
Citation: Huang, Y.; Meng, R.; Yu, J.;

Zhao, Z.; Zhang, X. Practical

Obstacle-Overcoming Robot with a

Heterogeneous Sensing System:

Design and Experiments. Machines

2022, 10, 289. https://doi.org/

10.3390/machines10050289

Academic Editor: Dan Zhang

Received: 25 March 2022

Accepted: 19 April 2022

Published: 21 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

Practical Obstacle-Overcoming Robot with a Heterogeneous
Sensing System: Design and Experiments
Yuanhao Huang 1,2 , Ruifeng Meng 1,*, Jingyang Yu 3,†, Ziqi Zhao 3,† and Xinyu Zhang 2

1 School of Aviation, Inner Mongolia University of Technology, Hohhot 010021, China;
huangyuanhao_work@163.com

2 School of Vehicle and Mobility, Tsinghua University, Beijing 100190, China; xyzhang@tsinghua.edu.cn
3 School of Electronics and Control Engineering, Institute of Disaster Prevention, Sanhe 065201, China;

jingyangyu78@gmail.com (J.Y.); zhjtuzi5782@gmail.com (Z.Z.)
* Correspondence: mrfnmgcn@imut.edu.cn
† These authors contributed equally to this work.

Abstract: It is challenging for robots to improve their ability to pass through unstructured envi-
ronments while maximizing motion performance in cities and factories. This paper presents an
omnidirectional deformable wheeled robot based on a heterogeneous sensing system. We presented
a novel structure with dual swing arms and six wheels. Moreover, the heterogeneous sensing system
can perceive critical environmental data, such as friction and temperature, to assist the robot in execut-
ing different functions. In addition, a top-down ‘Order–Decision–Behaviour’ overall motion strategy
is proposed based on the data acquisition. The strategy combines the key condition parameters with
a kinetic model to integrate the robot’s movement, overcoming of obstacles, and mode switching.
The robot is flexible and fast in moving mode and can overcome obstacles safely, reliably, and simply.
This study describes the robot’s design, strategy, simulation, and experiments. Motion performance
and strategy were investigated and evaluated in field environments.

Keywords: wheeled robots; heterogeneous sensing system; omnidirectional robots; overcome obsta-
cles; mechanism design

1. Introduction

In unstructured scenarios such as towns and factories, where flat surfaces predominate,
mobile robots can effectively reduce or replace human labour and ensure personal safety [1].
Various robots have been gradually introduced in transportation, inspection, rescue, re-
connaissance, planetary exploration, petrochemical applications, industrial automation,
and interventions in extreme environments. However, when performing tasks in complex
situations, making robots both passable and flexible remains a significant challenge. On the
one hand, the design of the robot determines whether it is practical and reliable. On the
other hand, targeted perception systems can provide references for robots to perform com-
plex actions. Researchers have presented two main methods for improving the ability of
robots to overcome obstacles. One approach is to design unique structures to make robots
suitable for unstructured obstacles. Another approach is to focus on the patterns of the
robots’ behaviour by altering their movements to suit the task scenarios. Meanwhile, they
tend to add sensing equipment to the robot to improve its autonomy ability.

The robot’s design differed significantly from the two design concepts mentioned
above. There are two distinct broad categories of robots: bionic and wheeled robots.
Scientists have been inspired by creatures such as snakes [2,3], spiders [4], and dogs [5–9]
in the design of bionic mobile robots. Bionic robots can perform well in specific scenarios
owing to their unique structural designs and behavioural patterns. However, complex
dynamic models have a higher demand for control and perception. Wheeled robots exhibit
strong movement performance on flat roads [1]. Even though suspension enables robots to
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cross uneven surfaces successfully, they still cannot overcome steep obstacles. Researchers
attempted to design various structures to address this issue. Robots can overcome steep
but low barriers by increasing the wheel diameter and changing the wheel structure.
Furthermore, to adapt to the loose and uneven terrain of the planetary surface, scientists
designed a robot as a six-wheeled structure with dual front-side swing arms [10–12]. The
design improves the stability of the chassis and the ability to cross the loose surface through
the extra support wheels and contact area to the ground [13,14]. Based on this, scholars
designed actively deformable structures to improve their ability to overcome higher and
steeper obstacles [15].

The development of wheeled robots maintains a balance between plane movement
speed and the ability to overcome obstacles [16–18]. These robots steer using differential
drive wheels, which are reliable and fast. However, it is difficult to cross narrow areas
due to the large turning radius. Wheels with the ability to move omnidirectionally are
gradually replacing ordinary wheels. The most common one is the Mecanum wheel, which
helps robots achieve omnidirectional mobility tasks through a rich combination of spaces.
Nevertheless, owing to the high layout requirements of omnidirectional wheels, they are
rarely used in the design of robots with the ability to overcome obstacles [19].

Meanwhile, mobile robots use perceptual devices widely, and heterogeneous sensing
systems are studied to increase robots’ autonomy in various environments. Robots must rely
on accurate sensor models to process the collected information and often fuse information
from multiple sensors to improve performance. Simultaneous localization and mapping
attract great attention nowadays. Scholars use one or more sensors such as stereo cameras,
lidars, radars and millimetre-wave radars for environmental perception and building a
model of the environment. However, heterogeneous perception systems for particular
tasks are not complete. For most obstacle surmounting robots, obstacle height and friction
coefficient are the critical parameters of the obstacle overcoming process.

Considering the characteristics of wheeled robots and the Mecanum wheel, this study
proposes a novel robot, as shown in Figure 1. The dual swing arms and six-wheel structure
are innovative, and the robot can move in all directions. Otherwise, it combines the ability
to overcome obstacles with the agility of omnidirectional robots. In addition, we propose a
heterogeneous sensing system that combines the working principle and dynamic model of
the obstacle-overcoming robot. The main advantages of this study are as follows:

• The robot has a compact construct, a flat upper surface and high load capacity, and it
is reliable in different motion modes. It can work for different application scenarios
and easily facilitate actuators or load payloads, such as robotic arms.

