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ABSTRACT This study presents a novel shape-morphing wheel that enables to not only traverse flat ground
quickly in a circular configuration but also overcome obstacles like steps effectively in a transformed
configuration. The proposed wheel mechanism has two degrees-of-freedoms (DOFs) to change its wheel
radius and the tilting angle of its lobe simultaneously in response to obstacles of various sizes. The
kinematic requirements for the 2-DOF shape-morphing wheel mechanism are first defined. Then, the proper
mechanisms for the proposed wheel mechanism are exhaustively searched. As a result, five mechanisms
are selected in combination with four-bar mechanism to synchronize the motions of wheel lobes. From the
kinematic viewpoints including the singularity, transformation range and interference, the characteristics of
selected mechanisms are analyzed extensively, and a novel 2-DOF shape-morphing wheel mechanism has
been successfully constructed.

INDEX TERMS Kinematics, mobile platform, shape-morphing, step-overcoming, type synthesis.

I. INTRODUCTION
In order to perform various tasks such as guidance, healthcare
and surveillance, indoor service robots should be able to
move around human living environments quickly and safely.
From this viewpoint, a wheel is an effective mechanism for
robots to traverse flat ground because of its simple structure,
high efficiency, and smooth motion even at high speeds.
Most recent service robots are based on wheel mechanisms;
for example, T-Rot [1], HealthBot [2], May [3], Fetch and
Freight [4], HSR [5].

However, conventional wheeled robots have the difficulty
in overcoming structured obstacles such as steps and stairs,
which are frequently encountered in indoor environments [6].
In general, the maximum height of a step that a conventional
wheeled robot can overcome is known equal to the radius of

The associate editor coordinating the review of this manuscript and

approving it for publication was Wai-Keung Fung .

its wheel [7]. With respect to steps and stairs without vertical
surfaces (called as risers), a wheeled robot’s overcoming
ability becomes considerably deteriorated owing to the lack
of friction. Furthermore, although the wheel mechanism can
overcome small steps or stairs, it may undergo dynamic
impact at high speeds and, in the worst scenario, may even
fall down from the steps or stairs [8]. Therefore, to overcome
steps and stairs effectively, a wheeled robot must have a
reliable way to maintain good contact with these structured
obstacles.

Over the last decades, many studies have been conducted
to provide the appropriate ability for wheel mechanisms to
overcome obstacles without compromising their advantages.
For example, legged wheels have been proposed to ensure
fast movement on a plane and high adaptability against var-
ious stairs. Among wheel-legged mechanisms, RHex is the
most famous robot; with the help of six half-circle spokes,
it can overcome various obstacles in indoor and outdoor
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environments [9]. However, the irregularity of its rotational
radius may cause periodic oscillations, whichmay be a hurdle
in performing various indoor tasks. To improve the mobility
of legged wheel mechanisms on a plane, circular wheels
have been added to the ends of their spokes; for example,
a two wheel-legged compact mechanism, Ascento, has been
designed for indoor inspection task. However, it still has the
problem to overcome stairs successively because its basic
function to overcome obstacles is jumping [10].

To resolve the undesired discontinuity observed in the
locomotion of legged wheels, reconfigurable wheels have
been explored, whose degrees-of-freedom (DOF) is increased
by adopting a proper mechanism, in other words, their shapes
can be transformed from the conventional circle to the legged
shape. For example, the Wheel Transformer can passively
change its wheel shape from a circle to a legged shape. As a
result, it can overcome an obstacle of 150mm in height (twice
the diameter of the wheel). However, the Wheel Transformer
requires a vertical riser to trigger its wheel transformation,
and it cannot climb stairs in a smooth manner [11]. To the
contrary, the wheels of a Quattroped can be converted into
semi-circular wheels by actively folding them in half [12].
Different from the Wheel Transformer, the Quattroped uti-
lizes two actuators for wheel transformation, but it must stop
completely twice for wheel transformation and alignment
before overcoming obstacles. Recently, this defect has been
addressed by redesigning the leg-wheel transformationmech-
anism so that the TurboQuad does not require the rest mode
during its wheel transformation [13]. It is worthwhile to note
that because the transformed shapes of existing reconfig-
urable wheels are uniquely fixed, the sizes of the steps and
stairs that the mobile robots equipped with reconfigurable
wheels can climb are inevitably limited. To increase the
adaptability of mobile robots to various steps and stairs, soft
materials have been recently adopted for their wheels using
the origami method [14], [15].

