleration, leading to an uneven center-of-mass
trajectory. The latter approach depends on a high friction coefficient between the outer surface of the wheel rim
and the step nose, which limits performance if friction is insufficient. The reconfigurable wheel proposed in this
paper adopts a more efficient climbing attitude, shown in Fig. 2, which reduces the required friction coeflicient
while ensuring a smoother trajectory??. In Fig. 2D and H denote the depth and height of the step, respectively,
while € and 7o represent the center angle and radius of the wheel rim. To balance the ability to surmount the
step with movement smoothness, the rim is divided into three equal parts, resulting in € = 27 /3. Using the
climbing approach illustrated in Fig. 2, this paper establishes the kinematic relationship between the dual
degrees of freedom of the reconfigurable wheel and the step depth and height. Considering the design standards
for common staircases, this paper selects rg = 135mm. Using Eq. (1), the required value of reconfiguration for
the wheel to surmount steps of different sizes can be calculated. This ensures that the reconfigurable wheel can
be effectively applied across a wide range of scenarios.

D = O2x — O1x
= 90><7T+\/§><(r><cos(9—ro) (1)
H = O2y — O1y
= V3 X1 Xsinf
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Sun Gear

Theoretical design of a dual-degree-of-freedom reconfigurable wheel

Based on the concept of a dual-degree-of-freedom reconfigurable wheel and the principles of mechanical design,
this paper details the structure of the dual-degree-of-freedom reconfigurable wheel. During the design process,
two major challenges must be addressed: first, how to achieve dual-degree-of-freedom motion within the confined
space of the wheel, specifically controlling both the scaling of the rim’s distance r relative to the wheel’s center,
and the change in the rim’s turning angle ; second, since the wheel’s rim is divided into three segments to enable
smooth step-climbing, ensuring the synchronized movement of these segments poses another critical challenge.
To tackle these issues, the composite structure shown in Fig. 3 was designed, which integrates the planetary
gear system Fig. 3a) with a parallel five-bar mechanism (Fig. 3b). The final configuration of the reconfigurable
wheel (Fig. 3¢) is realized through the effective combination of these systems. This composite structure addresses
both the dual-degree-of-freedom motion requirements and the need for synchronized motion between the rim
segments. The five-bar mechanism (Fig. 3b) is the core component responsible for driving the motion of each
individual rim segment. This mechanism consists of two prismatic pairs and three revolute pairs, forming a
PRRRP-type mechanism (two prismatic joints and three revolute joints). The degree of freedom (DOF) of this
mechanism is determined by the formula for planar mechanisms, as derived from Eq. (2):

F=3xn-2xP-F =2 (2)

where F represents the number of degrees of freedom, n denotes the number of mechanism components, P
indicates the number of lower pairs, and P, indicates the number of higher pairs.

The planetary gear train shown in Fig. 3a consists of a sun gear and three planetary gears, primarily used
to power the PRRRP five-bar mechanism illustrated in Fig. 3b. The sun gear is directly connected to the motor
responsible for morphology change via a shaft and a flange, while the three planetary gears are fixed to the motor’s
bracket with shafts of different lengths and are staggered in the transverse direction. Notably, the tooth width of
the sun gear needs to be appropriately widened to ensure proper meshing with the staggered planetary gears. The
PRRRP parallel five-bar mechanism shown in Fig. 3b has left and right active linkages that are connected to the
motor’s bracket via sliders. Each rim can be considered a linkage, connected through two revolute pairs. To form
a reconfigurable wheel, three sets of five-bar mechanisms with identical structures are required, corresponding
to the three rims. Figure 3c further illustrates the integration between the two sets of planetary gear trains
and the three sets of PRRRP five-bar mechanisms, as well as the spatial distribution of the entire composite
mechanism. This design effectively combines transmission and deformation functions, providing stable and
efficient power support for the morphology changes of the reconfigurable wheel.

The planetary gears engage with racks attached to the connecting rods, converting the circular motion of the
gears into the linear reciprocating motion needed in the five-bar mechanism. The two guide rails in this system
ensure a smooth and controlled path for the reciprocating motion. The linkages, as shown in Fig. 3c, are color-
coded, with rods of the same color driven by the same power source. The dashed circle represents the planetary
gear system, symmetrically arranged but hidden from view. This system includes two sets of powertrains,
each responsible for controlling one degree of freedom. These two sets of planetary gear systems generate
synchronized linear forces, which are transmitted to the three five-bar mechanisms. This synchronization
guarantees coordinated movement of each rim, allowing the wheel to deform smoothly and operate effectively.
This precise motion enables the wheel to handle varied terrains, including the efficient crossing of obstacles like
steps.