• A heterogeneous perception system is designed to solve the complex problem of robot
motion execution in various scenes.

• An overall motion strategy is presented for the robot. The strategy is based on hetero-
geneous sensing systems and the determination of motion parameters for overcoming
obstacles. The robot performs stably using this strategy when overcoming obstacles in
complex environments.

There have been some attempts to design variable structure omnidirectional overcom-
ing robots with redundancy supports, but few studies have considered the effect of friction
on the obstacle overcoming process [13,20]. This study combines four Mecanum wheels
and two driven omnidirectional wheels. The robot can switch modes between motion mode
and overcoming mode. In the motion mode, the robot has only four Mecanum wheels
in contact with the ground, similar to a typical Mecanum wheel-based mobile robot. At
this point, the robot’s omnidirectional wheels are retracted to the inside. When the robot
switches to the overcoming mode, it can rely on a deformable structure and redundancy
support to overcome obstacles. The multi-modal motion behaviour and perception systems
of robots are also the focus of research. This study presents a detailed robot modelling and
heterogeneous sensing system considering friction coefficients. The overall motion strategy
based on sensing data acquisition ensures that overcoming obstacles is stable and reliable.
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Figure 1. Proposed practical, omnidirectional, and obstacle-overcoming platform rises front part.

The remainder of this paper is as follows: Section 2 reviews the latest research work
on obstacle-overcoming robots, and Section 3 presents the design of the robot platform, fo-
cusing on the robot design concept, prototype platform and numerical modelling. Section 4
presents the robot’s approach to moving and overcoming obstacles, including the heteroge-
neous sensing system, data acquisition, and overall motion strategy. Section 5 reports on
the experimental setup and results of the robot, and the results are analysed and discussed.
Section 6 summarizes this work and presents an outlook for future work.

2. Related Works

One would expect the robot to overcome obstacles because the task environment can
be complex. Re-routing the travel path is an effective solution when the robot encounters
an obstacle that can be avoided: efficient obstacle avoidance and path planning place high
demands on the sensory systems of robots. Bypassing barriers is simple and effective [21].
The SRM Institute of Science and Technology designed a robot based on displacement
collaboration strategies [22]. It can pass through small obstacles or narrow areas without
changing the direction of travel. The advantage of this approach is that when the robot has
effective environmental awareness and decision-making capabilities; it can save time by
bypassing obstacles. However, many obstacles in complex task environments cannot be
bypassed or ignored, and most previous studies have neglected to discuss this issue.

Robots that can overcome obstacles are currently in the mainstream research di-
rection. Hanyang University presented a typical small robot with angled-spoke-based
wheels [23]. The robot can overcome obstacles lower than a height of 0.7 times the spoke
length. A structure with dual swing arms and six wheels is widely used in planetary
surface exploration [14]. The motion subsystem of a robot is usually based on minimizing
mass and mechanical complexity while maximizing traction and reliability. Curiosity [11]
and lunar rover Yutu [10,12] are the most advanced designs to date. Planetary robots have
made breakthroughs in energy consumption and autonomy, but their ability to overcome
steep obstacles is limited. They can only overcome obstacles that are not larger than the
size of their wheels. The designs of the Swiss Federal Institute of Technology Lausanne
and the Auckland University of Technology solved this problem [15]. The robot could
overcome unstructured obstacles of up to two times its wheel diameter. The presented
concept has significant manoeuvrability advantages in high-frictional terrains [13]. The
frictional characteristics of the ground have a strong influence on the ability to overcome
barriers of the robots [15]. These studies indicate that robots can overcome obstacles using
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their unique structures without extra power. Nevertheless, it is difficult for the robots to
overcome higher obstacles and obstacles with low-friction surfaces.

Without considering the extreme energy savings, deformation and overcoming obsta-
cles can effectively reduce the effect of the friction coefficient on robots. Bionic robots [4,24],
especially legged robots [4], have a significant advantage in unstructured scenarios owing
to their particular behavioural system. Many robots have been actively researched and
developed, such as the MIT Cheetah Robot [7,8] and the Legged Squad Support System
(LS3) quadruped vehicle [9]. Quadruped robots can be used to negotiate a range of mild
terrain irregularities by quasi-static traversal. However, the most challenging obstacles
require robots to skillfully plan and execute dynamic behaviours. With this question, re-
searchers presented new algorithms to enable robots to overcome obstacles smoothly [5,7].
Nevertheless, the energy efficiencies, working speed, and agility of legged robots are still
significantly worse than those of wheeled robots with similar capabilities [14]. Together,
these studies provide important insights into suitable solutions for unstructured scenarios.

Researchers also presented wheeled robots with special designs, such as deformable
wheels [25–27] and deformable bodies [28–30]. The Mobility Enhancement roBotic (MEBot)
wheelchair was fitted with a pneumatic actuator on a frame with six wheels [18]. The
robot overcomes obstacles using redundancy support points and deformable structures.
Similar to the robot above, Jiangnan University studied a wheelchair with a variable
structure to overcome the obstacles [17]. These robots benefit from a stable structure
and actuators to achieve payload capacity. Heavy and large structures also influence
the agility of the robot. Politecnico di Torino presented an innovative solution for a
small hybrid mobile robot [31]. Its operating mode adapts to the ground conditions and
changes accordingly, and it is easy to control with only a few actuators. Nevertheless, the
differential steering mechanism increases the turning radius of the robot. The mechanism
makes it difficult for the robots to navigate and turn in tight spaces. We addressed this
issue using a unique selection and design. Some academics have combined variable-
structure robots with Mecanum wheels. This is an excellent attempt to overcome the
incomplete constraints of conventional wheels. The proper functioning of the several types
of omnidirectional wheels fixes the requirements for their support structure and topology
distribution [19]. Such features significantly limit the design possibilities for robots. The
Korea University of Technology and Education presents wheel-leg mechanisms with agile
omnidirectional mobile ability [17]. The robot is suitable for the human environment
because of its stability, efficiency, and simple mechanisms. Mecanum wheels linked with
variable legs allowed the robot to overcome obstacles and cross narrow channels. When
overcoming obstacles, the passive wheels maintain the body balanced by redundancy
support points. However, the focus of the above studies is still somewhat narrow and
mainly concerned with achieving functionality.