Wheel-linkage design is a viable candidate for locomotion
on uneven and structured surfaces, including steps and stairs.
The well-known rocker-bogie mechanism has been chosen as
the base platform for space rovers such as Spirit, Opportunity,
and Curiosity [16]. In the Shrimp mechanism, a front fork
is added to the bogie to improve the climbing ability of the
rocker-bogie. As a result, it can climb a step whose height is
twice the wheel diameter [17]. Certain studies based on the
rocker-bogie and Shrimp mechanisms have been conducted
for stair climbing. A novel mechanism has been proposed that
combines tracks with wheels using linkages to ensure climb-
ing ability for stairs of various sizes [6], [18]. Whereas the
rocker-bogie and Shrimp mechanisms are based on passive
links, wheel-linkage based wheelchairs use multiple active
links to guarantee their mobile stability and good capabil-
ity to overcome obstacles [19]. Therefore, their structures
become complicated, and their climbingmotions are typically
slower because of the complexity of sensing and control.
In [20], the Stewart platform based wheel-linkage robot is
proposed to ensure a higher load capacity and more flexible

behavior in various environments in comparisonwith existing
wheel-legged mechanisms. In general, wheel-linkage solu-
tions exhibit high adaptability against stairs and stable loco-
motion on the ground, but their stair-climbing speeds remain
unsatisfactory.

In this study, we propose a novel 2-DOF shape-morphing
wheel that can move on flat ground quickly and overcome
various obstacles in indoor environments efficiently. Because
the proposed shape-morphing wheel comes in contact with
only the horizontal surface of the obstacle, the absence of a
vertical riser of the obstacle has no influence on the climbing
performance of a mobile robot equipped with the proposed
wheels. In addition, it is possible to overcome various obsta-
cles in indoor environments more smoothly via the con-
tinuous transformation of proposed 2-DOF wheel. Herein,
various mechanisms have been explored for the novel 2-DOF
shape-morphing wheel. Since the serial two-bar and parallel
five-bar mechanisms basically have a 2-DOF motion, they
are considered as the possible candidates for the proposed
2-DOF wheel with different combinations of revolute and
prismatic joints. Then, their kinematic properties have been
exhaustively analyzed to choose the proper mechanism that
can satisfy the requirements for the given task. In other words,
we examine whether the selected wheel mechanism can be
changed into the desired shape, whether the interferences
between its links or between its links and an obstacle occur
while overcoming the obstacle, and whether more than two
passive revolute joints are arranged in a row. Recall that
if more than two passive revolute joints are arranged in a
row, the transformation of the wheel mechanism is highly
restricted owing to the singularity and as a result, it is likely
to fail to change its shape appropriately against an obstacle.

The remainder of this paper is organized as follows.
Section 2 describes the concepts and kinematic require-
ments for the 2-DOF shape-morphing wheel. In Section 3,
the 2-DOF shape-morphing mechanisms are systematically
investigated through the type synthesis of two- and five-bar
mechanisms. By excluding candidates that does not satisfy
the kinematic conditions and incorporating the synchroniz-
ing mechanism, five mechanisms are derived. In Section 4,
the kinematic characteristics of fivemechanisms are analyzed
by using the transformation range, interference, singularity,
etc. The concluding remarks are presented in Section 5.

II. 2-DOF SHAPE-MORPHING WHEEL
A. CONCEPT OF THE SHAPE-MORPHING WHEEL
The kinematic structure of the proposed 2-DOF shape-
morphing wheel, which consists of three wheel spokes and
three wheel lobes, is presented in Fig. 1. In Fig. 1, r , θ ,
and ϕ denote the wheel radius from the wheel center to the
hinge joint of the lobe, the tilting angle of the lobe with
respect to the wheel spoke, and the rotating angle of the wheel
center, respectively. In this study, the proposed wheel has
two DOFs for transformation along the r- and θ-directions;
in other words, the wheel radius and tilting angle of the
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FIGURE 1. Design parameters of the 2-DOF shape-morphing wheel and
its shapes: (a), (c) bi-directional shape for obstacle overcoming and
(b) circular shape for locomotion on flat ground.

FIGURE 2. Two examples of the proposed wheel overcoming obstacles
encountered in indoor environments: (a)−(d) overcoming a step and
(e)−(h) overcoming stairs.

lobe can be changed within certain ranges. To guarantee the
lightness of the proposed wheel, an appropriate mechanism
is integrated to synchronize the tilting motions of the three
wheel lobes such that only two actuators are used for the
desired transformation of the proposed wheel. Unlike fixed
1-DOF transformations of the Wheel Transformer and Quat-
troped, the proposed wheel is characterized by its continu-
ous transformability, which significantly enhances its prompt
adaptability against obstacles of various sizes.

Fig. 2 presents two examples of a mobile robot with
the proposed shape-morphing wheel, where it overcomes a
step and stairs in an indoor environment. While overcoming
the step, as shown in Figs. 2(a)−(d), the proposed wheel
is able to arbitrarily rotate its lobes in the clockwise and
counter-clockwise directions such that the mobile robot can
effectively change its moving direction on the spot, without
steering. In fact, stair-overcoming is equivalent to successive
step-overcoming as shown in Figs. 2(e)−(h); however, it is
important to reduce unexpected fluctuations of the mobile
robot to prevent it from falling from a stair. Hence, the tra-
jectory of the wheel center must be sufficiently smoothed,
which may be possible using optimal trajectory planning,
accompanied by proper wheel transformation to the size and
shape of the given stair [21].

