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Abstract. Because the wheeled rolling robot has the characteristics of fast movement, high work efficiency and
strong bearing capacity, it can be applied to industrial production and detection. Aiming at the problems of low
motion efficiency and a large number of drivers of rolling robots based on the parallel mechanism, a new type
of wheeled rolling robot composed of a planar 3-RRR parallel mechanism and a spoke-type variable-diameter
wheel is proposed in this paper. By adjusting the output of the 3-RRR parallel center of gravity adjustment
device, the robot can deform and roll. In this paper, the spoke-type variable-diameter wheel is designed and the
eccentric torque workspace of the 3-RRR parallel center-of-gravity adjustment device is optimized. On the basis
of clarifying the relationship between wheel diameter scaling and input angle, the kinematic and dynamic models
of the wheeled rolling robot are established and simulated by Adams. Finally, the prototype was built and the
experiments were carried out. The results show that the wheeled rolling robot has the ability to linearly roll, turn
and climb at small angles.

1 Introduction

The application of mobile robots is becoming more and more
extensive, and it has been replacing human beings in differ-
ent fields and playing an increasingly important role. As a
special mobile robot, the rolling robot changes the torque of
the support point by the continuous adjustment of the cen-
ter of mass inside the structure to realize rolling. Due to its
high flexibility, strong stability and low energy consumption,
it has developed rapidly in the field of reconnaissance and
exploration (Sabet et al., 2020).

Common rolling robots are mostly spherical. The driv-
ing devices of spherical rolling robots are mainly divided
into two categories: movable slider and pendulum mecha-
nism (Ho et al., 2015; DeJong et al., 2017; Wu et al., 2021).
In order to enhance the stability and obstacle-surmounting
ability of the spherical rolling robot, a high-speed flywheel
can be installed on both sides of the pendulum mechanism or
two spherical rolling robots can be connected by a mechani-

cal coupling device (Hu et al., 2021; Sagsoz and Eray, 2023).
Considering that the abovementioned rolling robot will slide
relative to the ground during the start or stop phase, Kar-
avaev et al. (2015) adopted the Mecanum wheel to drive the
inner wall of the spherical shell to improve the whole pro-
cess stability of the system. Tafrishi et al. (2019) developed a
fluid-driven spherical rolling robot. Since two mutually per-
pendicular hydraulic pipes are connected to the surface of the
spherical shell, other sensor components can be installed in
the center of the spherical shell. In addition, there is a spe-
cial kind of spherical rolling robot. Kim et al. (2020) de-
signed a cable-driven spherical tensegrity robot, but the con-
trol method of this kind of rolling robot is not yet mature,
and its application value is limited. The spherical rolling
robot has high flexibility in motion, but the modeling and
control are complex, and the energy consumption of mo-
tion is large (Bai et al., 2018; Belzile et al., 2022; Li et al.,
2023). In addition to spherical rolling robots, wheeled rolling
robots are also the focus of current research. The deforma-
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tion of the wheel structure enables the robot to have mul-
tiple motion modes at the same time, which improves the
adaptability of the robot to the environment, especially re-
garding the obstacle-surmounting ability of the robot (Phipps
et al., 2008; Miura et al., 2019; Zhang et al., 2020). Wang et
al. (2016) designed a reconfigurable modular robot that can
smoothly switch between snake gait mode and chain rolling
mode. Sastra et al. (2009) improved the maximum speed of
the planar rolling by controlling the shape of the reconfig-
urable modular robot in the chain rolling process. Similarly,
Wang et al. (2018) proposed a rolling robot based on a closed
five-arc bar mechanism, which also smoothly rolls by chang-
ing the shape of the cylinder. With the rapid development of
material science and actuator technology, Misu et al. (2018)
designed a miniature wheeled rolling robot that can jump
while rolling using highly elastic materials and micro motors.
Mao et al. (2022) proposed a fluidic rolling robot driven by
a simple electrohydrodynamic (EHD) pump. Its biggest fea-
ture is that it is almost silent when rolling. The soft closed-
chain rolling robot is a new research direction. Its wheels
are mostly made of dielectric elastomer actuators or modu-
lar unidirectional shape memory alloy (SMA) actuators (Li
et al., 2021; Mansour et al., 2020). Such robots have good
environmental adaptability, but their motion speed is much
lower than that of rolling robots driven by rigid actuators.

Recently, irregular rolling robots have gradually also been
developed. The most common type is a rolling robot com-
posed of various forms of connecting rods (Liu et al., 2020a).
The linkage rolling robot enhances its adaptability to the en-
vironment through its own complex deformation (Tian et al.,
2021). Liu et al. (2020b) designed a novel reconfigurable
rolling robot based on a single-loop closed-chain four-bar
mechanism. It has four motion modes: four-bar walking,
four-bar rolling, self-deformation and six-bar rolling, but the
rolling speed is slow. Cheng et al. (2022) proposed a dou-
ble four-link wheeled rolling robot, which can switch be-
tween crawler rolling mode and crawling mode and has fast
rolling and strong obstacle-surmounting abilities. Tian and
Yao (2015) proposed a triangular bipyramid rolling robot.
Because the robot can change its rolling step size and its own
width during the rolling process, it can roll through a nar-
row channel. Wang et al. (2021) designed a tetrahedral mo-
bile robot with only rotating joints, which has good working
space and small displacement error. The linkage rolling robot
has strong obstacle-surmounting ability, but there are some
problems, such as low motion efficiency, weak bearing ca-
pacity and poor stability (Ding et al., 2015; Hao et al., 2020).
Considering that the parallel mechanism has large bearing
capacity, high motion accuracy and good stability, it can be
used as the actuator of machine tools and spraying equip-
ment (Wu et al., 2017, 2018). In addition, parallel mecha-
nisms with large deformation capabilities are often used for
structural innovation of rolling robots (Li et al., 2017). Ping
et al. (2022) designed a parallel rolling robot with a deploy-
able platform that can realize folding motion, quadrilateral