Otherwise, robots use various heterogeneous sensors to achieve complete sensing
tasks. Such as lidar and radar are commonly used in positioning and mapping tasks. There
are also stereo cameras commonly used in object detection and measurement tasks [32].
There is no doubt that a heterogeneous sensing system is also a critical component of
multi-robot collaboration and multi-modal independent robots. Tarbiat Modares Univer-
sity used multiple robots equipped with heterogeneous sensing devices to map the location
environment jointly [33]. The Korea University of Technology and Education designed and
optimized the obstacle-overcoming process with variable structure. They used inertial mea-
surement unit (IMU) sensors and torque feedback information to improve the smoothness
of the robot’s multi-modal motion execution [34]. Human pose estimation and tracking in
real-time from multi-sensor systems are essential for many applications. The perception
system is challenging to modularize due to the different structure and motion principles of
robots with multi-modality [35]. Scholars often design heterogeneous perception systems
according to their needs.

Two important themes emerged from the studies above discussed so far. First, the
design of the robot should be compact and practical. The other is how to overcome obstacles
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safely, reliably, and simply. The first theme was inspired by the planetary robots and the
principle of overcoming obstacles in humans. The planetary robot’s agile suspension and
dual swing arm structure adapt to complex environments. Humans overcome obstacles
with the help of arms, elbows, and knees, which are redundant when they walk. Consid-
ering this, we propose an innovative robot with dual swing arms and six wheels. For the
second problem, an overall motion strategy is presented. We designed a heterogeneous
sensing system that considers the ground friction coefficient. The overall motion strategy
of the robot was also designed based on a top-down strategy using abstract commands.

3. Design of Robotic Platform
3.1. Design Concept

Humans can walk and run with just their feet. Figure 2a shows that several parts of
the body are used to provide support and keep balance when humans overcome obstacles,
such as the feet, hands, and knees [36]. The requirements of topology limit the design of
the robot with Mecanum wheels. Extend this to a larger scale, and it is hard to combine
Mecanum with existing robots [19]. The principle of robots’ design cannot make Mecanum
wheels work well during the overcoming process. Meanwhile, it is necessary to consider
the size and application of the robot. In addition, lowering or adjusting the centre of gravity
is the primary strategy for humans to keep balance. Thus, a robot based on Mecanum
wheels adopting a similar strategy as humans is appropriate.

Figure 2. Robot design concepts and support structures: (a) conceptual examples of a human
climbing obstacles. (b) The critical step of the process when the robot overcomes an obstacle. (c-1,c-2)
Supporting points of the robot in different postures.

The robot should move with only Mecanum wheels and gain enough support points
in other gestures. The structure of planetary robots does well at overcoming unstructured
terrain because of their dual swing arms. The robot was designed with a particular structure
to the shrink swing arms inside the body to maintain agile mobility. Figure 2b illustrates the
scheme of the robot in this paper based on the above concept. The robot lifts its front wheels
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to climb the obstacles and relies on rear putters to lift the rare part. There are multiple
support points at each stage of overcoming obstacles to keep the robot stable. The area of
support points should be as comprehensive as possible. Figure 2c demonstrate all supports
situations clearly. The support points in the motion mode are shown in Figure 2(c-1). The
low centre of gravity and the wide chassis make the robot stable. Otherwise, we made
sacrifices to enable the robot to be used in a broader range of applications. The robot
does not have a lot of fancy skills. The simple way of crossing obstacles and the compact
structure make it more reliable and safe in its application. Figure 2(c-2) shows the other
supporting situations. Although one case seems unstable, we have verified and illustrated
it in Section 5 with tests.

3.2. Prototype Platform

The overall design concept of the robot is compact, simple, reliable, and practical. A
novel agile obstacle-overcoming robot is shown in Figure 3. The robot has a front and rear
lifting structure and omnidirectional moving ability. With the design of machinery, the
robot can overcome obstacles up to 234.4 mm by deformation methods (approximately
3.2 times the wheel radius). The front lifting mechanism is fitted with an independent
suspension at the body joint, effectively reducing body vibration. The structure of the
swing arm is similar in shape to a triangle and relies on an electric putter for its movement.
We used putters instead of motors to drive the swing arms at the joint of the arms and body
because it would reduce the load capacity of the robot. The swing arm mechanism was
fitted with a Mecanum wheel and an omnidirectional wheel. Mecanum wheels are used as
drive wheels and are typically in contact with the ground. The omnidirectional wheel is a
driven wheel that can be retracted and does not contact the ground.

Figure 3. The platform with dual swing arms and Mecanum wheels.