Fig. 3 shows the sequential stages in step-overcoming
using the proposed shape-morphing wheel, where l and h
denote the circumference of the wheel lobe and height of
the step, respectively, and α and β correspond to the lengths
of the ground that are not touched by the wheel lobe before
the next wheel lobe touches the upper ground of the step.
The pre-transformation of the wheel at the second stage can

FIGURE 3. Sequential stages in step-overcoming using the proposed
2-DOF shape-morphing wheel.

TABLE 1. Key requirements For 2-DOF Shape-morphing wheel.

determine the optimal values of α and β to not only make the
trajectory of the wheel center much smoother but also make
the correct contact at the third stage. In addition, for descend-
ing a step at the fifth stage, the shape of the transformedwheel
is axially symmetric with respect to that for climbing a step
at the third stage.

B. REQUIREMENTS FOR THE SHAPE-MORPHING WHEEL
To determine the proper 2-DOF shape-morphing wheel
mechanism, the key requirements that the proposed wheel
must satisfy are defined and summarized in Table 1. First,
the requirement K1 sets the limit on the wheel size. A larger
wheel size may offer improved performance in terms of
overcoming obstacles; however, in this study, we set a limit
on the wheel size because the minimum length of the tread of
the stair is 260mm [22]. Therefore, the radius of the proposed
wheel in the circular shape is chosen to be 125 mm, such that
with three wheel lobes, the length of one lobe would be less
than 260 mm. The requirementsK2 andK3 are related to the
kinematic structure of the proposed shape-morphing wheel.
As discussed in Section 2.A, the total DOF of the proposed
wheel is selected to be two, i.e., one DOF for the length
change of the wheel spoke and the other DOF for rotation of
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the wheel lobe. In combination with a mechanism to synchro-
nize the motions of all the wheel lobes, only two actuators
are used for the 2-DOF wheel transformation. The require-
ments K4−K6 are related to the basic requirements that the
shape-morphing wheel must satisfy to overcome obstacles.
The requirements K7−K11 are considered to determine the
proper mechanism for the 2-DOF wheel mechanism.

To derive various shapes of the proposed wheel for the
requirement K5, the sizes of the obstacles should be defined.
Various obstacles may be encountered in the human living
environment, and most of them consist of a combination of
vertical and horizontal surfaces, similar to steps and stairs.
According to the Building Code [22], the width of a public
stairway must be at least 260 mm, and the height must be
less than 200 mm. When the initial posture and position of
the proposed wheel are given, i.e., (r, θ) is fixed, the distance
between the wheel and a step S (equal to the thread length)
and the height of the step H can be determined using the
kinematic relation shown in Fig. 4(a) as follow:

S =
(
θ2 −

√
3
2

)
r2 + {sin θ − sin (θ − θ2)} r (1)

H = −
√
3
2 r2 + {cos (θ − θ2)− cos θ} r (2)

where r2 is selected to be 125 mm based on the requirement
K1 and θ2 = 2π

3 because the number of wheel lobes is
chosen to be three for the structural simplicity of the proposed
wheel. The required transformation ranges of the length of
the wheel spoke r and tilting angle of the wheel lobe θ are
presented in Fig. 4(b), where 260 mm ≤ S ≤ 340 mm and
|H | ≤ 200 mm. The negative sign of H implies that the
proposed wheel climbs down a step with a tread and height
of S×|H |mm2. As confirmed in Fig. 4(b), as the tread length
increases with constant height (from P3 to P4 or from P6 to
P7), the required transformation range of the wheel spoke
increases, but the required range of the tilting angle of the
lobe decreases. In contrast, as the height of the step increases
with constant tread length, the required ranges of the wheel
spoke and tilting angle of the lobe increase simultaneously.
In summary, for the given ranges of S and H in Fig. 4(b),
the required ranges of the wheel spoke and tilting angle of
the lobe were from 125 mm to 205.6 mm and from −43◦ to
43◦, respectively.

III. TYPE SYNTHESIS OF THE 2-DOF SHAPE-MORPHING
WHEEL
A. 2-DOF MECHANISMS
In this study, we adopt the type synthesis method to find the
proper mechanism for achieving a 2-DOF motion of three
lobes that can satisfy the kinematic requirements in Table 1.
First, we explore various 2-DOF kinematic structures to trans-
form the position and posture of thewheel lobewith respect to
the wheel base. According to Gruebler’s equation, the 2-DOF
mechanisms with the smallest number of links and joints
are serial 2-DOF mechanisms. Because there are only two
joints, both the joints must be active joints. As shown in

FIGURE 4. (a) Kinematic relation between the proposed wheel and a step
during step-overcoming and (b) required transformation ranges of length
of wheel spoke r and tilting angle of wheel lobe θ .