rolling and hexagonal rolling, but its motion speed is low. In
order to improve the rigidity and power output of the rolling
robot, Shen et al. (2017) proposed a hydraulically driven 3-
DOF parallel rolling robot. Wei et al. (2019) designed a mod-
ular rolling robot composed of 12 planar RRR chains, but the
control of the robot is complex, and the number of actuators
is too large.

Aiming at the problems of low speed and a large num-
ber of drivers of rolling robots based on the parallel mech-
anism, this paper proposes a new type of wheeled rolling
robot composed of a planar 3-RRR parallel mechanism and
the spoke-type variable-diameter wheel. The research of Wu
et al. (2010) and Zhang and Zhang (2016) showed that the
kinematic and dynamic performance of the redundantly ac-
tuated 4-RRR parallel mechanism is better than that of the
fully actuated 3-RRR parallel mechanism. However, accord-
ing to the analysis in Sect. 2.4 of this paper, with the in-
crease in the percentage of the mass of the moving platform
to the total mass of the rolling robot, the swing angle re-
quired to start the rolling robot is smaller; that is, the use of
a fully driven 3-RRR parallel mechanism will make starting
the variable-wheel-diameter rolling robot easier. In addition,
compared with 3-PRR and 3-RPR, the 3-RRR parallel mech-
anism has higher dexterity and energy transfer efficiency (Si
et al., 2022). Therefore, it is reasonable to choose the pla-
nar 3-RRR parallel mechanism as the power device of the
variable-wheel-diameter rolling robot. This paper mainly in-
cludes five parts. Section 1 introduces the research status of
rolling robots. Section 2 is the structural design of wheeled
rolling robots. Sections 3 and 4 establish the kinematic and
dynamic models of the system and use Adams for simulation.
Section 5 builds a prototype and carries out experiments.

2 Design of wheeled rolling robot

2.1 Overall design

Inspired by the cylinder that makes a rolling motion, when
the two wheels of the wheeled rolling robot have the same
diameter, linear rolling can be achieved. When the diameters
of the two wheels are different, the turning can be achieved,
and the turning angle is only related to the difference in di-
ameter. Therefore, the difficulty of the design of the wheeled
rolling robot becomes the design of the variable-diameter
wheel and its driving mode. Based on this idea, this pa-
per designs a wheeled rolling robot, including a spoke-type
variable-diameter wheel and a planar 3-DOF parallel mech-
anism, as shown in Fig. 1.

The wheeled rolling robot is composed of three parts:
the frame, the center of gravity adjustment device based
on a 3-RRR parallel mechanism and the spoke-type
variable-diameter wheel. The frame connects two spoke-type
variable-diameter wheels with opposite angles and serves
as the base of the 3-RRR parallel mechanism. The moving
platform of the 3-RRR parallel mechanism is connected to
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Figure 1. The model of wheeled rolling robot.

the drive shaft of the spoke-type variable-diameter wheel
by two retractable universal joint couplings. Among them,
the moving platform of the 3-RRR parallel mechanism has
one rotational DOF and two translational DOF in the plane.
When the moving platform of the 3-RRR parallel mechanism
rotates, one diameter of the spoke-type variable-diameter
wheel increases and the other diameter decreases and then
the wheeled rolling robot turns. When the moving platform
of the 3-RRR parallel mechanism moves, the wheeled rolling
robot makes a rolling motion.

2.2 Design of the spoke-type variable-diameter wheel

The spoke-type variable-diameter wheel is mainly com-
posed of the motion wheels connected to the shaft, the fixed
wheels connected to the frame and the variable-diameter
outer wheels, as shown in Fig. 2. Among them, the arc sheets
of the same specification are staggered and stacked in the
front and back, the left side of the arc sheet is provided with
a chute of the same specification, the right side is connected
with the chute of the adjacent arc sheet by the chuck, and
the other end of the chuck is connected with the spoke to
form a variable-diameter outer wheel. The bottom end of the
spoke is fixedly connected with the ball joint bearing that is
evenly distributed on the motion wheel to realize the connec-
tion between the variable-diameter outer wheel and the mo-
tion wheel, then the spoke is passed through the perforated
T joint to connect the variable-diameter outer wheel with
the fixed wheel, and finally the spoke-type variable-diameter
wheel is formed. In order to solve the balance problem of the
variable-diameter outer wheel of the robot in the non-rolling
state and avoid the contraction of the spoke group under the
influence of gravity, three sets of supporting springs are ar-
ranged between the motion wheel and the fixed wheel.