Design of a mobile robot utilizing a reconfigurable wheel

Design of a modular dual-degree-of-freedom reconfigurable wheel

Based on the design principles of the dual-degree-of-freedom reconfigurable wheel, the width and length of
each link in the five-bar mechanism are carefully optimized, and the planetary gears are precisely arranged to
be staggered along the wheel’s axial direction. This configuration not only prevents interference between the

(b) (©
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Fig. 3. Composite structural diagram of the conceptual design of the reconfigurable wheel. (a) Planetary gear
mechanisms; (b) five-bar parallel mechanism; (c) reconfigurable wheel mechanism.
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three links on the same side of the motor bracket during reciprocating motion but also expands the available
movement space for the links. As a result, the reconfigurable wheel achieves greater adaptability to a wider range
of step sizes. Furthermore, the dual-degree-of-freedom motion of the PRRRP five-bar mechanism requires two
actuators to provide power, and the placement of these actuators significantly influences the overall design of
the reconfigurable wheel. While installing the actuators inside the robot body simplifies the wheel’s structural
design, transferring the force required for wheel reconfiguration to the wheel itself demands an additional
transmission mechanism. This setup often leads to coupling issues between the reconfiguration drive and the
wheel rotation drive, ultimately increasing both system complexity and control difficulty. Conversely, embedding
the actuators directly within the reconfigurable wheel mitigates the transmission coupling issue but increases the
wheel’s weight and structural complexity. Moreover, this arrangement necessitates the use of a slip ring to supply
power and control signals to the actuators. In practice, the optimal actuator arrangement must be selected based
on the specific application scenario and design goals. Given that the focus of this paper is on the modularity of
the reconfigurable wheel, we ultimately chose to house the actuators within the wheel itself, prioritizing system
independence and integration.

As illustrated in Fig. 4, the 3D model of the reconfigurable wheel showcases its structural arrangement.
Two brushless direct current motors (BLDC) are symmetrically positioned along the axial direction of the
wheel. The racks, which are mounted on the connecting rods, engage with gears, while guide rods interface
with sliders attached to the motor frame on either side of the connecting rods. The racks attached to connecting
rods of varying widths engage with axially staggered planetary gears, while the sun gear, which meshes with the
planetary gears, is fixed to the motor shaft to power the connecting rod system.

Figure 5 illustrates the conceptual design schematic of the dual-degree-of-freedom reconfigurable wheel
corresponding to the 3D model. The top half of the figure presents the conceptual design schematic, while
the bottom half displays the associated 3D model. Together, they demonstrate the motion and interaction
of each linkage as the wheel’s configuration changes. As shown in Fig. 5b, when the wheel’s reconfiguration
involves only a change in radius, the green and red connecting rods extend or retract equally relative to the
slider. Correspondingly, the green and red planetary gears rotate by the same angle but in opposite directions,
providing synchronized power for the reconfiguration process. However, when both the radius r and the rim
deflection angle 6 are adjusted simultaneously (as shown in Fig. 5a and c), the green and red connecting rods
move by different distances relative to the slider, with their respective planetary gears rotating at different angles.
The 2-DOF system is designed to allow the reconfigurable wheel to flexibly adapt to varying environments and
smoothly traverse different types of obstacles.

Design of a two-wheeled mobile robot utilizing reconfigurable wheels

The mobile robot, based on a dual-degree-of-freedom reconfigurable wheel design, is equipped with two
reconfigurable wheel modules, as illustrated in Fig. 6. Each module comprises several key components: a
drive motor responsible for wheel rotation, a gear set with a 2:1 reduction ratio, a slip ring for seamless power
transmission, and the reconfigurable wheel, whose detailed structure is depicted in Fig. 4. The core systems
of the robot-including the power supply, controller, and motor driver for wheel rotation-are centrally housed
within a yellow casing. Additionally, a LIDAR system is mounted on the housing for environmental sensing,
enabling the robot to gather real-time data for optimal navigation and task execution. This design enhances the
robot’s adaptability to complex terrain while ensuring high modularity and ease of maintenance.

BLDC Motor 2 Wheel Rim Link 1

Driver Flange Link 2

Mounting Bracket Flange/Gear Shaft

BLDC Motor 1
\

rr ' ,.'-.;

Sun Gear

LM Guide/Block
Link 3

Connecting Piece/Planetary Gear Rack Link 4

Fig. 4. Exploded view of a 3D model of a reconfigurable wheel.
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Fig. 6. 3D CAD model of a two-wheeled mobile robot based on reconfigurable wheels.

Kinematics of reconfigurable wheels

Figure 7 presents a schematic diagram illustrating the dual-degree-of-freedom motion of the reconfigurable
wheel, along with the composite interaction between the linkage and gear train that drives each wheel rim.
From the Fig. 7, it can be observed that the red sun gear functions as the active gear, driving the red planetary
gears. This red planetary gear meshes with a rack that actuates the linkage /; in a reciprocating up-and-down
motion. As [1 moves, it in turn drives the motion of l2, which is connected via a revolute pair, thus transferring
the motor’s driving force to the wheel rim. The green drive chain, opposite the red drive chain, is powered by
the rotation of the green sun gear, which drives the rotation of the corresponding planetary gears. This planetary
gear meshes with a rack, pushing the linkage {4 to reciprocate. This motion transmits the force from the second
drive system to the rim of the wheel. The coordinated rotation of the two drive systems ultimately results in the
adjustment of both the wheel’s radius r and the rim’s deflection angle 6. In Fig. 7, the wheel rim is connected
to the line segments /2 and l4, but the connection is replaced by the connecting rod 3, as shown by the black
dashed line.