Fig. 5, according to the combination of revolute joint R and
prismatic joint P, there are four cases, (1)−(4).
Next, a parallel mechanism consisting of five links and

five joints is considered as another candidate. In this case,
two joints are active joints, and three joints are passive joints.
Note that the active joints must be supported by the base.
According to the combination of R and P, there are thirty-
two kinematic structures, as shown in Fig. 5 considering that
the mirror-symmetric mechanism is the same as the original
mechanism.

As shown in Fig. 5, a detailed investigation of mechanisms
is required to check whether the key requirements listed
in Table 1 are satisfied or not. To streamline the design
procedure of the 2-DOF shape-morphing wheel, we first
analyze the motion of the mechanism with passive prismatic
joints (for example, (10) RPRRR in Fig. 5). For the lin-
ear motion of the passive prismatic joint, a linear guide is
essential, which has a sufficient stroke to meet the required
transformation range in Fig. 4(b). Moreover, active prismatic
joints are preferred because passive prismatic joints tend to
cause problems related to friction and accuracy [23]. In this
RPRRR mechanism, the rotation of each actuator must be
changed into a passive linear motion of the prismatic joint,
and a normal force perpendicular to the linear motion of
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FIGURE 5. Thirty-six mechanisms for the 2-DOF motions of wheel.

the linear guide exists. As a result, friction resistance to the
linear motion of the passive prismatic joint inevitably occurs.
Hence, mechanisms with passive P joints are excluded from
possible candidates for the 2-DOF shape-morphing wheel
mechanism.

Also, note that compared to the serial mechanisms, the par-
allel mechanisms are well-known to have advantages such
as good stiffness, high accuracy, and good load capacity.
Therefore, in this study, serial-type mechanism, i.e., (2)−(4)
in Fig. 5, are not considered for the 2-DOF shape-morphing
wheel mechanism. For a fair comparison with other par-
allel mechanisms, serial-type mechanism (1) in Fig. 5 is
included as a possible candidate for the proposed wheel
mechanism. In summary, five mechanisms, RR, RRRRR,
RRRRP, PRRRR, and PRRRP, corresponding to (1), (5),
(8), (9), and (14) in Fig. 5, remain for the proposed wheel
mechanism.

B. CHARACTERISTIC ANALYSIS OF FIVE SELECTED
MECHANISMS
In the previous section, we select five mechanisms for the
2-DOF shape-morphing wheel mechanism, but their motions
are focused on producing the motion of only one lobe along
the r- and θ -directions. To synchronize all motions of the
three lobes, appropriate mechanisms must be incorporated
into the selected mechanisms. The well-known mechanisms

for synchronization between links are belts, gears, and ternary
links. By combining these synchronization mechanisms with
five mechanisms selected in Section 3.A, five candidates for
the 2-DOF shape-morphingwheelmechanism can be derived,
as shown in Fig. 6. A detailed analysis is presented in the
following subsections.

1) MECHANISM #1
The first mechanism is based on a serial two-bar structure,
where the motions of the three lobes are synchronized by
two pairs of belt-pulley mechanisms. As shown in Fig. 7(a),
while the rotation of driving pulley 1 with respect to the
wheel axis subsequently makes three sub-pulleys and three
links rotate, the rotation of driving pulley 2 makes the first
and second sub-pulleys and three lobes rotate. In addition,
Figs. 7(b)−(e) present four transformed shapes of mecha-
nism #1 according to the combined rotations of the driving
pulleys. The transformed shapes in Figs. 7(b) and 7(c) are
obtained by the clockwise rotation of driving pulley 2 and the
counter-clockwise rotation of driving pulley 1, respectively.
The transformed shapes in Figs. 7(d) and 7(e) are obtained by
the combination of the counter-clockwise rotation of driving
pulley 1 and clockwise rotation of driving pulley 2.

r =
√
(l2 + l3)2 − 2l1(l2 + l3) cos q1 + l21 (3)
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FIGURE 6. Five mechanisms combined with the synchronization mechanisms for the 2-DOF shape-morphing wheel
mechanism.

FIGURE 7. (a) Mechanism #1 combined with two pairs of pulley
mechanisms for the 2-DOF shape-morphing wheel mechanism, and
(b), (c), (d), and (e) its transformed shapes according to the combined
rotations of pulley 1 and 2.

where q1 denotes the joint angle between the fixed link and
Link. Fig. 8(b)−(c) show that with an appropriate choice
of design parameters, mechanism #1 can be transformed
into desired shapes whose radius and tilting angle of the
lobe are within the desired transformation ranges. However,
the motions of the links and lobes obtained by two pulley
mechanisms are highly coupled to each other; for example,
when the joint R1 rotates by the orange belts, the joint R2
rotates by the revolution of the pulley located at joint R2.
Therefore, the positioning and angle accuracy of its trans-
formed shape are likely to suffer from accumulated errors,
and the required torques becomes increased because all the
active joints are rotational. Recall that jointR1must be within
a circle with a radius of 62mm, as shown in Fig. 8(a), to avoid
undesired interference between links during its transforma-
tion; hence, the maximum length of l1 is set to 62 mm. The
minimum radius of the circular shape is 125 mm.