The single-branch structure of the variable-diameter outer
wheel is shown in Fig. 3. It can be seen from the figure that
the joint between the spoke and the motion wheel, the joint
between the T joint and the fixed wheel, and the joint be-

Figure 2. Spoke-type variable-diameter wheel.

Figure 3. Single branch of variable-diameter outer wheel.

tween the chuck and the outer arc sheet are all revolute pairs.
The connection between the spoke and the T joint and the
connection between the chuck and the arc sheet each contain
a moving pair. The outer chuck tightly connects to the adja-
cent arc sheet so that the arc sheet is always compactly ar-
ranged during the scaling process of the spoke-type variable-
diameter wheel. The robot maintains a stable posture during
the movement, and there is no flutter and instability due to
the cooperation between components.

The scaling of the robot’s wheel diameter is driven by the
rotation of the motion wheel, which in turn drives the angle
change in the spokes. The spokes are constrained by the T
joint and scale along the channel direction, pulling the outer
arc sheet to make the scaling motion. Taking the contraction
motion of the spoke-type variable-diameter wheel as an ex-
ample, when the drive shaft drives the motion wheel to rotate
in the counterclockwise direction, the motion wheel drives
the spoke to rotate and the spoke shrinks along the T joint so
that the outer chuck slides along the clockwise direction of
the arc slide to complete the contraction. Figure 4 is the over-
all shrinkage change diagram of the robot wheel diameter.
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Figure 4. Overall shrinkage of the robot wheel diameter.

Figure 5. The 3-RRR parallel center-of-gravity adjustment device.

2.3 Optimization of the eccentric torque workspace

Based on the advantages of a parallel mechanism with a
lower DOF, such as strong bearing capacity, high flexibil-
ity and lower number of actuators, this paper proposes a 3-
RRR parallel center-of-gravity adjustment device as shown
in Fig. 5. The driving principle of the center-of-gravity ad-
justment device is briefly summarized as the eccentric torque
generated by the center of gravity offset that destroys the
equilibrium state of the system, and the robot rolls when it
loses balance. When the moving platform of the 3-RRR par-
allel mechanism maintains a fixed angle during the move-
ment, the eccentric torque workspace of the robot changes.

Under the premise that the frame size is determined, the
installation size of the steering gear base arranged around
the frame is fixed. In addition, the 3-RRR parallel center-of-
gravity adjustment device satisfies L1 ≤ L2 and L1+L2 =

160 mm. As the rod length changes, the eccentric torque
workspace changes. In order to find out the best rod length
ratio parameter, L1 : L2, and obtain the optimal eccentric
torque driving space, the simulation operation test of the
mechanism is carried out. The sizes of L1 are 50, 60, 70 and

80 mm, and the corresponding sizes of L2 are 110, 100, 90
and 80 mm. Therefore, the four groups of rod length ratio pa-
rameters are (5 : 11)1, (3 : 5)2, (7 : 9)3 and (1 : 1)4. Then, the
variation law of the defects of the eccentric torque workspace
with the rod length ratio parameters is explored. By observ-
ing the space point set of the motion of the center-of-gravity
adjustment device, it is found that in the range of [−30, 30]°,
the eccentric torque workspace is irregularly incomplete. The
eccentric torque workspace of the moving platform rotation
angle ψ at 30, 15, 0, −15, −30° is intercepted, respectively,
and the change trend of the eccentric torque workspace is
calculated as shown in Fig. 6.

The results show that when L1 : L2 = 1 : 1, the change
trend of the eccentric torque workspace is relatively smooth
and stable, and the movement of the 3-RRR parallel gravity-
center adjustment device is the most stable and smooth. In
order to extract the boundary points of the eccentric torque
workspace, the limit position of the moving platform of the
mechanism is determined based on the inverse kinematics of
the mechanism and the search optimization method. We or-
ganize the data and draw the boundary extreme point change
curve of the eccentric torque workspace as shown in Fig. 7.
With the increase in rod length ratio parameters, Ymax and
Zmax show an upward trend, and Ymin andZmin show a down-
ward trend; that is, the limit of the working space of the
moving platform increases with the increase in rod length
ratio parameters. Considering the change trend of the ec-
centric torque workspace and the limit of the workspace of
the moving platform, the rod length, L1 = L2 = 80 mm, is
determined. On this basis, the optimized eccentric torque
workspace is shown in Fig. 8. The working space of the ec-
centric torque in Fig. 8 is regular and continuous, which in-
dicates that the 3-RRR parallel gravity-center adjustment de-
vice has good smoothness of motion and good transmission
performance of eccentric torque, and the robot can obtain un-
interrupted driving torque support during rolling.

2.4 Analysis of the moving platform

The rolling of the robot is caused by the eccentric torque gen-
erated by the movement of the center-of-gravity adjustment
device to overcome the rolling friction torque between the
variable-diameter outer wheel and the ground. The power of
the wheeled rolling robot is provided by three double-output
shaft-steering engines evenly distributed on the frame. When
the driving force, F ∗, of the robot is small and the robot has
a tendency to roll, the variable-diameter outer wheel makes
contact with the ground and squeezes the ground to produce
contact deformation, and the constraint reaction force at the
wheel edge is nonlinearly distributed. Figure 9 is the mechan-
ical model of the robot. As the driving force, F ∗, increases,
when the rolling torque, T ∗, generated by the driving force,
F ∗, and the ground distribution force system is greater than
the maximum rolling friction torque,M f

max, of the robot (that
is, T ∗ ≥M f

max), the robot begins to roll. The moving plat-
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Figure 6. The change trend of the eccentric torque workspace. (a) L1 : L2 = 5 : 11. (b) L1 : L2 = 3 : 5. (c) L1 : L2 = 7 : 9. (d) L1 : L2 =
1 : 1.