In general, individual omnidirectional wheels or Mecanum wheels are not continuous
contact with the ground during movement. The structure of the wheels causes the robot
to experience a degree of high-frequency vibrations. It is because many small driven
rotors around the wheel are not continuous. Increasing the number of wheels in contact
with the ground can improve this problem. Therefore, swing arms can be used as active
suspensions. The robot moved in a six-wheeled landing stance by controlling the front
putters. Omnidirectional wheels do not affect the movement of the Mecanum wheels when
in contact with the ground. Redundant support points enable robot stability on flat and
sloping surfaces. However, we did not adopt this approach because of the high real-time
requirements of the control and the floating data of the sensors caused by tiny vibrations.
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The control and decision-making of the robot rely on the control module and processor.
There are four cameras and one stereo camera on the robot. The overall motion strategy
based on the perception equipment is introduced in Section 4. Nearly all the electronic
components and structures are inside the robot. There is a completely flat surface on the
upper surface of the robot with an area of approximately 0.5 m2. The upper surface of the
robot is 274 mm above ground. Moreover, the shallow centre of gravity allows additional
actuators to be deployed in the robot. The robot can steadily perform any everyday work
when less than a 30 kg load. At this point, we only placed a radar for simple map-building
and obstacle avoidance. A more sophisticated perception and mapping system should be
investigated in the future.

Based on the design, the robot retains the agility of an omnidirectional robot and the
reliable and fast capability of overcoming obstacles. For a reasonable model, the other vital
parameters are summarized in Table 1.

Table 1. Specification of the robot.

Width Body 700 mm
Wheel-to-wheel 576 mm

Depth Body 768 mm
Shaft-to-shaft 465 mm

Height Body 564 mm
Ground-to-upper 274 mm

Weight Total 18.8 kg
Body 12.5 kg

Swing-arm * 2.1 kg (×2)
Mecanum Wheel 0.7 kg (×2)

Battery 0.7 kg

Payload Workable load 30 kg

Speed Max. Average speed 5.2 m/s

Lift Height Front wheels 234.4 mm
Rare wheels 220 mm

Wheel actuators Rotational speed 4338 deg/s
Peak torque 10.1 Nm
Cont. torque 6.8 Nm

Reduction 19:1

Putter Load speed 100 mm/s

Battery 24 V—5.7 Ah Approx. 40 min work time
* The quality of the wheels is included in the weight of the swing arm.

3.3. Modelling

When the robot is in motion mode, its kinematic model is similar to a conventional
robot with four Mecanum wheels [37]. This study analyzed the kinematic relationships
of the robot, particularly the swing arms. It is assumed that the left and right swing arms
are perfectly symmetrical and that the masses are uniform and equal. In addition, all robot
structures are rigid and do not deform owing to their load and envelope properties. The
coordinate system using the D-H method is shown in Figure 4a. During movement and
deformation, no part of the system ∑ On − xnynzn(n = 1, 2, 3, 4, 5, 6) is displaced along the
z-axis. The approximate coordinate system is shown in Figure 4b. The height of the front
wheel lift can be expressed as R +4h. The opposite side swing arm can be calculated in
the same manner. The relationship matrix for each key part of the robot is as follows:
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mTn =


cos θn − sin θn 0 Lxmn
sin θn cos θn 0 Lymn

0 0 1 0
0 0 0 1

 (1)

where mTn denotes the relative position of coordinate system ∑ On − xnynzn(On) with
respect to coordinate system ∑ Om − xmymzm(Om). θn indicates the angle of the coordinate
system On with respect to the coordinate system On−1 around the zn-axis. Lxmn and Lymn
denote the distances along the x0 and y0 axes, respectively, of the message On with respect
to the coordinate system Om. Owing to the telescopic transformation of the front putter,
Lx23 and Ly23 can be expressed as:

Lx23 = (D + ∆lr) cos(|θ2| − |θ1|)
Ly23 = (D + ∆lr) sin(|θ2| − |θ1|)

(2)

where D denotes the initial length of the front electric actuator. 4lr denotes the length of
the front electric putter extension. Figure 4c shows the robot lifting the front wheels. The
dashed black line shows the position of each coordinate system without lifting. The dashed
blue line shows the position of each coordinate system when the front wheel is lifted. T/he
robot lifting process over obstacles is divided into two stages. Before the slave wheel
contacts the ground, it is in the first stage. The driven wheel moves from the suspended
state to the ground during this period. The relative displacement of coordinate system O5
with respect to coordinate system O0 in the y0 direction does not change. Therefore, the
kinematic model in this phase has a unique solution. The second stage is the front-wheel
lift stage. The relative displacement of coordinate system O6 with respect to the coordinate
system O0 in the y0 direction does not change. Therefore, the kinematic model provides
a unique solution for this stage. The transformation matrix of the robot’s front Mecanum
wheel can be expressed as 0T5 = 0T1(θ1)

1T2(θ2)
2T3(θ3)

3T4(θ4)
4T5(θ5) , where

0T5 =


cφ1 −Sφ1 0 Lx1
Sφ1 cφ1 0 Ly1
0 0 1 0
0 0 0 1

 (3)

Figure 4. Kinematic reference frames of the robot. (a) Coordinate system of the robot’s right-side part.
(b,c) The approximate coordinate system.
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The transformation matrix of the driven wheel is expressed as 0T6. The transforma-
tion matrix 3T6 represents the pose relationship from the coordinate systems O6 to O3.
Therefore, the relative angle relationship is a fixed value θγ and 0T6 can be expressed as
0T6 = 0T1(θ1)

1T2(θ2)
2T3(θ3)

3T6(θγ), where

0T6 =


cφ2 −Sφ2 0 Lx2
Sφ2 cφ2 0 Ly2
0 0 1 0
0 0 0 1

 (4)

In the first stage, the coordinate system O6 does not change in the y0-axis direction.
Therefore, the posture at the end of the first phase is used as the initial posture for the
second phase. Let f (x)4×1 =