In Fig. 7, the radius r of the rim corresponding to one of the dual degrees of freedom of the reconfigurable wheel
is represented by the line segment O2O1, while the angle 6 of the rim’s rotation for the other degree of freedom
is indicated by the angle between O201 and O20O. As illustrated, the linear sliding of the P3 P, linkage along the
radius directly relates to the radius r of the reconfigurable wheel, while the rim’s rotational angle relative to P3
, denoted as vy, corresponds to the rim’s angle of rotation 6. The relationship between the staircase dimensions
and the dual degrees of freedom of the reconfigurable wheel (radius r and rotation angle §) while overcoming a
staircase obstacle is defined by Eq. (1). This equation enables the calculation of the required degrees of freedom
for the reconfigurable wheel to effectively navigate a staircase of a specific size. Although the required degrees of
freedom for surmounting a staircase can be derived from Eq. (1), the relationship between the dual degrees of
freedom of the reconfigurable wheel and the drive motors is not yet fully understood. Therefore, it is crucial to
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Fig. 7. Schematic diagram of a reconfigurable wheel and schematic diagram for 2-DOF motion.

ly l2 l3 la T o

82mm |30mm |52mm | 112mm | 16 mm | 24 mm

Table 2. Values of design variables for reconfigurable wheel.

analyze the kinematics of the reconfigurable wheel. Specifically, investigating how the rotation angles ¢1 and ¢
of the two brushless direct current motors (BLDC) relate to the radius r of the reconfigurable wheel and the rim’s
rotation angle 6 will provide insights into controlling the kinematic behavior of the reconfigurable wheel more
effectively. This analysis will enable the precise coordination of the motors to achieve desired reconfiguration
states, ultimately enhancing the robot’s capability to navigate complex environments.

Forward kinematics of reconfigurable wheels

The forward kinematics of the reconfigurable wheel is determined by calculating the angles g1 and g2 of the
two sun gears to derive the wheel radius (r) and rim inclination (), ultimately determining the size of the step
that can be overcome at the corresponding motor angles. As illustrated in Fig. 7, the lengths of the connecting
rods Py P and P3Py vary within the stroke range of the racks, with their variations directly influenced by the
rotation angles ¢1 and g2. In the initial state, the lengths of Py Py and P3P are denoted as [; and l4, respectively.
Additionally, the other fixed linkages are defined as follows: Iz for P Ps, l3 for P2 Ps, and l5 for O2 P3. The
planetary gears have a radius r2, while the sun gears have a radius r1. The angle of rotation for P P is represented
by ¢, and P> Ps3 has a turning angle of . The parameters corresponding to the above mechanisms are shown
in Table 2. To establish the kinematic model, a coordinate system O1 XY is defined, with O; as the coordinate
origin. Within this coordinate framework, the coordinates of each key point P; (where i = 0,1, 2, 3,4) can be
derived from the geometrical relationships of the connecting rods. Using these coordinates and the associated
geometric constraints, the radius r of the reconfigurable wheel and the rotation angle 6 can be calculated, thereby
completing the forward kinematic analysis of the reconfigurable wheel. This comprehensive understanding of
the kinematic relationships will ultimately facilitate more precise control of the wheel’s reconfiguration and
motion in various environments.

Py = (=l3/2,m1 4+ r2)
Py = (=l3/2,7r1 +r2+ 11 +dlv)
PQ = (—l3/2 + l2 COS (25, r+re+ l1 —+ dl1 =+ l2 sinqS) (3)
= (I3/2+1l3cosy,r1 + 72+ la+ dls + I3sin7y)
Py = (I3/2,r1 +r2 + la + dls)
Py = (l3/27’l“1 +7“2)
Where,
ldiy = L % ry
’ (4)

dl4:2XT2
1
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Where i denotes the reduction ratio between the sun wheel and the planetary wheel, dl1 denotes the amount of
Py Pj variation, and dl4 denotes the amount of Ps P, variation.
From the coordinates of point P> in Eq.(3) we can obtain the following relationship:

—l3/2+lacos¢ =13/2 + I3 cosy )
ri+re+h +di+lasing =r1 + 12+ la +dla + l3siny

Solving for ¢ and v in Eq. (5) yields:
6 = 2tan~! (Fi VF2 B2 — K2>

EF+ K
(6)
— otan-"! A+ VA2 4 B2 - (7
T B+C
Where,
a=1I4+dly—11 —d,
b=1l3
A= 2(1[5
B = 2bl3
C=-@"+b+15%)+13 @)
F = 2(1[2
E = 2bly

K = (> +b*+13) — I5°
The radius r of the distance between the rim and the center of mass of a reconfigurable wheel is solved as follows:

~—=—_ ([ Il3/2x (1 +cosvy)+ls X sin~,
0102 = ( Py +13/2 x siny — lg X cos~y

(8)
r= \/01021.2 +0,0z,”
The flange angle 6 of a reconfigurable wheel is solved as follows:
0 = cos—! <l3/2><sm)\—|P|3y><cos)\+lg> )
T

From Egs. (8) and (9), the radius r of the reconfigurable wheel and the angle of the rim 6 are functions with
respect to P3, and v, and all other parameters are known, so it is perfectly possible to represent the dual degrees
of freedom of the reconfigurable wheel (7, 8) using (Psy, ) .

Range of climbable stair sizes

As shown in Fig. 5, the rim of the reconfigurable wheel can be driven by two connecting rods to achieve either
counterclockwise or clockwise rotation. Theoretically, when the stroke of the green connecting rod exceeds that
of the red connecting rod, the rim will rotate counterclockwise; conversely, if the green connecting rod’s stroke
is less than that of the red, the rim will rotate clockwise.

