Fuetal.
Chinese Journal of Mechanical Engineering
https://doi.org/10.1186/510033-023-00974-7

(2023) 36:153

Chinese Journal of Mechanical Engineering

Design of A Novel Wheel-Legged Robot

®

Check for
updates

with Rim Shape Changeable Wheels

Ze Fu', Hao Xu', Yinghui Li' and Weizhong Guo"

Abstract

crossing

The wheel-legged hybrid structure has been utilized by ground mobile platforms in recent years to achieve good
mobility on both flat surfaces and rough terrain. However, most of the wheel-legged robots only have one-directional
obstacle-crossing ability. During the motion, most of the wheel-legged robots’ centroid fluctuates violently, which
damages the stability of the load. What's more, many designs of the obstacle-crossing part and transformation-driving
part of this structure are highly coupled, which limits its optimal performance in both aspects. This paper presents

a novel wheel-legged robot with a rim-shaped changeable wheel, which has a bi-directional and smooth obstacle-
crossing ability. Based on the kinematic model, the geometric parameters of the wheel structure and the design
variables of the driving four-bar mechanism are optimized separately. The kinetostatics model of the mobile platform
when climbing stairs is established to determine the body length and angular velocity of the driving wheels. A pro-
totype is made according to the optimal parameters. Experiments show that the prototype installed with the novel
transformable wheels can overcome steps with a height of 1.52 times of its wheel radius with less fluctuation of its
centroid and performs good locomotion capabilities in different environments.

Keywords Mobile platform, Transformable wheel-legged robot, Kinematics analysis, Mechanical design, Obstacle

1 Introduction

Mobile platforms determine the motion performance
of robots. Especially in the fields of military reconnais-
sance, disaster rescue and extra-terrestrial exploration,
the obstacle-crossing ability is highly demanded. At pre-
sent, ground mobile platforms can be divided into wheel
type, leg type and crawler type according to their motion
mode.

Among them, wheel-based locomotion is the sim-
plest and most efficient [1]. Therefore, wheeled robots
are widely used in the design of road-carrying robots
(such as unmanned intelligent vehicles) [2, 3] and indoor
robots [4, 5]. However, if the wheeled robot encounters
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an obstacle with a height greater than the radius of its
wheel, it will not be able to pass it [6]. Therefore, the
application in the complex terrain of the wheeled robot
is limited by its poor obstacle-crossing ability. With the
help of bionic walking gaits, the legged robot has good
motion performance on uneven surfaces [7, 8]. However,
due to the complexity of the control strategy of the leg
mechanism [9] and the need for terrain prediction and
collection information [10], their moving speed is much
slower than that of the wheeled robots. At the same time,
the fluctuation of the centroid and the collision between
the foot and the ground [11] lead to low energy utiliza-
tion efficiency.

The wheel-legged hybrid robot is another important
research direction. The early wheel-legged hybrid struc-
ture is fixed. WHEGS’s [12] rimless wheel has three
spokes with hooks at the end of them. It mimics the barbs
on the insects’ legs and overcomes rocks by hooking on
their edges. Rhex [13] adopts the half-circular rim as
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legs to expand the motion range. ROMiRAMT [14] uses
rotating wheels with six legs and adds a spine to lift or
lower the body, which allows the robot to climb higher
obstacles. This kind of wheel-legged hybrid robot with
a fixed structure sacrifices the ability to move quickly
on flat ground in exchange for the ability to cross com-
plex terrain. At the same time, some scholars have pro-
posed another design idea of wheel-legged robot, which
attaches a round wheel to the end of the leg. For example,
Alduro [15], PAW [16], Hylos [17], Shrim and others have
adopted this design method, which enables the robot to
move on flat ground smoothly with round wheels, and to
pass through obstacles on unstructured terrain with the
help of the characteristics of discrete landing points of
the leg mechanisms. But since both the legs and wheels
of this kind of robot have degrees of freedom, the num-
ber of driving motors needs to be increased. This will
lead to the complexity of its control strategy and possible
damage on harsh terrain.