FIGURE 8. (a) Design parameters of mechanism #1, (b) and (c) a
configuration to maximize the radius of its transformed shape.

2) MECHANISM #2
Mechanism #2 is based on a parallel five-bar structure, and
all the joints are composed of revolute joints. The motions
of the three lobes are synchronized by the combination of
a belt-pulley mechanism and a ternary link rotating with
respect to the wheel axis, as shown in Fig. 9(a). Figs. 9(b)−(e)
present four transformed shapes of mechanism #2 accord-
ing to the combined rotations of the belt-pulley and ternary
link. The transformed shapes in Figs. 9(b) and 9(c) are
obtained by the counter-clockwise rotations of the ternary
link and driving pulley, respectively. The transformed shapes
in Figs. 9(d) and 9(e) are obtained by the combination of the
counter-clockwise rotation of the driving pulley and ternary
link. Similar to mechanism #1, the motions of the pulley and
ternary links of mechanism #2 are highly coupled to each
other.

3) MECHANISM #3
Mechanism #3 is a 4 R1P mechanism, with one P joint
in the wheel base, as shown in Fig. 10(a). The motions
of the three lobes are synchronized by a combination
of two pairs of ternary links rotating with respect to
the wheel axis. Figs. 10(b)−(e) present four transformed
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FIGURE 9. (a) Mechanism #2 combined with a belt-pulley mechanism
and ternary link for the 2-DOF shape-morphing wheel mechanism, and
(b), (c), (d), and (e) its transformed shapes according to the combined
rotations of the pulley and ternary link.

FIGURE 10. (a) Mechanism #3 combined with two pairs of ternary links
for the 2-DOF shape-morphing wheel mechanism, and (b), (c), (d), and
(e) its transformed shapes according to the combined rotations of ternary
links.

shapes of mechanism #3 according to the combined rota-
tions of the two ternary links. The transformed shapes
in Figs. 10(b) and 10(c) are obtained by the counter-
clockwise rotation of the red ternary link and the clockwise
rotation of the blue ternary link, respectively. The trans-
formed shapes in Fig. 10(d) and 10(e) are obtained by the
combination of the counter-clockwise rotation of the red
ternary link and clockwise rotation of the blue ternary link.

4) MECHANISM #4
Mechanism #4 is a 3 R2P mechanism, with two P joints
in the wheel base, as shown in Fig. 11(a). All P joints are
driven by a rack-pinion mechanism. If the stroke lengths
of the two P joints are equal, the deformation occurs only
along the r-direction. Otherwise, the wheel lobe rotates pro-
portionally to the difference between the two stroke lengths.
Figs. 11(b)−(e) present four transformed shapes of mecha-
nism #4 according to the combined translations of two rack-
pinions. The transformed shapes in Figs. 11(b) and 11(c) are
obtained by the clockwise rotation of the blue pinion and
the counter-clockwise rotation of the red pinion, respectively.
The transformed shapes in Fig. 11(d) and 11(e) are obtained
by the combination of the clockwise and counter-clockwise

FIGURE 11. (a) Mechanism #4 combined with two pairs of rack-pinions
for the 2-DOF shape-morphing wheel mechanism, and (b), (c), (d), and
(e) its transformed shapes according to the combined rotations of the
rack-pinions.

rotations of the blue and red pinions. To prevent interference
between lobes, the length of the rack and resulting strokemust
be limited. The size of the pinion is equal to the circle tangent
to the three racks.

5) MECHANISM #5
Mechanism #5 is a 3 R2P mechanism, with two P joints
in the wheel base, as shown in Fig. 12(a). Actually, mecha-
nism #5 is similar to mechanism #4, except for the connecting
mechanism for the lobe. When compared to mechanism #4,
whose stroke is limited by the rack-pinion, mechanism #5 has
a larger stroke because the prismatic slide is attached to the
radial direction of the wheel. Figs. 12(b)−(e) present four
transformed shapes of design alternative #5 according to
the combined rotations of the two ternary links. The trans-
formed shapes in Figs. 12(b) and 12(c) are obtained by the
counter-clockwise rotation of the red ternary link and the
clockwise rotation of the blue ternary link, respectively. The
transformed shapes in Figs. 12(d) and 12(e) are obtained
by the combination of the clockwise and counter-clockwise
rotations of the blue and red ternary links.