In order to achieve the two-degree-of-freedom shape transformation of the reconfigurable wheel, this paper
adopts a parallel five-bar mechanism based on the PRRRP configuration. As shown in Fig. 5b, during the
counterclockwise rotation of the rim, the initial positions of R1, Rz, R3 form a Right Angle triangle AR R2 R3
. However, with the movement of the active link /4, the phenomenon shown in Fig. 8(b) may occur, where links
l2 and I3 become collinear, satisfying the condition l2 4 I3 = 5. In this case, R2 becomes a singular point.
Motion near the singular point may lead to unexpected behaviors, such as the inward movement of point R»
, abnormal force transmission, and errors in inverse kinematics solutions. Therefore, a detailed analysis of the
singular point is necessary.

Figure 9 shows the variations of the five-bar mechanism during the clockwise rotation of the rim. The
difference between Fig. 9a and b lies in the triangles AR R2R3 formed by the red dashed and solid lines,
primarily due to the conditions dl1 — dls < l2 or dly — dl4 > 2. Similarly, potential singular points need to be
considered. From the perspective of geometric configuration, the occurrence of singular points would prevent
the formation of the triangle AR; Rz R3. To minimize the occurrence of singular points, constraints can be
imposed on the motion of the two active links, ensuring that they always satisfy the trilateral relationship of the
triangle during their motion.

Since the lengths of [ and I3 are constant, while the length of I5 is variable and the distance /g between
the two active links is also constant, the key factors determining whether the triangle satisfies the trilateral
relationship of the triangle are the lengths of dl; and dl4. As shown in the figures, I5 is the longest side of the
triangle, and I2 is the shortest side. Therefore, the triangles A Ry R2 R3 shown in Fig. 8 and Fig. 9 need to satisfy
the following triangle inequality conditions:
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(b)

Fig. 8. Counterclockwise movement of the rim. (a) Shows the schematic of the rim rotating counterclockwise;
(b) shows the schematic when the singularity is reached.

(b)

Fig. 9. Clockwise movement of the rim. (a) Shows the schematic diagram for the case where dl; — dls < I2
when the rim is turned clockwise; (b) shows the schematic diagram for the case where dl; — dls > > when
the rim is turned clockwise.

lo+13>15 (10)

For l5 in the AR R2 R3 shown in Fig. 8 is:

Is = /162 + (dly — dl)? (11)

For l5 in the AR1 R2 R3 shown in Fig. 9 is:

Is = \/16® + (dly — dls)? (12)

In addition, as shown in Fig. 10, the reconfigurable wheel may cause the rim to interfere with the bracket of
the motor when it is reconfigurable, so in order to avoid the interference, it is necessary to ensure that the
|za,;| > |zL,|,% = 1,2 of the rim edge point G}, regardless of whether the rim is rotated counterclockwise or
clockwise, i.e., the following constraint should be satisfied:

2
OG; x cos(7€7r —79) =1/ O1 P — (%3)

l
X cos(E%7r —v) — (53 X (1 —sin (37” —'7))) > |z, |

(13)
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”

(a) (b)

Fig. 10. Schematic diagram of the interference between the wheel rim and the bracket.

™ 2 13 2
OG> x cos(y — 5) — 1/ O1P3* — (5)

x cos() + (2 x (1= sin (1)) > ||

The range of the wheel radius (r) and rim inclination angle () is shown in Fig. 11b, given that the input variables
g1 and g2 of the reconfigurable mechanism satisfy the constraints defined by Egs. (10), (13) and (14). Figure
11 also highlights the relationship between these dual degrees of freedom and the dimensions of the steps that
can be surmounted by the reconfigurable wheel. This graphical representation helps to visualize how the design
parameters interact and informs the capabilities of the wheel in navigating obstacles of varying sizes.

The radius r and declination angle 6 of the reconfigurable wheel are jointly controlled by the two motor input
variables g1 and g2. As these input variables are adjusted, the geometry of the reconfigurable wheel-specifically
its radius and declination-changes accordingly to adapt to steps of different heights and depths. Figure 11
illustrates the relationship between the dimensions of the steps that the robot can overcome and the dual degrees
of freedom that govern the reconfiguration wheel’s morphology. Figure 11a and b show the range of depths and
heights of the steps that the reconfigurable wheel can traverse, along with the corresponding variation ranges
for the wheel’s radius and rim deflection angle. These results assume that the input variables g1 and g2 satisfy
the inequality constraints described earlier. Figure 11c and d illustrate the relationship between the radius and
inclination of the wheel and the depth and height of the surmountable step, respectively. From the analysis
presented in Fig. 11, it becomes clear how the dual degrees of freedom in the motion of the reconfigurable wheel
can be matched to the size of environmental obstacles. This demonstrates the versatility of the reconfigurable
wheel, showing that it is capable of overcoming most typical steps encountered in daily human environments.

Inverse kinematics of reconfigurable wheels

The inverse kinematics of the reconfigurable wheel focuses on determining the required wheel radius r and
declination angle 6 based on the height H and depth D of a stair step, with the ultimate goal of calculating the
angles g1 and g2 that need to be rotated by the red and green sun gears, respectively. The reconfigurable wheel’s
main advantage is its ability to adaptively adjust its radius and rim angle to different step sizes, enhancing stability
and smooth when overcoming obstacles. Solving the inverse kinematics allows the wheel to automatically
configure for optimal performance, reducing vibrations and minimizing sudden shifts in the robot’s center of
mass. This adaptive adjustment improves the robot’s ability to traverse complex terrains smoothly, boosting
smoothness and flexibility, especially on uneven surfaces.