Over the past few years, in order to make the robot
transform between the wheel mode and leg mode so as to
combine the advantages of both types [18, 19], many sci-
entists have studied transformable wheel-legged mobile
platforms. The surface of Impass’s [20] wheel is full of
holes. The gear mechanism drives the rack on the spoke
in the hole so that the spoke can extend out of the hole.
Furthermore, the structure can switch between the round
wheel and the spoke wheel. Quattroped’s [21] wheel can
be separated into two semicircular legs with obstacle-
crossing capability. Lee [22] Proposed a transformable
wheel based on composite membrane origami which can
bear more than 10 kN load. The proposed design rule and
thick membrane are suitable for high-payload applica-
tions. QuadRunner [23] is a novel transformable quasi-
wheel-legged robot that combines quadruped and wheel
locomotion using a semicircular leg-wheel design with a
Trotting Wheel gait. WheeLeR [24] uses the center gear
to open or close the wheel rim. When opened, the rim
can hook the edge of the obstacle and lift the robot to
cross the obstacle. FUHAR [25] uses a four-bar linkage to
drive the circular wheel rim into six claws. Dynamic and
simulation models are established to verify its obstacle-
crossing performance. Ryu et al. [26] proposes a shape-
morphing wheel for high-speed step climbing in mobile
robots, extending wheel shape to overcome obstacles
using centrifugal force.

Most of these wheel-legged hybrid robots adopt struc-
ture similar to a claw to hook the edge of obstacles and
cross over them, which lead to violent fluctuations of
the mobile platform’s centroid and damage the stabil-
ity of the load. At the same time, due to the asymmetry
of the mechanism, most of the wheel-legged structures
only have one-directional obstacle-crossing ability, which
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limits their application in complex terrain. Moreover, the
geometrical parameters of the wheel determine its obsta-
cle-crossing ability and the design variables of the driving
mechanism determine the difficulty of transformation.
But these two design parts are highly coupled generally,
which limits the optimal performance in both aspects.

In this paper, a novel wheel-legged robot with rim
shape changeable (RSC) wheels is designed, which has
the ability of bi-directional obstacle-crossing. During
the climbing process, the rim contacts the obstacle’s sur-
face smoothly to reduce the centroid fluctuation of the
mobile platform. Different from the previous design in
which the geometric shape of the wheel is highly coupled
with mechanism configuration, the kinematic model of
the RSC wheel is first established, and the relationship
between its geometric parameters and climbing ability
is revealed. On this basis, the optimal geometric param-
eters of the wheel meeting the obstacle-crossing require-
ments are selected, and then the design variables of the
driving four-bar mechanism are optimized to improve
the transformation efficiency. The kinetostatics model of
the mobile platform when climbing stairs is established
to determine the body length and angular velocity of the
driving wheels. Experiments show that the prototype is
able to traverse rough terrain steadily.

The organization of this paper is as follows: Section 2
presents the kinematic model of the RSC wheel when
crossing obstacles. The optimal design parameters of the
driving four-bar mechanism are formulated in Section 3.
Kinetostatics of the whole wheel-legged mobile plat-
form is modeled to select the robot platform parameters
in Section 4. Section 5 conducts the prototype experi-
ment to verify the obstacle-crossing stability and terrain
adaptability of the robot, and Section 6 has concluding
remarks.

2 Kinematic Model of the Transformable Wheel

in Obstacle Crossing Process
The wheel with the shape changeable rim is essentially
an equally divided circle, and the arc after equal divi-
sion rotates around a point on it. As shown in Figure 1,
take the wheel rim divided into three parts as an exam-
ple to model the kinematics of the climbing process. The
structure of the RSC wheel is determined by r,#,6 and
3, which correspond to the wheel radius, the number of
equally divided arcs, the rotation angle of each arc, and
the central angle of each arc between their endpoint and
the rotation point respectively.