[
Lx2 hr − r Ly1 Lx1

]T , where hr = R +4h. Then, the
location of the key coordinate system for the first stage can be expressed as

f (x)4×1 =


L6cγ + (D + ∆lr)c12 + L2c1
L6sγ + (D + ∆lr)s12 + L2s1

L5s1234 + L4s123 + (D + ∆lr)s12 + L2s1
L5c1234 + L4c123 + (D + ∆lr)c12 + L2c1

 (5)

where c1···n and s1···n are abbreviations for cos(θ1 + · · ·+ θn) and sin(θ1 + · · ·+ θn). The re-
lationship between4h and4lr can be determined using Equations (3) and (4). Meanwhile,
the displacement of the front wheel and the driven wheel in the direction of the y0 axis can
be expressed as

[
4h hr − r

]T
=
[
4Ly1 Ly2

]T . 4h and hr − r can be represented by
a matrix of relations. From (1) to (5), the relationship between4h and4lr can be solved
using the following equation

∆h
hr − r

Lx1
Lx2

 =


L4c1234 + (D + ∆lr)c123 + L2c12 + L1c1

L5cγ + (D + ∆lr)c123 + L2c12 + L1c1
L5c1234 + L4c123 + (D + ∆lr)c12 + L2c1

L6cγ + (D + ∆lr)c12 + L2c1

 (6)

The robot consists of four Mecanum wheels and two omnidirectional wheels. The
driven roller outside the Mecanum wheel is inclined at a constant angle(45◦). Four
Mecanum wheels are torqued using independent DC motors. Derivation of the robot’s
dynamics model using the Newton–Euler method, including during planar and motion of
overcoming obstacles. To derive the motion equation, we assume that the global coordinate
system is Oq. Let the robot moving coordinate system Ob coincide with the robot’s centre
of gravity, and the body mass be M. According to Newton’s second law, the equation of
motion (Figure 5) in the global coordinate system can be expressed as[

M 0
0 M

][
ẍq
ÿq

]
=
[

Fqx Fqy
]T (7)

qTr is the rotation matrix of the robot movement coordinate system Ob in the yaw
direction. Pq =

[
xq yq

]T and Fq =
[

Fqy Fqy
]T are the positioning vector and moment

vector in the global coordinate system Oq, respectively. By rotating the matrix equation, (7)
is reduced to [

M 0
0 M

](qTr(ψ)P̈r +
qTr(ψ)Ṗr

)
= qTr(ψ)Pr (8)

At this point, the position–moment relationship through the transformation matrix
can be expressed as Ṗq = qTr(ψ)Ṗr versus Fq = qTr(ψ)Fr, (8) can be expressed as[

M 0
0 M

]
· qTr(ψ)

−1 ·
(qTr(ψ)P̈r +

qTr(ψ)Ṗr
)
= qTr(ψ)

−1 · qTr(ψ)Pr (9)
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where

qTr(ψ)
−1 · qTr(ψ)

T = ψ̇

[
0 −1
1 0

]
(10)

qTr(ψ)
−1 = qTr(ψ)

T (11)

Figure 5. Dynamic coordinate system of the mobile robot.

From (7)–(11), (11) can be expressed as[
M 0
0 M

][
ẍr − ψ̇ẏr
ẏr + ψ̇ẋr

]
=

[
Fxr
Fyr

]
−
[

µx ẋr
µyẏr

]
(12)

where µx is the linear friction coefficient along the direction of xr axis. µy is the linear
friction coefficient in the direction of the yr axis. Fxr and Fyr are the decoupling forces along
the xr and yr axes, respectively. In turn, the Euler equation in (12) can be rewritten as

Iqψ̈ = Ir − µzψ̇ (13)

Ir is the moment of the robot and Iq is the moment of inertia of the robot. µz denotes the
linear friction coefficient of the robot in the zr direction. Considering the motor dynamics
model with each wheel driven independently, the driving force generated by the motor can
be expressed as

Fi =
kw

RRa
· ui −

kwken
R2Ra

· Rθ̇i (14)

Because i = f r, f l, rl, rr, Fi indicates the forces on the right front, left front, left rear
and right rear Mecanum wheels, respectively. (kw/RRa) and

(
kwken/R2Ra

)
are the motor

correlation coefficients. Where R is the wheel radius, kw is the motor torque factor, ke is the
back EMF factor of the motor, and n indicates the motor reduction ratio. The combined
force of the robot in the horizontal direction and Ir can be expressed as follows:

Fxr =
(
−Ff r + Ff l − Frl + Frr

)
/2 (15)

Fyr =
(

Ff r + Ff l + Frl + Frr

)
/2 (16)

Ir =
(

Ff r − Ff l − Frl + Frr

)
· b/2 +

(
Ff r − Ff l − Frl + Frr

)
·
(

L f + Lr

)
/4 (17)
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By substituting (14) into (17) in (12) and (13), equivalent kinetic equations for the
horizontal motion of the robot can be obtained.

The four Mecanum wheels remain as support and drive wheels during obstacle
crossing of the robot. There are also two omnidirectionally driven wheels as supports to
assist in overcoming this problem.

The front wheels of the robot overcome the obstacle, as shown in Figure 6. In the
figure, H0 denotes the height of the obstacle, and α denotes the angle of the regular contact
force between the front wheel and obstacle in the horizontal direction. Fni denotes the
support of the structure by the ground, and mui denotes the linear coefficient of friction of
the pavement. Ob indicates the centre of mass of the barrier-crossing robot. At this point,
the robot dynamics equation is expressed as:

M(q) · q̈ = Fq − fq + Fe (18)

muxi, muyi, and muzi (i = f r, f l, rl, rr)represent the linear coefficients of friction along the
three axes of the global coordinates, respectively. Fxi, Fyi, and Fzi represent the decoupling
forces along the x-axis, y-axis and z-axis, respectively. The robot is exposed to external
forces or single-wheel contact obstacles when crossing them. This may cause it to be
exposed to yaw-directional forces. Assume a lateral disturbance force Fe at a distance Lh
from the leading edge. The Euler equations for the yawψ and pitchθ directions can be
expressed as

Iqψ̈ = Ir − Iq θ̈ + b · Fe cos φe −
(

L f − Lh

)
· Fe sin φe (19)

Iq θ̈ = µz θ̇r (20)

Figure 6. The forces on the robot.