Compared to existing state-of-the-art morphing wheels, our design offers greater flexibility in adaptive
adjustments. Conventional reconfigurable wheels often rely on a fixed rim pattern, which can cause significant
shifts in the wheel’s center of mass when encountering certain step sizes, thus compromising smoothness.
In contrast, our design allows for more precise control by adjusting both the wheel radius r and rim angle 6,
enabling smoother and more stable navigation across obstacles of varying sizes. Therefore, studying the inverse
kinematics of reconfigurable wheels not only helps establish the relationship between the control inputs g1 and
g2 and the wheel morphology parameters r and 6, but also provides a theoretical foundation for enhancing the
stability and adaptability of the reconfigurable wheels.

First, it is necessary to determine the radius r of the reconfigurable wheel and the rim angle 6 required to
overcome a step of any given size, as defined by Eq. (1):
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6 = tan™*
D+7roxvV3—-90x7
(15)

T—\/((D+T0X\/§—90><7r)2+H2>/3

Based on the radius r of the desired reconfigurable wheel and the rim angle 6, the angle (¢1, g2) is solved for the
red and green sun gears, and the following functional relationship is obtained from Egs. (8) and (9):

r2—12/2-12 =
r X cosl —lg =
Py, =

(l§/2 — 2% lg X ng) x cosy + (I3 x lg + I3 X P3y) X sinvy
[3/2 X siny — P3y X cosvy
ri+re+la+ g2 Xr2/i

= (q27 7) (16)

Equation (16) contains two unknown parameters (y, g2) and two equations, so it is possible to solve for the two
unknown parameters based on the known radius r of the reconfigurable wheel and the rim angle 6.
To derive the equations for the angles of rotation of the red and green sun gears (g1, ¢g2) that correspond

to the desired values of (-, g2) and ~y (the angle of rotation), we need to express gi in terms of these desired
parameters based on Egs. (6) and (7).
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Jacobian analysis for reconfigurable wheels

According to the formula for determining the coordinates of Ps,, in Eq. (3), we have f1 (P3y, g2) = 0. Similarly,
based on the formula for solving 7 in Eq. (6), we have f2 (7, ¢1, g2) = 0. By differentiating these two functions
with respect to time ¢, respectively, we obtain:

of1 of1

Py + 211G, =0
OPsy sy + dq2 2 (18)
Ofa.  Ofa.  Ofa .
) —= —=q2 =0
9y v+ o q + 90> q2
Thus the Jacobi matrix can be expressed as
Pay —J[qf} (19)
2 92
Where,
-1
0 _ ( o1 ) 2f1
J = OP3y 9q2 (20)
_(%>_1% _(%>_1%
oy dq1 oy 992

Simulation and experimental studies

To evaluate the passing ability of dual-degree-of-freedom reconfigurable wheels over various step-like obstacles,
we designed experiments using a mobile robot equipped with the reconfigurable wheel. In our simulation
experiments, we first created a 3D model of the mobile robot in SolidWorks, which we then imported into
ADAMS for dynamic simulation analysis. Using ADAMS, we simulated the motion of the reconfigurable wheel
as it traversed stairs of varying sizes and orientations, focusing on its motion trajectory and posture during these
crossings. The simulation results effectively assessed the adaptability of the reconfigurable wheel to different
geometric configurations of steps, particularly regarding the smoothness of its trajectory while overcoming
obstacles. Additionally, we constructed a physical prototype to validate the structural design of the reconfigurable
wheel, further confirming its effectiveness in real-world applications.

Validation of passage through steps of various sizes

Figure 12 illustrates the simulation experiment of the reconfigurable wheel crossing a step with dimensions
283mm in depth and 100mm in height. Figure 12a-f depict the various attitudes of the reconfigurable wheel
during this process. The wheel begins and ends in a circular shape, indicating that it maintains the efficient,
energy-saving characteristics of wheeled motion on flat ground. Upon encountering a step, as shown in Fig. 12b,
the wheel deforms in preparation for the ascent. Figure 12¢c and d illustrate the actual crossing, while Fig. 12e
and f depict the recovery phase.

Notably, in the reconfigurable process shown in Fig. 12b and ¢, the green linkage near the step extends more
than the yellow linkage on the opposite side. This design enables a smooth elevation of the wheel’s center of
mass while allowing the rim to rest gently on the step. Unlike passive reconfigurable wheels, this mechanism
minimizes abrupt changes in the center-of-mass trajectory during the transition. Additionally, the rim’s rotation
during reconfiguration ensures that the lower side on the step remains at a lower height, thereby preventing
significant shifts in the center of mass. This advantage of the dual-degree-of-freedom reconfigurable wheel
enhances its smoothness compared to passive designs. The specific reconfiguration parameters for this step size
can be calculated using the formulas from Section 5.2, with detailed values provided in Table 3.

Figure 13a and b illustrate the simulation experiments of the reconfigurable wheel surmounting steps with
dimensions of 283 mm X 130 mm and 283 mm x 150 mm, respectively. While the overall attitude change
during the surmounting process is consistent with that shown in Fig. 12, the key difference lies in the varying
reconfiguration amounts of the wheels tailored to the different step sizes. Closer examination reveals that as
the step height increases, the linkage extension on the side adjacent to the step correspondingly increases to
accommodate the higher obstacles.