The RSC wheel rotates periodically on the flat surface,
and each period includes two stages: the arc rolling stage
and tip rotating stage. As shown in Figure 2(a), the for-
mer stage is the rotation of the circle in which arc BC in
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A
Figure 1 The RSC wheel and its motion coordinate system

B

(a) (b) ()
Figure 2 Movement process of the RSC wheel. Stage of (a) Arc
rolling, (b) Tip rotating, (c) Contacting the obstacle surface

contact with the ground is located, and the trajectory of
any point on the RSC wheel is the cycloid.

Assuming that at the beginning, the contact point
between BC and the ground is A, and OM; is vertical.
The center angle of the arc rotation point M; and contact
point A is ¢. Take A as the origin and establish the coor-
dinate system. The rotation angle of circle O is «, and the
trace of Oq is

le =ra,
Oly =r.

(1)

And the trace of M is cycloid, which has the initial
phase angle ¢. The trace of M can be written as

{Mlx =r((a+¢) —sin(a + ¢)) +re, @)

My = r(1 — cos(a + ¢)).

By rotating O1M; counterclockwise around M; at the
transform angle 0, the trace of the wheel center O in the
first stage can be written as

o) M [O1x — M
|: x:| _ |: 1x:| +R1 1x 1x , (3)
Oy My L Oly — My

where R is the rotation matrix:

cosf —sinf |
Ry = [sin@ cosf _' (4)
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As shown in Figure 2(b), when the rotation angle is:
a=360°/n—35—g, (5)

where § < 180° / n, the arc BC’s endpoint B contacts the
ground, and the wheel enters the tip rotating stage. At
this time, all the points on the wheel rotate the angle of
B around B. The trace of O; and M can be expressed as

M B Mix — B
|: lx] _ [ x} +R2|: 1x x:|, (6)
My B, My — B,

0] B O1x — B
|: lx:| _ |: x:| + Rz [ 1x x:| , (7)
O1y By O1y — By
where R is the rotation matrix:

cosf sin

R, = [ - sinﬂﬁ cosg ] ’ (®)
Similarly, the trace of the wheel center O at this stage
can be obtained from Eq. (3). This paper evaluates the
obstacle-crossing ability by taking climbing stairs as an
example. As shown in Figure 2(c), the height of the step is
H, the arc DE will touc}/l\the step surface before contact-
ing the ground. When DE is tangent to the step surface,

the following condition is satisfied:
Oy —r—H=0. (9)
Thus, the height of the step that can be climbed is:
H = Oy —r. (10)

If the number of equally divided arcs is #n, the center
angle of each arc is 360°/n. That is, the angle between
00 and 00, is 360°/n. The coordinate of O, in Eq. (10)
can be described as

(0] (o) O1,—O
[ 2"}={ x}+R3{ 1" "] (11)
OZy Oy Oly — Oy
where Rj3 is the rotation matrix:
21 s 2T
_ | cos(5F) —sin(5F)
37 Lin(z}f) cos(%“) ’ (12)

By adopting the above obstacle climbing method, the
rim can smoothly and rapidly move on the step’s surface
once it contacts the step. When H = 15 cm, r = 10 cm,
n=23,8 =60°and 0 = 50°, the trace of the wheel center
O during the process of climbing steps can be derived by
combining Egs. (3) and (10), which is shown in Figure 3.

The RSC wheel experiences the arc rolling stage on the
ground and the rotation stage around the end of the arc
(P1to Py) - contacting the step (at Py) - the arc rolling
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Figure 3 Obstacle climbing process when H = 15cm,r = 10cm,
n =38 =60°and 6§ = 50° :(a) Bi-direction trajectory of the wheel
center O, (b) The change of trajectory slope

stage on the step (P, to P3) as shown in Figure 3(a). At the
beginning (at P;) and the end (at P3) of this process, the
height of the wheel center O is consistent with the height
of the center of the round wheel on the ground and the
step, that is, 10 cm and 25 cm respectively. With the com-
pletion of climbing, the RSC wheel moves 24.6 cm in the
horizontal direction. The motion range of the centroid is
between 10cm and 25 cm during the whole process.