Figure 7. Boundary extreme value of the eccentric torque
workspace.

form of the gravity-center adjustment device is used to carry
components such as battery packs, controllers and sensors.
The mass and volume of the battery pack are the main consid-
erations in the design of the moving platform. In the case of a
certain rod length ratio parameter of the center-of-gravity ad-
justment device, the eccentric torque is positively correlated
with the sine function of the swing angle of the mechanism.
Therefore, the following applies:

β ≥ arcsin
µMt

m1
(
Ro

L−Ld
) . (1)

In Eq. (1), µ is the rolling friction coefficient, Mt is the total
weight of the robot,m1 is the equivalent mass of the center of
gravity adjustment device and β is the swing angle of the par-
allel mechanism rod group. If the mass ratio is km =m1/Mt
and the parameter is (Ro

L−Ld)= 90 mm, then Eq. (1) can be
expressed as

β ≥
180
π

arcsin
µ

90km
. (2)

Figure 8. Optimized eccentric torque workspace.

Therefore, the larger the mass ratio, km, the smaller the swing
angle, β, required for the wheeled rolling robot to start mov-
ing and the better the maneuverability of the robot. Improv-
ing the equivalent mass of the center-of-gravity adjustment
device can make the robot begin to move when the swing
angle is small.

3 Kinematics analysis of the wheeled rolling robot

3.1 Analysis of wheel diameter scaling

The spoke-type variable-diameter wheel is connected to
the 3-RRR parallel center-of-gravity adjustment device by
a symmetrically arranged retractable universal joint, and
the motion wheel and the fixed wheel are connected by
spokes. Then, the relationship between the wheel diameter
and the spoke scaling angle in the deformation process of
the wheeled rolling robot is analyzed. Taking the left turn
of the robot as an example, the initial wheel diameter of
the variable-diameter outer wheel is R1. When the center-of-
gravity adjustment device rotates at an angle θ , it is transmit-
ted to the motion wheels on both sides through the universal
shaft to drive the spoke change. Because the spoke groups of
the variable-diameter wheel train on both sides are arranged
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Figure 9. Mechanical model of the robot.

in reverse, the left spoke shrinks under the drive of the mo-
tion wheel, the outer wheel diameter is reduced to R2, the
right spoke is opened and the outer wheel diameter is ex-
panded to R3. After the wheel diameter changes, the robot
continues to roll in the counterclockwise direction. Because
the left-wheel diameter is small and the right-wheel diameter
is large, the rolling robot turns left. The scaling process of
the wheel diameter of the rolling robot is shown in Fig. 10.
The center of the circle is defined asOd, the connection point
between the bottom of the spoke and the edge of the motion
wheel is Td, the connection point between the middle of the
spoke and the T joint is Ts, and the connection point between
the top of the spoke and the arc sheet is Tp. In addition, the
radius of the motion wheel is defined as Rd, the radius of
the fixed wheel is Rs, and the radius of the left and right
variable-diameter outer wheels is RL and RR, respectively.
If |TdTs| =m1,

∣∣TdTp
∣∣=m and 6 TdOdTs = α, in 1TdOdTs,

the relationship between the side lengths can be expressed as

m2
1 = R

2
d +R

2
s − 2RdRs cosα. (3)

Let 6 OdTdTs = β. Then

cosβ =
Rd−Rs cosα√

R2
d +R

2
s − 2RdRs cosα

. (4)

And in the triangle 1TdOdTp, the following applies:

cosβ =
R2

d +m
2
−R2

L

2mRd
. (5)

Therefore, the combined Eqs. (4) and (5) can be obtained:

R2
L = R

2
d +m

2
−

2mR2
d − 2mRdRs cosα√

R2
d +R

2
s − 2RdRs cosα

. (6)

According to Eq. (6), the radius, RL, of the variable-diameter
outer wheel of the robot is only related to the input angle, α,
of the motion wheel. Because the parameters of the wheel
train on both sides of the robot are the same when the robot
is rolling in a straight line, the following also applies:

R2
R = R

2
d +m

2
−

2mR2
d − 2mRdRs cosα√

R2
d +R

2
s − 2RdRs cosα

. (7)

As shown in Fig. 10a, when the motion wheel turns over the
angle θ , the robot’s left variable-diameter wheel train shrinks
and the position of each reference point changes. It can be
seen that the blue triangle area increases significantly, the
spoke group shrinks counterclockwise, and the arrangement
is more compact. Similarly, the following can be obtained:

RL′2 = R
2
d +m

2
−

2mR2
d − 2mRdRs cos(α+ θ )√

R2
d +R

2
s − 2RdRs cos(α+ θ )

. (8)

When R2
d +m

2
= A, 2mR2

d = B, 2mRdRs = C, R2
d +R

2
s =

D, 2RdRs = E, Eq. (8) can be simplified as

RL′2 = A−
B −C cos(α+ θ )
√
D−E cos(α+ θ )

. (9)

As shown in Fig. 10b, when the motion wheel turns over the
angle θ , the robot’s right variable-diameter gear train opens,
the spoke group opens counterclockwise and forms a radial
shape, and the blue triangle area shrinks. Similarly, the fol-
lowing can be obtained:

RR′2 = A−
B −C cos(α− θ )
√
D−E cos(α− θ )

. (10)

Equations (9) and (10), respectively, represent the change in
the radius of the left and right wheels after the motion wheel
rotates at a certain angle. The scaling of the variable-diameter
outer wheel of the wheeled rolling robot is only related to the
input angle of the motion wheel.