Figure 14 presents experiments where the reconfigurable wheel crosses a series of steps with varying sizes:
283 mm x 100 mm, 283 mm X 120 mm, 283 mm X 140 mm, and 283 mm X 160 mm, respectively. For each
step size, the reconfigurable wheel employs distinct reconfiguration amounts, with the specific methods for these
adjustments detailed in Sections 5.1 and 5.2 of the current manuscript. The corresponding input parameters for
each step size are provided in Table 3. Meanwhile, Fig. 15a illustrates the variations of input variables ¢1 and g2 as
the wheel climbs steps of different sizes, as well as the changes in the wheel’s configuration parameters (¢, y, )
that determine its shape. Additionally, the relationships between these input variables and the wheel’s radius r
and angles (¢,~y) are presented. The kinematic graphs provide an in-depth understanding of how the wheel’s
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Fig. 12. The reconfigurable wheel overcomes the depth X height of 283 mm Xx 100 mm stairs.

Input Variable | 283X 100(mm) | 283 X 120(mm) | 283X 130(mm) | 283 X 140(mm) | 283 X 150(mm) | 283 X 160(mm) | 300X 100(mm) | 320 X 100(mm)
q1(rad) 0.21 0.39 0.68 0.77 1.01 1.18 0.84 1.58
g2 (rad) 1.70 2.10 245 2.63 2.94 3.18 224 2.89

Table 3. The relationship between the input variables of the reconfigurable wheel and the size of the staircase
steps to be overcome.

shape adapts when climbing steps of varying sizes. Figure 15b shows the variation trends of the torque required
to drive the wheel’s rotation (7 — ¢) and the torque for the wheel's shape adaptation (7 — ¢1,7 — g2) when
overcoming steps of different sizes. The graphs clearly illustrate the torque variation trends of the wheel motors
during the climbing of steps with various sizes. These experiments demonstrate the reconfigurable wheel’s ability
to flexibly and adaptively adjust, ensuring smooth traversal across steps of varying dimensions.

Figure 16 depicts the center of mass trajectories of the reconfigurable wheel as it navigates various step sizes.
The trajectory closely aligns with the incline of the staircase, showing no significant spikes or fluctuations in
the center of mass throughout the crossing process, which reflects a high level of smoothness. Additionally,
the reconfigurable wheel demonstrates impressive adaptability to different step sizes, maintaining a smooth
trajectory while successfully overcoming obstacles of varying heights. These findings underscore the effectiveness
and superiority of the reconfigurable wheel’s structural design, affirming its reliability in diverse and complex
environments.

Figures 17 and 18 present the experimental procedure of reconfigurable wheels traversing steps of varying
depths, along with their corresponding center-of-mass trajectories. These experiments compare the wheel’s
trajectories and reconfigurations when crossing steps of the same height but different depths. The results indicate
that the reconfigurable wheel can smoothly navigate deeper steps by increasing its reconfiguration. Furthermore,
Fig. 18 shows that while the curvature of the center of mass trajectory increases with step depth, the overall
trajectory remains relatively smooth. This highlights the reconfigurable wheel’s capacity to adaptively adjust its
reconfiguration, ensuring a smooth trajectory across various step sizes, and underscores its superior design and
exceptional adaptability.

In summary, this section analyzes simulation experiments involving reconfigurable wheels navigating three
types of staircases: 1) different staircases but each staircase has the same step size, while different staircases
have the same depth and different heights; 2)the same staircase but each step has the same depth and different
heights; and 3) different staircases but each staircase has the same step size, while different staircases have the
have the same height and different depths. The experimental results demonstrate the adaptability of the designed
reconfigurable wheel to different step heights. Additionally, the smoothness of the center-of-mass trajectory is
significantly enhanced by employing different reconfiguration strategies tailored to each step size. Through the
inverse kinematics analysis in section “Verification of passage over stairs and bi-directional obstacles”, the input
variables needed to navigate various step sizes can be determined, with specific values presented in Table 3. This
analysis further validates the effectiveness of the reconfigurable wheel in complex terrain and underscores the
soundness of its design.
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(a) (b)

Fig. 13. The reconfigurable wheel overcomes stairs with step dimensions (a) depth x height is 283 mm X 130
mm and (b) depth X height is 283 mm x 150 mm.

Fig. 14. Experimental study on overcoming different step heights of stair with reconfigurable wheels.

Scientific Reports|  (2025) 15:16360 | https://doi.org/10.1038/s41598-025-98239-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Distance (m) Distance (m)

(a) (b)

Fig. 15. Kinematic parameter curves and moment curves of wheels in overcoming stairs with different sized
steps. (a) represents the kinematic curve; (b) represents the moment curve.
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Fig. 16. The trajectory of the center of mass of the deformed wheel climbing stairs of different height.

Verification of passage over stairs and bi-directional obstacles

In this section, we conduct experiments to verify that the designed reconfigurable wheels can ascend and descend
stairs and climb bilateral stairs by adjusting the relationship between the input variables ¢1 and g» without
changing the direction of travel. To facilitate this, an experimental environment was designed, as illustrated in
Fig. 19. These experiments further confirm the flexibility and stability of the reconfigurable wheel in complex
terrains, showcasing its adaptive reconfiguration capabilities to accommodate varying environments.