Figure 3(b) shows the change of the trajectory slope.
Except at P;, the slope changes continuously, and the
maximum value does not exceed 1.5. The slope change at
P, is 1.45, and it is always positive throughout the pro-
cess. The centroid of the wheel fluctuates mildly in the
whole process, and the motion stability is good.

3 Design of Transformable Wheel Mechanism
Based on the kinematic model mentioned in Sec-
tion 2, this paper proposes a method for the separation
design of the obstacle-crossing structure and the driving
mechanism.

The wheel structure is designed first to promote the
obstacle-crossing ability and the driving mechanism is
designed later to make the transformation process easier.
The schematic diagram of our proposed design frame-
work is illustrated in Figure 4.

3.1 Concept of the Wheel Mechanism

The obstacle-crossing capability can be indicated by the
ratio of the maximum height of the obstacle the wheel
can overcome H,, to the wheel radius in round shape r
[27], and it depends on the geometric parameters of the
RSC wheel. The mathematical expression of H,,/r is
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RSC wheel

)

Mechanism Parameters
Design
* Based on constraint of

configuration and force
* Obtain wheel mechanism

Desired performance

\ 4

Geometric Parameters
Design
* Based on kinematic model
* Promote bi-directional
obstacle-crossing ability

Optimal
structure

Figure 4 Schematic diagram of the proposed two-stage design
framework of transformable wheel mechanism

analyzed by taking the RSC wheel which has four divided
legs as an example. As shown in Figure 5, when overcom-
ing the obstacle with maximum height, the arc’s endpoint
B should be at the intersection of the ground and the ver-
tical surface of the step.

The geometric constraint in this position is:

By = Ooy. (13)

Considering reducing the structure complexity, the
number of arcs in RSC wheel is set to be no more than
6. Due to the symmetry of the structure, both the rota-
tion angle of each arc 6 and the central angle of each arc
between their endpoint and the rotation point § vary
from 0° to 90°. Based on these range limits, the relation-
ship between H,,/r and n,§,6 can be derived by substi-
tuting Eq. (13) into the kinematic model in Section 2,
which is shown in Figure 6.

Figure 6 illustrates that regardless of the number of
equally divided legs n, H,,/r increases with 6 and §. As
mentioned above, the maximum value of § is 180°/n.
In this case, § is half of the central angle corresponding
to each arc and the configuration of the wheel is sym-
metrical. Thus, § is determined as 180°/#n to obtain bi-
directional barrier-overcoming capacity. From Figure 6,
the relationship between #, 6 and H,,/r can be derived in
Figure 7.

Figure 5 The position of the RSC wheel with four legs
when overcoming the obstacle with maximum height
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Figure 7 Relationship between n, § and the obstacle-crossing ability
Hm/r when$ = 180°/n

(@)
Figure 8 The RSC wheel driven by the four-bar mechanism: (a)
Schematic diagram of the mechanism, (b) Free body diagram
of the wheel during the transformation process

Figure 7 illustrates that under the same 6, the obstacle-
crossing performance is strongest when n = 3, slightly
weaker when n = 2, and gets worse when n > 3 as n
increases. Therefore, the structure with three legs after
transformation is chosen as shown in Figure 8.

As shown in Figure 8(a), based on the optimal struc-
ture, the transformation driving part will be designed in
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the following. For compactness and reliability, three pla-
nar four-bar mechanisms are used to drive the transfor-
mation of the wheel, in which the rocker /; provides the
driving force.

3.2 Selection of Design Variables Based on Kinematics
The design variables, especially the length of linkage
l1,1p,13, are analyzed and properly selected based on
the kinematic model in this part. Figure 6 reveals that
the larger the transformation angle 6, the stronger the
barrier-crossing capability. Therefore, an optimization
problem with the maximum 6 as the objective can be
constructed.