IV. SIMULATION AND PERFORMANCE EVALUATION OF
FIVE SELECTED MECHANISMS
A. SIMULATION CONDITIONS AND RESULTS
To determine the proper mechanism for the 2-DOF shape-
morphing wheel mechanism among the five mechanisms,
a simulation to climb up/down a step is conducted to compare
the performances of five selected mechanisms. As shown
in Fig. 13, it is assumed that the height of the step is 180 mm,
and the distance between the design alternative and the step is
set to 780mm.As discussed in the previous section, the radius
of the design alternative in a circular shape is 125 mm.

Based on our previous study on the trajectory planning of
a transformable wheel [21], the trajectory of the wheel center
can be determined by an appropriate wheel transformation to
minimize undesired fluctuations during it step-overcoming.
Fig. 14 presents the desired objective trajectories of wheel
radius r and tilting angle of the lobe θ . As shown in Fig. 14,
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FIGURE 12. (a) Mechanism #5 combined with two pairs of ternary links
for the 2-DOF shape-morphing wheel mechanism, and (b), (c), (d), and
(e) its transformed shapes according to the combined rotations of two
ternary links.

FIGURE 13. Conditions of the step-overcoming simulation.

FIGURE 14. Objective trajectories of the wheel radius and the tilting
angle of wheel lobe for smooth step-overcoming, which is obtained using
optimal trajectory planning [21].

the wheel radius gradually increases at (A) to reduce the dis-
tance between the end point of the lobe contacting the ground
and the step less than the circumference of the wheel lobe.
This occurs without a change in the tilting angle of the lobe
for smooth obstacle overcoming, which corresponds to the
second stage in Fig. 3. Then, the radius becomes maximum
at (B) to climb up the step by increasing the tilting angle
of the lobe, which corresponds to the third stage in Fig. 3.
After climbing up the step, its shape is transformed into a
circular shape at (C). When transforming from (C) to (D),
the wheel radius changes similar to (A), without changing the
tilting angle of the lobe. Finally, the wheel radius increases

FIGURE 15. Objective trajectories of the wheel radius and the tilting
angle of wheel lobe for smooth step-overcoming, which is obtained using
optimal trajectory planning [21].

FIGURE 16. (a) Interference between the corner of the step and link
connecting joints R3 and R4 and (b) final configuration of mechanism #2.

again, but the tilting angle of the wheel lobe decreases at
(E) to descend the step, which corresponds to the fifth stage
in Fig. 3. The tilting angle of the wheel lobe for climbing an
obstacle is opposite to that for descending it, as previously
shown in Fig. 3.

For the given objective trajectories of the wheel radius
and tilting angle of the lobe in Fig. 14, the joint variables
for each mechanism are numerically calculated through geo-
metric analysis. Table 2 summarizes the initial parameters
of each mechanism used for the step-overcoming simulation
with respect to the center (0, 0) of their rotations, where the
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TABLE 2. Initial parameters of five mechanisms for step-overcoming
simulation.

active joints are denoted bymagenta circles. The mechanisms
in Table 2 are equipped with an appropriate synchronization
mechanism for the corresponding three lobes to produce the
same motion; hence, their shapes in Table 2 may seem to be
different from the simple shapes shown in Fig. 5 or at the top
of Fig. 6. It is worthwhile to note that through the simulations,
the joint variables of each mechanism may be adjusted as
required to prevent interference and singularities.

Then, the simulation is performed, where each mechanism
climbs up and down the step, as shown in Fig. 13, while
the wheel radius and tilting angle of the wheel lobe track
the objective trajectories, as shown in Fig. 14. In Fig. 15, the
center trajectories of each design alternative are denoted by
a red line. Recall that the objective trajectories of the wheel
radius and tilting angle of the wheel lobe are derived from
the optimal trajectory of the wheel center studied in [21];
therefore, the resulting trajectories of the wheel centers of
all the mechanisms are the same, as confirmed in Fig. 15.
However, because their structures are different from each
other, the corresponding motions of their joints and links
are different. As a result, for certain mechanisms, unde-
sired phenomena such as interference between links and step

FIGURE 17. Singular conditions of mechanism #2: (a) when joints R5, R1,
and R2 are located in a straight line, (b) when joints R4, R5, and R3 are
located in a straight line, (c) when joints R3, R5, and R4 are located in a
straight line, and (d) when joints R3, R4, and R5 are located in a straight
line.

and singularities are observed, which are discussed in detail
in the next section. For more information on the simula-
tion, please refer to the attached video files of five selected
mechanisms.