As illustrated in Fig. 19, the processes of descending and ascending with the reconfigurable wheel are divided
into several phases: the descending preparation phase, the descent phase, the recovery and ascending preparation
phase, the ascent phase, and the final recovery phase, corresponding to Fig. 19a—f. In the descent phase (Fig.
19b), the yellow linkage, positioned away from the step, extends more than the green linkage, indicating that
q1 > g2. This operation effectively lowers the center of mass while the wheel rolls on the platform. As the wheel
rotates, the next flap of the rim contacts the step at the lowest point, preventing a sudden drop in the center
of mass and enhancing the smoothness of the trajectory. Upon reaching flat ground, the reconfigurable wheel
resumes its circular shape to improve travel efficiency. In contrast, during the ascent phase, g1 < g2, resulting
in a different deflection angle for the rim. The ascent process is similar to that shown in Fig. 12 and will not be
repeated here. The trajectory of the center of mass during the ascent is depicted in Fig. 20, demonstrating smooth
motion and further validating the rationality and performance of the reconfigurable wheel design. In addition,
the variations in motion parameters during the wheel’s ascent and descent of steps are presented in Fig. 21,
which is highly valuable for a deeper understanding of the wheel’s motion and shape adaptation.

As shown in Fig. 22, the various attitudes of the reconfigurable wheel while crossing bilateral stairs highlight
its impressive adaptability. The reconfigurable wheel can smoothly navigate the bilateral steps without altering
the vehicle’s direction, simply by adjusting its wheel attitude. This capability is particularly significant for mobile
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(2) (b)

Fig. 17. The experiment of using deformable wheels to overcome stairs with different depths.
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Fig. 18. The trajectory of the center of mass of the deformed wheel climbing stairs of different depth.

robots operating in narrow spaces, as it allows for time-saving maneuvers and enhances task efficiency during
execution.

The torque curves in Fig. 23a and b correspond to the conditions depicted in Fig. 22a and b of the paper,
illustrating the torque variation trends when the reconfigurable wheel climbs left-side and right-side stairs of
the same size. A comparison of the torque curves in Fig. 23a and b reveals that climbing left-side stairs requires
a greater transformation torque. This phenomenon may be due to the fact that, during stair climbing, the input

variable g2 drives the link /4 while g1 drives the link /;. The mechanism might be closer to a singularity point
when climbing left-side stairs.
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Fig. 19. Reconfigurable wheel up and down stairs experiment.
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Fig. 20. The trajectory of the center of mass of the reconfigurable wheel going up and down stairs.
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Fig. 21. Kinematics of reconfigurable wheels while walking up and down stairs.

To demonstrate the superiority of the proposed reconfigurable wheel in terms of stability when overcoming
steps, we built a model of the WheeLeR using CAD software and imported it into Adams for simulation analysis,
as shown in Fig. 24. We have added a comparison of trajectories for the reconfigurable wheel and the WheeLeR
robot overcoming a 283mm x 100mm step, as shown in Fig. 25a and b. From the comparison results, it is

evident that the trajectory of the proposed reconfigurable wheel is smoother than that of the WheeLeR,
indicating higher smoothness during obstacle traversal.
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Fig. 22. Reconfiguration wheel overcomes bilateral steps.
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Fig. 23. Moment variation curves of wheels overcoming bilateral steps. (a) Represents the moment when
climbing the left-hand step; (b) represents the moment when climbing the left-hand step.

Fig. 24. WheeLeR’s status when climbing steps.
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Fig. 25. Center of mass trajectory when overcoming 283*100 mm steps. (a) Denotes the center-of-mass
trajectory of the wheel proposed in this paper when overcoming a step; (b) denotes the center-of-mass
trajectory of WheeLeR when overcoming a step.

Fig. 26. Physical Prototype of Mobile Robot Based on Deformable Wheel.

In summary, the experiments in this section demonstrated that the reconfigurable wheel can efficiently
and smoothly navigate stairs, as well as adapt to bilateral stairs by adjusting its wheel attitude. This capability
holds significant practical value for robotic applications in narrow spaces. Compared to passive and most active
reconfigurable wheels, the design presented in this paper enhances motion smoothness and minimizes abrupt
changes in the center of mass by effectively adjusting the wheel’s orientation. This not only improves the stability
and accuracy of on-board sensors but also greatly enhances the overall stability of the robot.

Prototype validation

Based on the theoretical analysis and ADAMS virtual prototype simulation results, we designed and fabricated
a physical prototype, as shown in Fig. 26. This prototype features two reconfigurable wheels, each equipped
with dual degrees of freedom, powered by a total of four Unitree’s A1 motors-one for each degree of freedom.
Additionally, MAXON motors were employed to drive the wheel rotation. The control platform for the prototype
is an Orange PI core control board. The primary objective of this physical prototype is to validate the fundamental
motion principles of the reconfigurable wheel and its performance in crossing steps and stairs. In this study, we
prioritized the motion performance and adaptability of the reconfigurable wheel over addressing the balancing
issues typical of two-wheeled mobile robots, thereby further verifying its effectiveness and advantages.