In this case, the angular velocity in the pitch direction is determined by three parame-
ters. They are the decoupling force of the robot along the axis direction, the external force
and the linear friction coefficient in the tangential direction of the pitch. The combined
force of the robot in the three-axis direction can then be expressed as

Fxr =
(
−Ff r + Ff l − Frl + Frr − fnor − fnol

)
/2 (21)

Fyr =
[(

Ff r + Ff l

)
· cos α + Fnl + Frr − fnor − fnol

]/
2 (22)

Fzr =
[(

µ f rFyr + µ f l Fyr

)
· sin α

]
/2−

(
Iq θ̈/Lr

)
cos θr (23)
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Moreover, Ir can be expressed as

Ir =
(

Ff t − Ff f − Frl + Frr − For − Fol

)
· b/2 (24)

+
(

Ff t − Ff l − Frl + Frr − Far − Fal

)
·
(

L f + Lr

)
/4

Substituting (14) to (17) and (21) to (24) can obtain the kinetic model of the robot’s
obstacle overcoming process. M

M
M


︸ ︷︷ ︸

M(q)

 ẍr
ÿr
z̈r


︸ ︷︷ ︸

q̈

=

 Fxr
Fyr
Fzr


︸ ︷︷ ︸

Fq

−

 µxi ẋr
µyi ẏr
µzi żr


︸ ︷︷ ︸

fq

+

 −Fe cos φe
Fe sin φe

0


︸ ︷︷ ︸

Fe

(25)

In this case, overcoming of obstacles is determined by the robot’s pose planning and
the ground friction coefficient. The following constraints must be met

H(∆lr, µi) ≤ H0 ≤ H(θr) (26)

4. Methodology for Overcoming Obstacles
4.1. Heterogeneous Sensing System

In Section 3, we model the critical overcoming state of the robot. Some scholars studied
the friction coefficient and control of omnidirectional mobile robots using the methods of
machine learning or friction compensation control [38,39]. The road friction coefficient
and height of the front-wheel lift are critical points for the robot to overcome obstacles
successfully and smoothly. However, a lack of research considered friction coefficient
for obstacle-overcoming robots. Once the robot acquires data about the obstacle, it must
decide the pattern and control. We expect to use a variety of sensory sensors to establish a
heterogeneous sensing system to obtain data and use it as a basis for decision-making.

In this study, the robot operating environment is divided into four scenarios based
on the road conditions and linear friction coefficients (Table 2). They are compact surfaces,
loose surfaces, snow surfaces, and ice surfaces [40]. On dry roads, the friction coefficient
does not correlate significantly with speed when the robot’s speed increases slightly below
20 km/h. The friction coefficient decreases when the road is damp but mainly depends
on speed. In the case of waterlogging, the friction coefficient decreases as the water level
increases. Robots cannot work in such environments; therefore, they are not discussed
in this paper. Each condition has a different friction coefficient when it is dry or damp.
Tight surfaces are the most common environments for scenes, such as cities and factories.
Loose surfaces are commonly found in wilderness environments and are rarely observed
in urban and industrial settings. Overcoming the problems of wilderness search and rescue
is a challenge. The Mecanum wheel does not work well on loose surfaces. Furthermore,
the friction coefficient of the ice surface is also low, and the temperature of the ice surface
heavily influences it. The coefficient of friction reaches its lowest value when the surface
temperature is close to 0 °C.

Different robots have different strategies for controlling and making decisions while
overcoming obstacles. However, the commands for robots are primarily provided by
remote operators based on experience, which can be attributed to the lack of intelligence
and environmental perceptual abilities. However, it is possible to achieve functionality
during obstacle overcoming in simple strategies, such as deforming to the maximal scale
to overcome any obstacles or raising the structures above the obstacle. Either way, robots
consume more time and energy and run the risk of failure. In addition, various road
conditions and temperatures can significantly impact obstacle crossing. When a robot is
faced with a complex operating environment, the appropriate deformation parameters are
critical to the speed and smoothness of the modal transition.
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Table 2. Reference values for the coefficient of friction for different conditions.

Condition µ (Dry) µ (Damp) Notes

Compact road 0.90–1.00 0.70–0.85 Asphalt, Rubber
Brick, Concrete

Loose road 0.50–0.70 0.45–0.60 Gravel, Sand
Ash, Wasteland

Snowed road 0.20–0.30 0.20–0.35 ——
Ice road 0.10–0.60 0.05–0.55 −25◦C to 0 ◦C

It is difficult to obtain the environmental linear friction coefficient directly. Scholars
estimate the coefficient of friction through other elements such as touch, current, and
temperature [41–43]. The road conditions can be classified by the deep learning network
robustly in this study. So we designed a heterogeneous sensing system geared toward
the process of crossing obstacles (Figure 7). The critical parameters of obstacle crossing
are solved using the deployed sensors and dynamic models to replace the operator for
command issuance. The proposed system is based on the temperature sensors, load cells,
stereo camera, pavement acquisition camera, and calculation unit described in Section 2
to implement the functions. We still use the traditional autonomous driving perception
system for perceptual data acquisition in motion mode, and the robot is the same as a
typical mobile robot. Lidar and stereo camera can perform mapping and locating missions.

Figure 7. Heterogeneous sensing system and perceptual data acquisition method.