Considering the clockwise transformation of the rim,
the relationship between 6,, and the length of each link-
age is:

B4r?2— 0 +1)? [
5T (h+b) +arcsin—3—90°.
2l3r 2r
(14)

The next step is to perform the dimensional synthesis
of the mechanism. The lengths of the three links need to
satisfy some constraints. The condition for the existence
of the four-bar mechanism is:

0,, = arccos

Lh+b+ls>r,
r+b+03>1,
h+r+il3> b,
h+b+r>Is.

(15)

The dimension parameters of the linkages are also
limited by the size of the structure to avoid motion
interference:

r<h+lh<r+ls,

8
I3 < 2rsin > (16)

Lh+r>h+1s.

Besides, the torque required for transformation should
be small to ensure the successful shape change of the rim.
After the gear reduction, there is maximum torque Ty <
3 N - m. As shown in Figure 7(b), by the principle of vir-
tual work, the following equation can be obtained:

T,ndy = Fy cos udB'. (17)

By combining Egs. (14) to (17), the optimization vari-
able space can be drawn as Figure 9.

In Figure 9, the red dot indicates the optimal four-bar
mechanism parameters satisfying the constraints within
the variable space, which are:

/1 =0.625r,1, =0.880r,I3 =0.735r.
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Figure 9 Relationship between the 6, and the length of linkages
under the constraints. The red dot indicates the location
of the optimal parameters

The maximum height of the step is set as 15 cm. From
Figure 7, the corresponding minimum radius of the
wheel 1y = 9.09 cm. Taking the machining error and
the stability margin into account, r is designed as 10
cm. Thus, the optimized design variables are

i =6.25cm, [, =8.80 cm, I3 =7.35 cm.

The mechanism with optimized design variables is
shown in Figure 10. The Maximum clockwise transfor-
mation angle 6, reaches 50.4 ° and H,,/r reaches 1.52.
Each leg is connected to the center turning disk so that
the whole transformation can be driven by just one
motor. Active bar /1 rotates clockwise or counterclock-
wise to change the wheel into forward or backward
direction motion mode respectively, thus providing the
mobile platform with a bi-directional obstacle-crossing
capability.

4 Design of Mobile Platform

To design the mobile platform equipped with the RSC
wheel, there are other parameters that need to be deter-
mined, such as the body length. In addition, in order to
select the type of driving motor, it is necessary to esti-
mate the rotation speed of the RSC wheel. The optimi-
zation of these parameters will be carried out based on
a kinetostatics model.

Figure 10 The wheel mechanism with optimum design variables
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4.1 Kinetostatics Analysis of the Mobile Platform

The free body diagram (FBD) of the mobile platform
installed with the RSC wheel is shown in Figure 11. The
robot consists of three parts: the RSC wheel, the body
and the passive assistant wheel. Only the former two
parts are analyzed, which ignores the influence of the
structure of the passive assistant wheel. Considering the
symmetry of the structure, the FBD of the RSC wheel and
body is planar.

Since the transformation driving motor and the motion
driving motor are arranged on the axis of the RSC wheel
and the mass of the body is quite small compared to the
mass of the RSC wheel, it is assumed that the mass of the
robot is approximately concentrated in the RSC wheel
center. The wheel rotation can be regarded as quasi-stat-
ically [28] due to its slow and constant speed. Also, the
friction force on the passive assistant wheel is ignored, so
there is only vertical support force Fy applied to the body.
Based on the above assumptions, the kinetostatics analy-
sis of the wheel and the body can be carried out. Table 1
explains the parameters of the kinetostatics model.