As shown in Fig. 27, we verified the reconfiguration motion mechanism of the reconfigurable wheel using
the physical prototype. The PD control system facilitated precise adjustments to the wheels attitude. Various
control commands were applied during the experiments, including maintaining a circular shape with a constant
radius of 135 mm, increasing the radius alone, and rotating the wheel rim counterclockwise or clockwise while
increasing the radius. Figure 27a-d illustrate the corresponding attitudes of the prototype. The experimental
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Fig. 27. Demonstration of the reconfiguration posture of the physical prototype of the reconfigurable wheel.

Fig. 28. The Reconfigurable wheel overcomes the stairs built in the laboratory.

results demonstrate the reconfigurable wheel’s ability to accurately adjust its morphology based on these
commands, confirming the rationality of its design and the reliability of our motion control system. These
experiments not only validate the diverse reconfiguration capabilities of the wheel but also highlight its potential
applications in navigating complex terrain.

Since crossing multiple consecutive steps can be seen as a repetitive action of overcoming a single step, we
constructed a wooden platform, as shown in Fig. 28, to validate this task using the designed physical prototype.
In the experiment, the reconfigurable wheel begins from a position 285 mm away from the step, gradually
adjusting its morphology during movement to successfully navigate an obstacle that exceeds the wheel’s radius.
After successfully crossing the step, the wheels return to a circular shape, ensuring that the robot’s subsequent
movements remain efficient and stable.

Stairs are common obstacles in everyday life, and most wheeled mobile robots struggle to navigate them,
often relying on elevators, which are not always available in factory settings. Our designed robot addresses this
issue by smoothly traversing stairs using reconfigurable wheels. To test the adaptability of the physical prototype
in a real environment, we conducted experiments on the staircase of the experimental building. The results
demonstrated that the prototype successfully navigated stairs with specific dimensions of depth and height (300
mm X 160 mm). As shown in Fig. 29, the physical prototype completed this task smoothly, further validating its
practicality and reliability in real-world applications.
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(b)

Fig. 29. Reconfigurable wheels navigating stairs in real-world environments.

In summary, this chapter demonstrates that the designed dual-degree-of-freedom reconfigurable wheel
can smoothly navigate various staircase obstacles through a series of simulations and experiments. Various
staircase configurations were modeled in ADAMS software, and the reconfigurable wheel successfully adapted
its reconfiguration amount at appropriate times, allowing it to surmount different step sizes and handle complex
scenarios involving varying step heights within the same staircase. This flexible adjustment results in a smoother
overall motion trajectory. Additionally, the chapter highlights a unique advantage of the reconfigurable wheel:
it can ascend and descend stairs without altering the vehicle’s direction, effectively climbing bilateral stairs. This
capability enhances the wheel’s flexibility and passability compared to other designs. Finally, experiments with
physical prototypes validate the structural rationality, reliability, and practicality of the reconfigurable wheel
in overcoming step-like obstacles, showcasing its strong adaptability and potential for real-world applications.

Conclusions

To address the limitations of traditional wheeled mobile robots in efficiently navigating staircase-type obstacles,
this paper introduces a modular dual-degree-of-freedom active reconfigurable wheel, leveraging parallel five-link
structures and planetary wheel synchronization mechanisms. This innovative design allows the reconfigurable
wheel to replace conventional wheels on most wheeled mobile robots, facilitating effective traversal on both flat
surfaces and stairs, thereby offering a novel solution for mobile robot applications in complex environments. To
evaluate the reconfigurable wheel’s capability in overcoming staircase obstacles, a detailed kinematic analysis is
conducted, resulting in the establishment of a kinematic model. This analysis includes investigating potential
interference during attitude adjustments and exploring the constraint relationships of the input variables.
Ultimately, the study determines the range of obstacle sizes that the reconfigurable wheel can navigate without
interference. This model enables automatic attitude adjustments based on varying step sizes by calculating
the drive motor’s rotation angle in response to the steps’ depth and height, ensuring precise reconfiguration
control. ADAMS simulations and physical prototype experiments confirm that the reconfigurable wheel can
smoothly navigate staircases with varying step sizes, as well as handle the complexities of a single staircase
featuring different step dimensions. Additionally, the mobile robot equipped with this reconfigurable wheel can
smoothly overcome the stairs on both sides without altering its direction, and can also realize the task of going
up and down the stairs. The prototype experiment results further validate the design’s rationality and innovation,
demonstrating the effectiveness of the reconfigurable wheel structure.

However, due to limitations in the experimental environment, this study could not conduct large-scale
prototype testing.In practical applications, various factors, such as friction and traction, significantly affect the
ability of reconfigurable wheels to overcome steps. Insufficient friction between the wheels and the ground can
severely compromise the stability of the robot. If the friction is inadequate when the wheels make contact with the
step, slippage may cause the robot to lose balance, preventing it from ascending the step. In addition, insufficient
friction can undermine the accuracy of the wheel shape estimation based on inverse kinematics, which is crucial
for successfully overcoming steps. Therefore, ensuring sufficient friction is essential for maintaining stability and
achieving reliable step-climbing performance.

Additionally, while the focus was primarily on the innovative reconfigurable wheel structure, the control
algorithms for the robot itself were not thoroughly explored. Future work will concentrate on creating more
representative experimental environments to further validate the prototype’s performance, as well as addressing
the balance control challenges of two-wheeled mobile robots utilizing reconfigurable wheels. This approach aims
to facilitate the transition from validation experiments to practical applications.

Data Availability
The data used and/or analyzed during the current study available from the corresponding author on reasonable
request.
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