B. ANALYSIS AND PERFORMANCE EVALUATIONS
1) MECHANISM #2
During the step-overcoming simulation shown in Fig. 15, it is
observed that mechanism #2 suffers from undesired interfer-
ence between the corner of the step and its link connecting
joints R3 and R4, which occurs before mechanism #2 starts
to climb up the step, as shown in Fig. 16(a). For this type of
interference, joints R1 and R4 must be within a circle with a
radius of 60 mm from joint R5. Furthermore, mechanism #2
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FIGURE 18. (a) Another singular condition of mechanism #2: when joints R2, R3, and R4 are located in a straight line
and (b) corresponding wheel radius and tilting angle of the wheel lobe.

should satisfy the required transformation range described
in Fig. 4(b). Thus, two lengths l0 + l1 and l3 + l4 must be
increased, and the final configuration of this mechanism is
derived, as shown in Fig. 16(b).

The singularity of mechanism #2 is further investigated
for the given configuration in Fig. 16(b). In this mechanism,
the singularity may occur when three revolute joints are
located in a straight line. Then, there is a strong restriction
on the transformation of the mechanism. There are four cases
in which singularity occurs while mechanism #2 climbs up
and down the step. For example, if joints R2, R1, and R5
are in a straight line, as shown in Fig. 17(a), the radius of
mechanism #2 can be increased no longer. Further, if R4,
R5, and R3 are in a straight line as shown in Fig. 17(b),
the radius of mechanism #2 cannot be decreased. In the case
shown in Fig. 17(c), the tilting angle of mechanism #2 cannot
be decreased. In these types of singularities, the position and
tilting angle of each lobe can be achieved by appropriately
manipulating active joints R1 and R5; thus, the inverse kine-
matics of mechanism #2 can be solved such that all joint
values are uniquely determined. To avoid these singularities,
the following conditions must be satisfied:

d(R5− R2) ≤ d(R5− R1)+ d(R1− R2)
d(R5− R2) ≥ d(R5− R1)− d(R1− R2)
d(R5− R2) ≥ d(R1− R2)− d(R5− R1)

(4)

where d(·) denotes the distance between two points. Eq. (4)
can be expressed as

|l1 − l2| ≤ d(R5− R2) ≤ l1 + l2 (5)

Based on the conditions in (5), the values of the joint
variables of mechanism #2 in Table 2 are polished so that

R1= (−15,−90),R2= (−25, 80),R3= (25, 80),R4= (10,
90) in Table 2 are changed into R1 = (−51.96, 30), R2 =
(−10, 80), R3 = (10, 80), R4 = (51.96, 30), respectively.
When compared to the original configuration in Table 2,
joints R2 and R3 become much closer in the new config-
uration; hence, four revolute joints R1,(R2, R3), and R4
of different link pairs are located very close to each other.
Therefore, the actual mechanism for the new configuration
should be carefully implemented.

However, another singularity related to joints R2, R3, and
R4 occurs, even for the new configuration designed in the
previous paragraph. Unlike previous singularities related to
joints R5-R1-R2, R4-R5-R3, R3-R5-R4, and R3-R4-R5,
in this singularity, the motions of links l2 and l3, connected
by joints R2, R3, and R4, cannot be defined by active joints
R1 andR5. Fig. 18 describes themoments at which the singu-
larity related to joints R2, R3, and R4 occurs, that is, when
(r, θ) are (174 mm, 36◦) and (134 mm, 38◦), respectively.
In order to examine the required joint angles q1 and q2 of
active jointsR1 andR2 and the corresponding wheel rotating
speed of modified mechanism #2, an additional simulation
to climb up and down the step in Fig. 13 is conducted,
and the results are presented in Fig. 19. The trajectory of
the wheel center of modified mechanism #2 is the same as
that in Fig. 15. First, as shown in Figs. 19(b) and 19(c),
there are certain regions, S1, S2, and S3, where the joint
angles of R1 and R2 become negative, which implies that
the revolute joint changes its rotating direction. Similarly,
regions S4, S5, and S6 are observed in Fig. 19(d), where the
rotating speed of the wheel becomes negative and changes its
moving direction. Moreover, it frequently undergoes drastic
changes, which are denoted by cyan blocks. These changes
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FIGURE 19. (a) Trajectory of the wheel center of modified design alternative #2, (b) and (c) required trajectories of joint
angles q1 and q2 of R1 and R2, and (d) required trajectory of the wheel rotating speed.

may be a burden because the load capacity and size of the
motor used for the revolute joint must be sufficiently large.
In summary, mechanism #2 may not be suitable for the
proposed 2-DOF shape-morphingwheelmechanism because,
as discussed earlier, this mechanism has the largest number
of singularities among the five-bar mechanisms of RRRRR,
RRRRP, PRRRR, and PRRRP. It is worthwhile to note
that mechanism #3 also has many revolute joints, four Rs;
hence, it may have singularities similar to those of mech-
anism #2. In fact, the combination of joints R3, R4, and
R5 of mechanism #2 in Fig. 6 is a mirror image of the
combination of joints R1, R2, and R3 of mechanism #3 in
Fig. 6.