3.2 Analysis of linear rolling and turning motion

The linear rolling ability of the wheeled rolling robot is de-
termined by the size of the eccentric torque provided by its
center-of-gravity adjustment device and the scaling size of
the variable-diameter outer wheel. As shown in Fig. 11, the
ratio of the larger wheel diameter size to the smaller wheel
diameter size of the variable-diameter outer wheel of the
wheeled rolling robot in the turning state is defined as the
scaling ratio, and the scaling ratio represents the turning mo-
tion ability of the robot. The angle between the spoke and the
tangent of the motion wheel is defined as the scaling angle
of the variable-diameter outer wheel, and the scaling angle
represents the deformation ability of the robot. The wheel di-
ameter size is defined as RoL when walking in a straight line,
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Figure 10. (a) Left-wheel spoke contraction state. (b) Right-wheel spoke open state.

Figure 11. The limit position of wheel diameter scaling.

Figure 12. Simulation of the robot linear rolling.

and the size range satisfies Rmin <R
o
L <Rmax. The radius of

the moving wheel is n, and the length of the spoke is m. Ac-
cording to the cosine theorem, the radius of the outer wheel
with a variable diameter is

R2
L =

(
n2
+m2

− 2nmsinρ
)
. (11)

Considering that the wheeled rolling robot makes a pure
rolling motion and does not sideslip, the kinematic equation
of the wheeled rolling robot based on the nonholonomic sys-

Figure 13. Turning motion of the wheeled rolling robot.

tem theory is listed as follows: ẋ

ẏ

ϕ̇

=
 cosϕ −a sinϕ

sinϕ a cosϕ
0 1

 · [ ν
$

]
. (12)

When K= [ ẋ ẏ ]T , the following applies:

K=
[
ẋ
ẏ

]
=

[
cosϕ −a sinϕ
sinϕ a cosϕ

][
ν
$

]
= A

[
ν
$

]
. (13)

According to the matrix operation, A−1 is obtained, and
the inverse kinematics matrix equation of the wheeled rolling
robot is[
ν

$

]
=

[
cosϕ sinϕ
−

1
a

sinϕ 1
a

cosϕ

][
ẋ

ẏ

]
. (14)
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Adams is used to simulate the linear rolling of the wheeled
rolling robot. Figure 12 is the displacement curve of the
wheeled rolling robot when the dual-output shaft-steering
gear outputs with different torques. The simulation results
show that the maximum speed of the robot rolling on the
horizontal ground is about 1 m s−1. The state of the turning
motion of the wheeled rolling robot is shown in Fig. 13. At
this time, the left wheel of the robot shrinks and the right
wheel opens to complete the left-turn motion. The inclina-
tion angle of the turning state of the robot is defined as α. The
larger the inclination angle, the smaller the turning radius of
the robot and the more flexible the movement. According to
the geometric relationship, the robot inclination angle is

α = arctan
Rr−Rl

L
. (15)

The turning radius of the robot is

RH =
L

2
·
Rl+Rr

(Rr−Rl)
=
Rl+Rr

2tanα
. (16)

If the linear velocity of the whole turning of the robot is ν
and the angular velocity is ω, the linear velocities of the left
and right wheels of the robot are{
vL = (1− λ)ωR′L,
vR = (1+ λ)ωR′R.

(17)

3.3 Analysis of climbing motion

In the process of the climbing motion, the wheeled rolling
robot easily enters an unstable state due to the influence of
gravity and slope friction. Therefore, when analyzing the
climbing motion of the wheeled rolling robot, this paper de-
faults to the fact that the variable-diameter outer wheel is a
rigid body, and carries out a pure rolling motion without the
sideslip phenomenon. The mass of the robot system is di-
vided into two parts. The mass of the center of gravity adjust-
ment device is m1, the mass of the other parts is m2, and the
radius of the variable-diameter outer wheel is R. As shown
in Fig. 14, the wheeled rolling robot moves on the slope with
an inclination angle of γ , the rotation angle of the variable-
diameter outer wheel is θ , the angle between the center-of-
gravity adjustment device and the vertical direction is ϕ, and
the eccentric torque of the robot is τ . The friction between the
slope and the robot’s variable-diameter outer wheel is greater
than the force along the slope of the robot system. The force
condition of the wheeled rolling robot moving uphill is{ ∑

τ =mg (l sinϕ−R sinγ )−MgR sinγ ≥ 0∑
F = µ (M +m)g cosγ − (M +m)g sinγ ≥ 0 , (18)

{
γ ≤ arcsin

(
m

M+m
·
l
R

)
sinϕ

γ ≤ arctanµ
. (19)