The success of the step-climbing depends largely on Fy
and f. The greater Fy, the more stable the mobile plat-
form will be. And large f ensures that the robot will not
slip during this process. Since this process is relatively
gentle, based on the D’Alembert principle, the kinetostat-
ics equations of the robot on point O can be obtained to
optimize the design variables:

f = —Mw?rcosg,

Fy+Fy — Mg = —Ma?rsin g,

frsing — Fyrcosg —f—Fy\/L2 — (H + Rsing)? = 0.
(18)

The expression of support force on the active wheel at
P can be written by revising Eq. (18) as

RSC Wheel

Body
L

Passive Assistant\

Figure 11 The free body diagram of the mobile platform
during the obstacle-crossing process
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Table 1 Parameters of the kinetostatics model

Parameter  Description Value
M Mass of the robot 5.2kg
r RSC wheel radius (Wheel mode) 0.1m
Angular velocity of the RSC wheel
@ Angle between OP and step surface (P
is the contact point between the arc
and the step)
g Acceleration of gravity 9.8 kg/m?
Fn Support force on the active wheel at P
Fy Support force on the body
f Frictional force on the active wheel at P
H Height of the step 1.5m
L Body length
M<g _ rwz sin(p _ rzmzsin(pa.)sw )
Fy = /L2 —(H+rsin ¢)? ' 19)

1+ rcoso

A/ L2—(H+r sin ¢)?

Equation (19) can be used to study the influence of
body length L and the angular velocity of the drive motor
o on the obstacle-crossing performance. The mass of the
robot M and the RSC wheel radius r (in wheel mode) is
constant. According to the kinematic model in Section 2,
in the extreme case, the initial angle between OP and the
step surface is 50°. And when the robot is on the step, OP
is vertical to the step surface. Thus, ¢ varies from 50° to
90° during the step-climbing process. The relationships
between Fy and L, ¢ (when @ =1 rad/s) and the relation-
ships between Fy and w, ¢ (when L = 0.3 m) are shown in
Figure 12.

Figure 12(a) illustrates that the increase in body length
contributes to the stability of the robot during the obsta-
cle-overcoming process. The reason is that if the passive
assistant wheel is away from the centroid of the robot,
the possibility of body overturning can be reduced. At the
same time, a long platform provides more space to carry
the load. Figure 12(b) illustrates that when the motor
power is a certain value, the angular velocity should be as
small as possible. Considering the overall size limitations,
L is designed as 0.35 m and w is chosen as 1 rad/s.

4.2 Prototype Design

Based on the previous design, the prototype with two
RSC wheels is developed as shown in Figure 13. The
overall size of the prototype is 46 x 40 x 24 cm®. The
rotation of the wheel is driven by DC encoder motors,
with the model CHR-42GP-775 and a reduction ratio of
1:92. The transformation of the RSC wheel is driven by
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Figure 12 Influence of L and w on the obstacle-climbing
performance of the mobile platform: (a) Relationship between Fy
and L, ¢ when @ = 1rad/s (Red line represents that L is finally chosen
as 0.35 m), (b) Relationship between Fy and w, ¢ when L = 0.3 m (Red
line represents that w is finally chosen as 1 rad/s)

(b)
Figure 13 Prototype of the wheel-legged robot: (a) Top view
of the prototype, (b) Side view of the RSC wheel

brushless DC motors. The model of the motor is CHW-
GW4632-370 and the reduction ratio of 1:32.

The control system of the robot consists of a main con-
troller and two motor drivers. The model of the main
controller is Arduino UNOQO, and the two motor drivers
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are both dual H-bridge 60A motor drive modules, which
control the motion drive motor and the transformation
drive motor respectively. The whole system is powered
by a lithium battery with a capacity of 9800 mhA, which
provides 12 V voltage to the controller and the motor
drivers. It can ensure one-hour continuous operation for
the robot. The specific parameters of the prototype are
listed in Table 2.