2) MECHANISM #4
Mechanism #4 is a 3 R2P mechanism, with two P joints
in the wheel base, as shown in Fig. 11(a). In this study, all
P joints are driven by a rack-pinion mechanism. Accord-
ing to geometric condition in Fig. 20(a), the transformable
length of the rack gear is given by 1q =

√
3
2 r , where

r denotes the wheel radius in the circular configuration.
Figs. 20(b) and 20(c) present the values of joint variables
q1 and q2 of mechanism #4, obtained from the simula-
tion in Fig. 15, respectively. Because the wheel radius r
is selected to be 125 mm, the transformable length of
the rack gear reaches a maximum of 108.25 mm, which
seems sufficient to cover the required transformation ranges
for joint variables q1 and q2 in Figs. 20(b) and 20(c),
respectively.

However, there are two types of interferences during
the simulation, as shown in Fig. 21. The first interference
between the rack (or rack guide) and step occurs when mech-
anism #4 lifts its lobe in contact with the ground. To avoid this
interference, it is necessary to redesign the trajectory of the
wheel center. This center trajectory is optimally determined
by minimizing undesired fluctuations while overcoming an
obstacle [21]. The second interference between the rack (or
rack guide) and wheel lobe occurs immediately after the
first interference. One possible solution to this interference
is to reduce the length of the wheel lobe; however, as the
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FIGURE 20. (a) Configuration of mechanism #4 and (b) geometric condition.

FIGURE 21. Two types of interferences of mechanism #4; between (a) rack and lobe and (b) rack and
step.

wheel radius r decreases, the transformable length of the
rack gear decreases; as a result, mechanism # 4 cannot
cover the required transformation ranges of joint variables
q1 and q2.

When compared to mechanism #4, mechanism #5 is free
from such interference and can satisfy the required transfor-
mation range although it is also based on a 3 R2P mecha-
nism with two P joints, similar to mechanism #4. The main
difference between mechanisms #4 and #5 is the mechanism
connecting the lobe. Unlike mechanisms #2 and #3, mech-
anism #5 has no singularity because for any configuration,

no three R joints are located in a straight line. Thus, mech-
anism #5 is chosen as the final candidate for the proposed
2-DOF shape-morphing wheel mechanism. Fig. 22(a) shows
the required trajectories of joint variables q1 and q2 corre-
sponding to the displacements of joints P1 and P2 for the cen-
ter trajectory given in Fig. 15. The maximum required trajec-
tories of joint variables q1 and q2 ofmechanism #5 are smaller
than those of mechanism #4. Fig. 22(b) presents the concep-
tual design of the proposed 2-DOF shape-morphing wheel
mechanism, which adopts a four-bar linkage to synchronize
the motions of the wheel lobes. The red lines in Fig. 22(a)
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FIGURE 22. (a) Required trajectories of joint variables q1 and q2, and (b) conceptual design of the proposed
shape-morphing wheel mechanism based on mechanism #5 combined with four-bar linkage.

denote the displacement of prismatic joint Pa of four-bar
mechanism used for the synchronization in Fig. 22(b). For
more detailed information regarding the design and manufac-
turing of the proposed wheel mechanism, please refer to [24].

V. CONCLUSION
In this study, we present the type synthesis of a novel
2-DOF shaping morphing wheel, whose radius and lobe tilt-
ing angle can be continuously adjusted to effectively over-
come different obstacles.We focus on the process of climbing
up and down steps and stairs, which is frequently encountered
in indoor environments. Hence, the required transformation
ranges of the radius and lobe tilting angle of the proposed
wheel are calculated to climb up and down various steps with
tread lengths and heights ranging from 260 mm to 340 mm
and from 0 mm to 200 mm, respectively. This information
plays an important role in transforming the proposed wheel
into a desired shape against different steps and stairs. From
a kinematic perspective, thirty six 2-DOF mechanisms are
searched. Among them, the serial RR and parallel RRRRR,
RRRRP, PRRRR, and PRRRP mechanisms are consid-
ered as candidates for the proposed 2-DOF shape-morphing
mechanism. Through extensive simulations of climbing up
and down steps with a height of 180 mm, it is observed
that the mechanism with more revolute joints is likely to

have more singularities when three R joints are located in
a straight line. Here, the motion of the mechanism along
the radial or angular direction is restricted, or the joint vari-
ables arranged in a row cannot be defined by active joints.
In addition, for a PRRRP mechanism using the rack-pinion
mechanism, interferences between links or between links
and the step may occur because of the large length of the
rack gear (or guide). To address these difficulties, we chose
another PRRRP mechanism, combined with ternary links.
This mechanism #5 enables tracking of the trajectories of the
joint variables to satisfy the required wheel transformation
without any singularity or interference. Based on this mech-
anism, we implement the proposed 2-DOF motions of the
shape-morphing wheel mechanism successfully.
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