The generalized coordinate method is used to analyze the
motion constraint equation of the slope the robot is on. The
constraint equation of the robot on the slope can be written
as

ẋ = Rθ̇. (20)

The integral of Eq. (20) shows that the kinematic equation
of the whole system can be expressed by the rotation angle,
θ , of the variable-diameter outer wheel and the angle ϕ be-
tween the center-of-gravity adjustment device and the verti-
cal direction. The generalized coordinates of the system are
selected as

q1 = θ,q2 = ϕ. (21)

The Lagrange function of the robot system is

L= T −V. (22)

Since the eccentric torque of the robot is τ , the Lagrange
equation of the system can be expressed as

d
dt

(
∂L

∂θ̇

)
−
∂L
∂θ
= τ,

d
dt

(
∂L
∂ϕ̇

)
−
∂L
∂ϕ
= τ.

(23)

It can be seen from Eq. (23) that the robot system is an
underactuated system with input coupling, and its nonholo-
nomic constraint equation needs to be established by dy-
namic modeling. Because θ = x/R and θ̈ = ẍ/R, the con-
straint relationship of the uphill motion of the wheeled
rolling robot is

λ1ẍ+ λ2ϕ̈+ λ3ϕ̇
2
+ λ4 = 0. (24)

The coefficients of Eq. (24) are
λ1 = (m1+ 4m2)R−m1l cos(ϕ− γ ) ,
λ2 =m1

(
Rl−R2

− l2
)
,

λ3 =−m1Rl sin(ϕ− γ ) ,
λ4 = (m1+ 2m2)gR sinγ −m1gl sinϕ.

(25)

The equilibrium state of the climbing motion includes the
robot in the resting position and the robot at uniform speed
on the slope. The critical value of the climbing angle can be
obtained by analyzing the static state of the robot. When the
robot is stationary on the slope, the equilibrium conditions
ẋ = 0, ẍ = 0, ϕ̇ = 0 and ϕ̈ = 0 are substituted into the La-
grange equation of the system to obtain:{

(m1+ 2m2)gR sinγ = τ0,

m1gl sinϕ0 = τ0.
(26)

In Eq. (26), ϕ0 is the critical deflection angle of the center
of gravity adjustment device relative to the vertical direction
and τ0 is the critical eccentric torque. Assuming that the max-
imum inclination angle of the slope that the robot can pass
through is γmax, the following can be obtained:

ϕ0 = arcsin
[(
m1+ 2m2

m1l

)
R sinγ

]
. (27)
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Figure 14. Climbing motion of the wheeled rolling robot.

Figure 15. Simulation of robot climbing motion.

WhenM =m1+2m2, according to the properties of the arc-
sine function, the slope inclination angle satisfies

γ ≤ arcsin
(
m1

M
·
l

R

)
. (28)

It can be seen from Eq. (28) that when the rolling friction co-
efficient and the length of the rod group of the 3-RRR parallel
mechanism are fixed, the larger the mass ratio of the robot,
the better the climbing performance. The theoretical maxi-
mum climbing angle, γmax, of the wheeled rolling robot can
be obtained by bringing the design parameters into Eq. (28).
When the slope angle is too large, the robot enters an unsta-
ble state. Then, the climbing motion of the wheeled rolling
robot is simulated. The initial speed of the wheeled rolling
robot is set to be 0.8 m s−1; the slope friction coefficient is
0.6; and the slope angles are 2, 5 and 10°, respectively. The
motion curve of the wheeled rolling robot along the X axis
direction is shown in Fig. 15.

When the slope angle is γ = 2°, the wheeled rolling robot
rolls a small distance along the negative direction of the
X axis at the beginning. With the increase in power, the robot
starts to climb straightly at 0.5 s and the maximum displace-
ment reaches 0.76 m. When the slope angle is γ = 5°, the

Figure 16. Motion coordinate system of the wheeled rolling robot.

wheeled rolling robot rolls along the negative direction of
the X axis at the beginning. As the output torque increases,
the robot starts to climb at 0.8s and finally completes the dis-
placement of 0.67 m. Compared with the motion when the
slope angle is γ = 2°, the time for the robot to start climbing
is delayed and the displacement is reduced. When the slope
angle is γ = 10°, the wheeled rolling robot begins to climb
at 1.3 s and the displacement along theX axis direction is the
only 0.5 m. It is worth noting that this is only for the initial
conditions of the slope friction coefficient of 0.6 and the ini-
tial speed of 0.8 m s−1. If the input of the eccentric torque is
increased or the friction coefficient of the slope is reduced,
the climbing ability of the robot will be further improved.

4 Dynamics analysis of the wheeled rolling robot

Since the wheeled rolling robot is subject to nonholonomic
constraints, its dynamic model is a nonlinear system with
strong coupling and many variables. Therefore, based on the
nonholonomic dynamic Routh equation in generalized coor-
dinates and using the Euler–Lagrange formula method, the
dynamic model of the robot is established. Under the premise
of only considering the linear rolling of the robot, the follow-
up coordinate system,Ob, and the ground coordinate system,
Oe, are defined as shown in Fig. 16. Under the conditions of
pure rolling and no sideslip, the nonholonomic constraint of
the robot is
−ẋ sinψ + ẏ cosψ = 0,
ẋ cosψ + ẏ sinψ +Dmψ̇/2−Rrψ̇R = 0,
ẋ cosψ + ẏ sinψ −Dmψ̇/2−Rlψ̇L = 0.