Before the experiments, in order to verify whether the
maximum transformation angle of the RSC wheel can
reach 50°, a sensitivity analysis of the obstacle-crossing
capability to the dimensions of the transformation driv-
ing mechanism was carried out to exclude the effect of
machining errors on the performance of the prototype.
Take partial derivatives on both sides of Eq. (14):

06 30 30 30 ] T
S L ] (20)

Equation (20) can be used to analyze the relationship
between the change of the obstacle-crossing ability and
the change of the length of three transformation driv-
ing links. When one of the lengths of the linkage /1, , 3
changes by ten thousandths (m) and the other two remain
unchanged, while the three parameters still satisfy the
constraint relations of Egs. (15) to (17), Figure 14 can
be obtained. In Figure 14, the red dots indicate the most
sensitive location to the change of design parameters.

In Figure 14, the red dots indicate the most sensitive
location to the change of design parameters. It can be
obtained that under the currently designed parameters,
0, can be affected by the length of the linkages to the
maximum extent as:

Table 2 Parameters of the robot prototype

Items Features

Total mass 52kg

RSC wheel radius 0.1m

Assistant wheel equivalent radius 0.13m

Body length 035m

Battery Lithium battery

Body materials

Maximum transformation angle
of the RSC wheel

Maximum speed
Transformation drive motor

Motion drive motor

(9800 mhA,12V)
Aluminum alloy
50.2°

1.67 m/s (Wheel mode)
Rated torque: 1.5 N'm
Rated speed: 7 r/min
Rated torque: 6 N'm
Rated speed: 80 r/min
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Figure 14 Sensitivity of RSC wheel's transformation angle A6,
to driving mechanism’s linkage lengths: (a) /; changes 0.0001 m,
while I, s remain unchanged, (b) /; changes 0.0001 m, while /;, /5
remain unchanged, (c) /5 changes 0.0001 m, while /1, /; remain
unchanged

<a§;”> = [131307]" (°/mm). (21)

Then, according to the relationship between the
transformation angle and the maximum height that the
RSC wheel can cross shown in Figure 7, we can obtain:

<8H’”> = [44 4.4 24]". (22)
8l max

Equation (22) shows that every 1 mm machining
error of the three linkages [y, [, I3 will reduce the maxi-
mum obstacle-crossing height by 4.4 mm, 4.4 mm
and 2.4 mm, respectively. The material of the linkages
in the prototype is aluminum alloy and its machining
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accuracy is 0.02 mm, so the effect on the obstacle-
crossing height is basically negligible. By measurement,
the maximum transformation angle of the RSC wheel
in the prototype is actually 50.2°.

5 Experiments

To verify the obstacle-crossing ability and stability of the
prototype and test whether the kinematics and kineto-
statics model established above are correct, the experi-
ments are carried out in the real environment shown in
Figure 15. The surface of the RSC wheel is pasted with
a common tire material to increase the friction between

Figure 15 Obstacle-crossing experiment of the prototype: (a)
Environment of the experiment, (b) Robot switches motion modes
in front of the step, (c) Step-climbing process
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it and the ground. The prototype was free from human
interference throughout the obstacle-crossing process.

In Figure 15(a), the robot is in wheel mode, and its
speed can reach a maximum of 1.67 m/s (3.63 robot
lengths per second), which can meet the efficient loco-
motion requirement on flat ground. The height of the
step in front of the robot is 14.6 cm, and the ratio of the
step height to the radius of the RSC wheel H/r is 1.46.
The equivalent radius of the passive assistant wheel is
13 cm.

In Figure 15(b), when encountering an obstacle, the
robot will switch from wheel mode to leg mode, in which
the transformation angle of the wheel rim is 50°. The
whole transformation process can be completed in less
than 1s.