After entering the obstacle crossing mode, the robot moved at a speed of 0.25 m/s.
The distance between the obstacle and the robot D0 and the height of the obstacle H0
were acquired using a stereo camera. The road conditions of the respective wheels were
acquired using surface acquisition cameras. Images of the road environment were extracted
at 20 fps. They were fed into the computing unit, which relied on the trained YOLOX-
Nano model for classification. YOLOX is a target detection model proposed by the Megvii
Technology Corporation, based on YOLO-v3. The lightweight model maintained a high
accuracy rate while maintaining the speed of computing [44]. In addition to classifying
the road surface, the model is also used to detect small obstacles and step edges. The
dryness and wetness of snow and ice do not have distinctive characteristics and have little
influence on the friction coefficient. Therefore, in the production of datasets, snow and
ice conditions were not distinguished between dry and wet conditions. In this study, the
model was trained using ten classifications of familiar scenes from self-collected scenes
with 12,328 images. We use Mean Average Precision (mAP) and Intersection Over Union
(IoU) to evaluate the model. The model achieved mAP = 89.8% at IoU = 0.5. The
system suppresses the newly acquired 10-frame image results with nonextreme values.
The highest category of confidence level accumulation was the result. This method was
designed to prevent unstable mutations that could interfere with the results. The ambient
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temperature T and load Gl were obtained simultaneously using the temperature sensor
and load cell. The total mass G was determined from the weight of the robot Gb and
load Gl . At this point, the dynamic model, temperature, and load are combined to obtain
the corresponding pavement friction coefficient µi (i = f r, f l, rl, rr). Using G, µi, and
T as inputs, we substitute into Equation (25) to obtain the lift height 4h. As shown in
Equation (6), there is a correspondence between4h and4lr. We can calculate the rate of
the front putter vp using H0 and D0. After the front wheels have completed the crossing,
the rear lifting mechanism normally lifts according to the obstacle’s height. The perceptual
data acquirement assisted the entire process.

4.2. Overall Motion Strategy

The robot benefited from the perception data system and used a top-down strategy
based on abstract commands. Figure 8 shows the overall motion strategy of the robot,
consisting of an Order Layer, a Decision-making Layer, and a Behaviour Layer. The
command layer mainly provides abstract motion commands such as move, rotate, pan, and
cross. The heterogeneous sensing system is primarily aimed at assisting the motion strategy
of the crossing process. The operator provides other motion commands at a given distance.
In the future, robots can perform more integrated and autonomous tasks when equipped
with sufficient intelligence to detect and decide. The order layer converts high-level motion
commands into control parameters, such as the height of obstacles H0, friction coefficient
µi, angular velocity of wheels ω, steering angle δ, and speed of the putters vi. The factors
above are input in the decision-making layer.

When overcoming obstacles, the heterogeneous sensing system estimates the road
friction coefficient in the decision-making layer. For the motion mode, the robot can
complete basic control based on G, ω, δ, and µi. The key points for overcoming the mode
are G, H0, µi, and vi. The desired information enters the PD dual-loop controller in the
respective modes.

The decision-making layer communicates and feeds back with the behaviour layer to
rapidly control the actuators.

Figure 8. Top-down overall motion strategy for the robot.
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5. Experiments and Discussion
5.1. Simulation of Motion and Continuous Obstacles Overcoming

We built a virtual prototype to verify the ability of the robot to move flexibly and
overcome obstacles continuously. Furthermore, our team simulated the robot in a narrow
environment at high speed, variable speed, and continuous obstacle crossing. The actuators
of the robot are referred to by the labels in Figure 9a. The Mecanum wheels are represented
by MWi(i = 1, 2, 3, 4). Putters were divided into front and rear putters. We specified the
orientation of the wheels and putters to describe the motion of the robot accurately in
Figure 9b. When the Mecanum wheel is viewed from the robot’s right side, the clockwise
rotation is the forward motion, and the counterclockwise rotation is the reverse motion. The
putter is extended outwards for forward motion and contracted inward for reverse motion.
The simulation test environment is illustrated in Figure 9c. The ground was divided into
base land, stage 1, and stage 2, all with a friction coefficient of 0.9. The widths of the base
land, stage 1 and stage 2 were 800 mm, 1000 mm, and 750 mm, respectively. This implies
that it is difficult for a typical wheeled overcome robot to steer and pass. The height of
Stage 1 was 100 m, and the height of Stage 2 was 200 mm. The simulation process and
results are as follows.

Figure 9. Simulation experiment setups and results. (a) Name of each key component. (b) Setting of
movement direction. (c) Simulation scene (mm).

Figure 9 shows the simulation results for the motion settings. We divided the simula-
tion process into steps A–F according to the key stages and labelled the behaviour of the
robot’s main actuators. In step A, the robot was tested with an acceleration of 1.2 m/s2

from 0 s to 1 s, followed by a deceleration to 0.25 m/s within 1 s. The front putters move
forward during the robot’s acceleration, depending on the height and distance from Stage 1.
The robot demonstrated positive variable-speed performance and dynamic stability during
this process. In Step B, the robot maintained 0.25 m/s to overcome Stage 1. After the
front wheels crossed Stage 1, the front putters reversed, whereas the rear actuator made a
forward movement. This step completes the retraction of the front part and lifting of the
rear part. At this point, the robot moved forward at a low speed. When the rear wheels
covered Stage 1, the rear putters made a reverse movement to overcome Stage 1. The robot
then panned from the right side to the left side of Stage 1 in Step C. During the process,
the robot completed a variable-speed movement in the y-axis horizontal direction at an
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acceleration of 0.8 m/s2. Step D and E are similar to Step A and B, respectively. These two
steps completed the overcoming of Stage 2 at 200 m height. Step F performs variable-speed
motion until it reaches the end and remains stationary.