(29)

where ψ is the angle between Yb and Ye, Dm is the center
distance between the left and right wheels, and ψR and ψL
are the angular displacements of the right and left wheels, re-
spectively. According to the Lagrange formula and the Routh
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equation under generalized coordinates, the following ap-
plies:

d

dt

(
∂L

∂q̇

)
−
∂L

∂q
=Q+F T (q)λ. (30)

In addition,Q is the generalized force and generalized torque
acting on the robot:

Q=
(

0 0 0 −(τR+ τL) τR τL
)T
. (31)

Substituting Eq. (31) into Eq. (30) can obtain:

d

dt

(
∂L

∂q̇

)
−
∂L

∂q
= E (q)τ +F T (q)λ, (32)

where τ =
(
τR τL

)T . This can be obtained by the follow-
ing:

E (q)=
[

0 0 0 −1 1 0
0 0 0 −1 0 1

]T
. (33)

The kinetic energy of the robot system is composed of the ki-
netic energy of the variable-diameter wheel train, the kinetic
energy of the frame and the kinetic energy of the center-of-
gravity adjustment device. Therefore, the kinetic energy of
the whole robot system is expressed as

T = TL+ TR+ TM
=

1
2

(
mLR

2
l ϕ̇

2
L+ J ϕ̇

2
L
)
+

1
2

(
mRR

2
r ϕ̇

2
R+ J ϕ̇

2
R
)
+

1
2JX θ̇

2
+

1
2M


(
ψ̇LC sinθ

)2
+

[
θ̇LC cosθ + 1

2RW (ϕ̇L+ ϕ̇R)
]2

+
(
θ̇LC sinθ

)2
 . (34)

LC is the distance between the center of gravity and the axis
of the two wheels. The height of the wheel shaft is defined as
the zero-potential-energy point, and the potential energy of
the robot system is

V =MgLC cosθ. (35)

Because the Lagrange function is L= T −V , the nonholo-
nomic constraint relation of Eq. (29) can be expressed as fol-
lows:{
q̇ = S (q)v,
v =

(
θ̇ νψ ψ̇

)T
.

(36)

The partial derivation of each variable in Eq. (30) is obtained
separately, and the robot system dynamics equation is sum-
marized as follows:

A (q) q̈ +B (q, q̈)= E (q)τ +F T (q)λ. (37)

In Eq. (37), A (q) is the symmetric matrix, B (q, q̈) is the
Coriolis force gravity term, τ is the output vector, E (q) is

the output vector transformation matrix, F (q) is the con-
straint matrix, and λ is the Lagrange multiplier, whereas
A (q), B (q, q̈) and F (q) are

A (q)=
ML2

Csin2θ 0 0 0
0 ML2

C + JX
MRRLC cosθ

2
MRLLC cosθ

2

0 MRRLC cosθ
2 (m+ M

4 )R2
R + JR

MR2
L

4

0 MRLLC cosθ
2

MR2
L

4 (m+ M
4 )R2

R + JR

 , (38)

B (q, q̈)=



0
0
Mψ̇L2

Cθ̇ sin2θ
−MLC sinθ

(
ψ̇2LC cosθ + g

)
−
(
MRl θ̇

2LC sinθ
)
/2

−
(
MRr θ̇

2LC sinθ
)
/2

 , (39)

F (q)=

 −sinθ cosθ 0 0 0 0
cosθ sinθ L 0 −R 0
cosθ sinθ −L 0 0 −R

 . (40)

Substituting Eq. (36) into Eq. (37) and multiplying ST (q) on
both sides of the equation gives

STASν̇+ ST
(
AṠv+B (q, q̇)

)
= STE (q)τ. (41)

We define y1 = (x y ψ θ )T and y2 = v̇, and then obtain

ẏ1 =


ẋ

ẏ

ψ̇

θ̇

=


0 cosψ 0
0 sinψ 0
0 0 1
1 0 0


 θ̇

vψ
ψ̇

= Srv, (42)

ẏ2 =−
(
STAS

)−1
ST
(
AṠv+B

)
+

(
STAS

)−1
STE (q)τ. (43)

Based on the above equations, the nonlinear system dy-
namics model of the wheeled rolling robot is θ̈

ν̈

ψ̈

=
 X1
X2
X3

+
 Y11 Y12
Y21 Y22
Y31 Y32

( τR
τL

)
, (44)



X1 =
MLC sinθ

{[
2m+M+(JR+JL)/R2

l
]
(ψ̇LC cosθ+g)−MLC θ̇

2 cosθ
}[

2m+M+(JR+JL)/R2
l
][
ML2

C+JX
] ,

X2 =
MLC sinθ

[(
ML2

C+JX
)
θ̇2
−MLC cosθ(ψ̇LC cosθ+g)