In Figure 15(c), the prototype easily overcomes the step
as calculated before. Both the RSC wheel and the passive
assistant wheel have the shape of three legs in the pro-
totype. Figure 16(a) illustrates the maximum height of
the obstacle that the passive assistant wheel can climb,
which is H, = v312 —r2. Here, [ =9 cm, r =4 cm
and H,, = 15.07 cm. The equivalent radius of the pas-
sive assistant wheel is R, = [ + r = 13 cm, so the obsta-
cle-crossing ability can be evaluated by H,,/R, = 1.16.
This value is 1.52 for the RSC wheel and 0.5 for the
round wheel as shown in Figure 16(b), which proves
that the RSC wheel possesses a better obstacle-crossing
performance.

Figure 15(c) also records the centroid trajectory of the
robot (approximately considered to be concentrated at
the center of the RSC wheel) during the step-climbing
process. As shown in Figure 17, taking the initial wheel
center position as the origin, the height variation range
of the centroid is always within 15 cm and the maximum
absolute value of the track slope is 1.0079 in the whole
process. Similar to the kinematic analysis in Section 2,
before T = 3 s, that is, the RSC wheel completely climbs
the obstacle, and the trajectory slope is always positive.

RSC | 1.52

| Passive Assistant I 1.16
| Round |0.5

0 0.5

1.5

1
H,/r
(b)

Figure 16 The comparison of the step-climbing capacity: (a) The
step with maximum height that the passive assistant can climb, (b)
The Hp, /r value of the rim shape changeable (RSC) wheel, the passive
assistant wheel and the round wheel
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‘ m— Stcp-climbing trajectory == Slope of trajectory
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Figure 17 Obstacle-crossing trajectory and the change of slope

(b)
Figure 18 Experiment of traversing different terrains: (a) The robot
traverses on rough terrain, (b) The robot passes through the narrow
space in both directions without turning

The fluctuation of the centroid is slight, which proves
that the robot has good stability during the obstacle-
crossing process.

In addition, as shown in Figure 18, the rough surface
locomotion ability and the bi-directional obstacle-cross-
ing performance of the prototype are also examined. It
is shown in Figure 18(a) that the prototype can smoothly
pass through rough terrain with complex features such
as stones and pits, and has strong terrain adaptability. In
Figure 18(b), the arrows indicate the direction of motion
of the robot. In the narrow space between two cars, it is
difficult for the robot to turn around. However, the RSC
wheel can transform into forward or backward direc-
tion motion mode, allowing the mobile platform to pass
through the narrow space in both directions without
turning.
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6 Conclusions

This work proposes a novel wheel-legged robot with
RSC wheels that can switch between wheel mode and
leg mode based on a four-bar mechanism. The main
contributions are as follows:

(1) A novel transformable mechanism, enabling the
robot to maintain both high mobility in flat ground
and bi-directional obstacle-crossing performance in
rough roads.

(2) A design process that gets rid of the coupling
between the geometric structure and the transfor-
mation driving mechanism. Based on that, the geo-
metric parameters of the RSC wheel and the design
variables of the driving four-bar mechanism are
optimized separately to enhance the obstacle-cross-
ing performance and reduce the difficulty of trans-
formation.

(3) A robot with good mobile performance. Experi-
ments show that the prototype equipped with the
new wheel mechanism can overcome obstacles
with a maximum height of 1.52 times its wheel
radius, and run smoothly in rough terrains.

In future research, the passive assistant wheel will be
substituted with the active RSC wheel to achieve bet-
ter bi-directional obstacle-crossing ability. In addition,
a vision module will be added to identify the height of
obstacles. The rim of the wheel will be transformed into
different angles to adapt to different terrains, which
can reduce the energy consumption of the robot when
performing missions. At the same time, the robot can
determine whether the obstacle-crossing is completed
based on visual information, thereby switching back
from the leg mode to the wheel mode timely to avoid
centroid fluctuations in the leg mode shown in Figure 1
where the X coordinate is about 42 cm.

The design process and the transformable mecha-
nism proposed in this paper can provide a reference
for the design of the wheel-legged robot. The stable and
efficient obstacle-crossing performance of the mobile
platform will expand its application in fields such as
detection and rescue, and improve the success rate of
the missions in complex terrains.
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