In the simulation experiments, the robot could perform smooth motion articulation
owing to the knowledge of the environment. The robot achieved efficient and stable
movement and obstacle crossing, verifying its dynamic and obstacle crossing performance.
However, we chose to move and overcome obstacles in stages during the platform tests
because of the high variability of complex unstructured scenarios. Such smooth movements,
determined based on testing and experience, are difficult to achieve. An immature motion-
planning scheme with an incomplete perceptual system increases the risk of failure in
crossing an obstacle.

5.2. Experiments of Overcoming Obstacles

We built a platform to verify the performance of the robot. First, our team performed
basic mobility tests on a flat surface. The robot has a maximum speed of 5.2 m/s and a
maximum acceleration of 1.5 m/s2 with a four-wheel drive. With the front wheels lifted
and relying on a two-wheel drive, the robot had a maximum speed of 3.8 m/s and a
maximum acceleration of 1.2 m/s2. See Table 1 for additional key information. In addition,
we tested the robot for dynamic stability. When the front wheels of the robot were lifted,
the omnidirectional wheels and rear wheels supported the robot’s structure. The robot
started to decelerate at an initial speed of 1.5 m/s. With the rear wheels locked, no posture
causes the robot’s centre of gravity to become unbalanced.

To verify the effectiveness of the robot’s heterogeneous sensing system, we conducted
tests on obstacle crossing in complex environments. Figure 10a shows the setting for the
overrun test. The barrier height was 10 cm, and the surfaces were dry compacted, damp
compacted, and ice surfaces. The outside air temperature is 0 degrees, and the robot does
not have any load. The perceptual data correspond to time on the right side of Figure 10a.
These data were used to optimize the robot’s obstacle-overcoming process. Figure 10b and
Figure 10c show the sequence and results of the experiment, which takes 12 s throughout.
Based on the acquired road conditions and temperature, the front putters’ speed underwent
two times changes during the forward motion to ensure raising higher heights at the same
time. Therefore, the robot lifted sufficient height on the ground. Meanwhile, the robot
climbed the obstacle at a 0.25 m/s speed.

Figure 10. Design and results of the platform overcome obstacles experiment: (a) experimental
environment and perceptual data. (b) Diagram of the experimental process. (c) Experimental results.
(d) The process of the robot descending from the obstacles experiment.
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The robot can rely on its suspension system to descend from the obstacles. However,
considering that the robot may be equipped with a wealth of equipment to perform different
jobs in the future, we also tested a smooth descent process. Figure 10d shows the robot
descending from an obstacle. The entire descent took 9.5 s and was a reverse operation for
overcoming obstacles. In Step 4, only the front putters must be fully extended to ensure the
stability of the robot’s support. These experiments demonstrate that the robot can move
and overcome obstacles smoothly and flexibily.

5.3. Discussion and Future Works

Robots with different structures, perception conditions and usage scenarios are difficult
to evaluate quantitatively. We discuss the platform with existing robots from several vital
points. In terms of the attitude stability, ability to move, and obstacle overcoming, the
platform has a gentler attitude than most wheeled and crawler mobile robots. However,
compared with platforms such as quadruped robots, it is still unable to maintain the whole
level of the trunk posture. Meanwhile, the platform has significant advantages over crawler
and quadruped robots in mobility. Nevertheless, it will be greatly limited in complex
and uneven scenes. The heterogeneous sensing system and the overall control strategy
optimized the control of the obstacle overcoming process. Detecting the road surface
environment can effectively classify and estimate the linear friction coefficient. At the same
time, the obstacle crossing parameters are solved by combining the robot load, ambient
temperature and dynamic model. However, due to the limitation of the type and number
of training sets, it is still unable to adapt to all situations.

We hope to improve the robot’s rear rising mechanism to enrich its deformation
capabilities in the future. In addition, we will enhance the perception ability and obtain
comprehensive environmental information. At the same time, more combinations and
tests of heterogeneous sensing systems will be carried out. This can effectively improve
the motion planning ability of the robot. Based on the robot, we will invest in a three-
dimensional path-planning algorithm. Robots could carry actuators to perform tasks
autonomously in complex scenarios in the future.

6. Conclusions

In this paper, we report a novel wheeled robot. The concept of the robot originates from
humans overcoming obstacles and planetary robots. However, swing arms can be actively
deformed by rotating about the connecting joint to lift omnidirectional wheels instead of
landing on six wheels, such as a planetary robot. Mecanum wheels were combined with the
swing arms and omnidirectional wheels, considering the principles of wheel motion and
overcoming obstacles. The low centre of gravity and flat upper surface render the robot
extremely expandable. Numerous sensors and actuators can be matched on the upper
surface, enabling the robot to perform various tasks in a complex environment.

In addition, a heterogeneity sensing system was presented. The road surfaces were
classified using the YOLOX-Nano network. The control expectations of the robot were
optimized by comprehensively considering factors such as the temperature, quality, and
motion parameters. Meanwhile, we designed an overall motion strategy based on the
heterogeneity system. The overall motion strategy combines the friction coefficient with a
kinetic model to make the robot’s motion ability flexibly.

Simulations and platform experiments confirmed the advantages of mobility and
dynamic stability of the robot in different modes. The robot can move efficiently, whirl,
pan, and overcome obstacles over narrow areas. Compared with the four-wheel movement,
the six-wheel support, including the omnidirectional wheels, can effectively reduce the
high-frequency vibration of the robot on a flat surface. Robots can also overcome obstacles
by acquiring sensing data and considering key parameters, including the friction coefficient.
The flexible mobility and reliable ability of obstacles to overcome and expandable structures
prove that robots have a wide range of application prospects in the industry, inspection,
environment, logistics, and other fields.
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