][
2m+M+(JR+JL)/R2

l
][
ML2

C+JX
] ,

Y11 =
MLC cosθ−

[
2m+M+(JR+JL)/R2

l
]
Rl

Rl
{[

2m+M+(JR+JL)/R2
l
][
ML2

C+JX
]
−M2L2

Ccos2θ
} ,

Y12 =
MLC cosθ−

[
2m+M+(JR+JL)/R2

l
]
Rr

Rl
{[

2m+M+(JR+JL)/R2
l
][
ML2

C+JX
]
−M2L2

Ccos2θ
} ,

Y21 =
MLCRl cosθ+ML2

C+JX

Rr
{[

2m+M+(JR+JL)/R2
l
][
ML2

C+JX
]
−M2L2

Ccos2θ
} ,

Y22 =
MLCRr cosθ+ML2

C+JX

Rr
{[

2m+M+(JR+JL)/R2
l
][
ML2

C+JX
]
−M2L2

Ccos2θ
} ,

Y31 =
2

DmRl
[
2m+M+(JR+JL)/R2

l
] ,

Y32 =
2

DmRl[2m+M+(JR+JL)/R2
r ] .

(45)
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Figure 17. Sliding mode controller of the wheeled rolling robot.

Finally, the equation of the velocity and the angular accel-
eration of the left and right wheels is as follows:
vψ =

RLϕ̇L+RRϕ̇R
2 ,

ϕ̇L =
1
RL

(
vψ −

ψ̇Dm
2

)
,

ϕ̇R =
1
RR

(
vψ +

ψ̇Dm
2

)
.

(46)

5 Prototype and experiment

During the experiment, the lithium battery is used to power
the steering gear of the wheeled rolling robot, and the con-
trol module of the robot includes a single-chip microcom-
puter and an inertial measurement unit (IMU). Most of the
components of the wheeled rolling robot are aluminum alloy
processing parts, and the lithium battery and the single-chip
microcomputer are fixed on the moving platform of the 3-
RRR parallel center of gravity adjustment device. Compared
with the traditional PD controller, the sliding mode controller
has stronger robustness in the face of external interference.
Considering the problems of jitter and slow speed in the con-
vergence process of the sliding mode reaching rate, a slid-
ing mode controller based on the double exponential reach-
ing law is designed for wheeled rolling robot, as shown in
Fig. 17. It is worth noting that the control strategy is currently
only applicable to the robot’s linear rolling on the horizontal
ground. As shown in Fig. 18, the wheeled rolling robot was
placed on the smooth ground, with a friction coefficient of
about 0.3 for the linear rolling test. The initial wheel diameter
of the left and right wheels were both 380 mm, and the robot
rolled forward under the eccentric torque conditions gener-
ated by the center-of-gravity adjustment device. The experi-
mental results showed that the maximum linear rolling speed
of the robot can reach 1.05 m s−1.

As shown in Fig. 19a and b, the wheeled rolling robot be-
gan to move out of stillness, and then the plane-turning ex-
periment was carried out after the movement was smooth.
During the turning process, the left-wheel diameter of
the robot was 328 mm and the right-wheel diameter was
417 mm. Figure 19c was the path diagram of the silhouette
synthesis of the robot’s turning motion. After the experiment,
the measured actual turning radius, RH, was about 1474 mm,
which was different from the theoretical turning radius of
1593 mm. The error mainly comes from the deformation of
the spoke by means of gravity and the slip phenomenon in

Figure 18. Linear rolling experiment.

the process of turning. In the process of changing from linear
rolling the to turning motion, the wheel-diameter-switching
effect of the robot variable-diameter wheel train is good, and
the frame vibrates slightly, but it does not affect the dynamic
stability of the robot as a whole.

As shown in Fig. 20, the climbing motion experiment of
the wheeled rolling robot was set on a dry wood surface
with a friction coefficient of about 0.6, and the angle of the
wooden slope is about 4.9°. The robot climbed at an initial
speed of 0.6 m s−1. In the climbing process, the robot did not
slip significantly and the arc sheet of the variable-diameter
outer wheel did not have obvious extrusion deformation. Ex-
periments showed that the robot can roll according to the pre-
set route and has good stability when climbing at a small an-
gle.

6 Conclusions

By comparing the structure and motion mode of various typ-
ical rolling robots, this paper designs a variable-diameter
wheeled rolling robot. The wheeled rolling robot uses the
planar 3-RRR parallel mechanism as the driving device and
the spoke-type variable-diameter wheel as the adjusting de-
vice. The motion wheel controls the scaling of the spoke and
then changes the size of the left- and right-wheel diameters of
the robot. Since the edge of the variable-diameter outer wheel
is composed of thin arc sheets and is in point contact with
the ground, the wheeled rolling robot can achieve fast rolling
with high motion efficiency and strong mobility by relying
on a small driving force. Based on the eccentric torque opti-
mization, and kinematic and dynamic analysis of the robot,
a prototype is constructed to evaluate the motion ability of
the robot, which successfully verifies the rationality of the
robot design. Future research will be conducted from the fol-
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Figure 19. (a) Turning motion experiment. (b) Diameter of left and
right wheels. (c) Silhouette synthesis of turning motion.

lowing three perspectives: first, improving the motion control
algorithm of the robot and realizing dynamic obstacle avoid-
ance by path planning. The second is altering the material of
the spoke-type variable-diameter wheel, reducing the weight
while increasing the mass ratio and improving the mobility
of the robot. The third is testing the robot’s walking ability
and obstacle-crossing ability on irregular pavement.
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