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In order to accomplish exploration missions in complex environments, a new type of robot has been designed. By analyzing the
characteristics of typical moving systems, a new mobile system which is named wheel-tracked moving system (WTMS) has been
presented. Then by virtual prototype simulation, the new system’s ability to adapt complex environments has been verified. As the
curve of centroid acceleration changes in large amplitude in this simulation, ride performance of this robot has been studied. Firstly,
a simplified dynamic model has been established, and then by affecting factors analysis on ride performance, an optimization model
for suspension parameters has been presented. Using NSGA-II method, a set of nondominated solutions for suspension parameters
has been gotten, and by weighing the importance of the objective function, an optimal solution has been selected to be applied
on suspension design. As the wheel-tracked exploration robot has been designed and manufactured, the property test has been
conducted. By testing on physical prototype, the robot’s ability to surmount complex terrain has been verified. Design of the wheeltracked robot will provide a stable platform for field exploration tasks, and in addition, the certain configuration and suspension
parameters optimization method will provide reference to other robot designs.

1. Introduction
An exploration robot is usually used to work in complex environments. Its abilities related to obstacle climbing, flexible
steering, and passive adaptation should be improved in order
to perform exploration tasks smoothly [1–3]. According to
exploration conditions, the robot should be designed with the
following requirements:
(1) The slope inclination angle that the robot can climb
up should be no less than 35∘ ; the height of barriers
that it can cross over should be no lower than 160 mm,
and the width of ditches should be no less than
100 mm.
(2) The mass of the robot should not exceed 20 kg and
can be carried by one man. And it should be designed
with following dimensions: the length ≤850 mm, the
width ≤700 mm, and the height ≤400 mm.

(3) The robot can passively adapt to different terrains and
is easy to control.

2. Structure Design
In order to perform exploration missions in complex environments, it is very important to design the structure of
the mobile system. By now, there are many types of mobile
structures such as leg [4], wheel [5], track [6, 7], and some
composite structures [8, 9]. To accomplish exploration tasks
efficiently, some typical mobile systems have been studied in
this paper with consideration of characteristics of exploration
environments.
2.1. Analysis on Typical Mobile Systems. As different structures have their own characteristics and can adapt to diverse
terrains, four typical structures have been analyzed in
this paper, and according to the design objects, two new
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Figure 1: The rocker bogie mobile system.
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Figure 2: Six-wheel positive and negative quadrilateral suspension
system.
Figure 4: The planetary wheeled mobile system.

structures have also been proposed. Then, we select out a
suitable structure for the field exploration robot based on the
six mobile systems.
2.1.1. The Wheeled-Rocker Bogie Mobile Robot. The rocker
bogie mobile system has been used in space explorations [10],
such as the “Sojourner” and “Spirit.”
This type of mobile system can be used for field explorations for it is easy to control, has characteristics of simple
structures, and can move at high speeds. There is a differential
balance mechanism in wheeled-rocker bogie mobile robot.
Using this mechanism, the rotation movement at left and
right suspension rockers can be transferred to the bodywork.
The mechanism makes the robot more stable and enables it
to surmount obstacles and resist turnovers in a better way.
Because of the bogie connecting to the two front wheels,
the height of the bogie should exceed the height of the obstacles, which is expressed as d, in order to surmount obstacles
smoothly, as shown in Figure 1. For a wheeled-rocker bogie
mobile robot, therefore, the ability of surmounting obstacles
depends on the bogie height as well as on the wheel diameter.
However, this type is not suitable for field exploration robot
designs because a high bogie would also lead to a high center
of gravity.
2.1.2. The Six-Wheel Suspension System and Its Derived Forms.
There are other forms derived from the six-wheel suspension
system. As shown in Figure 2, it is a positive and negative
quadrilateral suspension structure [11, 12]. Figure 3 shows that
it has a double crank slider suspension system. By using these
suspension systems, the ability of surmounting obstacles is
no longer limited to the suspension height, and the ability for

passive terrain adaptation is also improved. But the derived
forms always have complex structures, and the ability of
surmounting obstacles is sometimes still limited to wheel
diameters, so these systems can not be widely used for field
explorations.
2.1.3. The Planetary Wheeled Mobile System. Planetary
wheeled mobile system [13] is shown in Figures 4 and 5. Each
of the planetary wheels is driven by a motor independently.
The system includes central gears, transition gears, driven
gears, wheels, and connecting rods. When moving ahead,
the central gear will be driven by the motor; then the
movement at the central gear can be transmitted to the
driven gear through the transition gear. As the wheels are
fixed to the driven gear, they can rotate and bring the robot
moving ahead. When there are obstacles, the triangle gear
can rotate automatically because of frictions on the wheels,
so the robot with this mobile system can adapt to complex
terrains passively. The maximum obstacle height that can be
conquered is 𝑑 = 𝑟 + 2𝑅 sin 60∘ . This type of mobile system
can climb stairs and other complex obstacles, but its climbing
ability on slopes should be improved.
2.1.4. The Tracked Mobile System. There are some forms
derived from the tracked robot, as this type of mobile system
can adapt to complex environments and has good ability
of maneuverability. It has been widely used for field explorations. The MROBOT-I was designed by Nanjing University
of Science and Technology [14, 15], as shown in Figure 6.
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Figure 5: Structure of the planetary wheeled system.
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Figure 6: Structure of the tracked mobile system MROBOT-I.

In this system, there are oscillating arms at both sides.
The robot can adapt to different terrains due to the rotation
of the oscillating arms which are interactive with the tracked
wheels. Some other tracked mobile systems have structures
that are different from the MROBOT-I, but they all need to
improve their passive adaption ability in complex terrains.
2.1.5. The Wheel-Legged Mobile System. The wheel-legged
mobile system can adapt to complex environments by changing the posture of the legs. Its moving efficiency is improved
because of the wheels installed at the end of the legs.
By mechanism synthesis [16], a six-wheel robot can be
designed, shown in Figure 7.
In this exploration robot, there are two assistant wheellegs in the head. As the assistant wheel-leg is a four-bar
linkage mechanism, it can rotate to the top of obstacles and
help the robot to stride across complex terrains. However,
this type of moving system can not adapt to uneven terrains
actively, so we should search for a new moving system.

(1) Bodywork
(2) Rocker suspension
(3) Fork rod
(4) Suspension frame
(5) Front rod

(6) Horizontal rod
(7) Side-rod
(8) Front wheel
(9) Rear wheel

Figure 8: Schematic diagram of the wheel-tracked exploration
robot.

2.1.6. The Wheel-Tracked Mobile System (WTMS). In order
to combine advantages of the above mobile systems and to
improve the passive adaption ability of the robot, we have
designed a new type of moving system, called the wheeltracked mobile system (WTMS), as shown in Figure 8.
In this mobile system, both left and right rocker suspensions are connected to the bodywork through a differential
balance mechanism, which can decrease the pitching angle of
the bodywork and, accordingly, reduce impacts coming from
rough terrains. Compared to the track system, this compound
system can reduce the ground contact area and thus can
improve the steering performance. Since the new system has
the above characteristics, it is suitable for field exploration
tasks.
2.2. Simulation and Analysis to the Wheel-Tracked Exploration
Robot by Virtual Prototype. In order to validate the locomotion ability of the wheel-tracked exploration robot in rough
terrains, we build a 3D simulation model of the robot by using
Recurdyn and carry out the dynamic simulation in a virtual
environment, as shown in Figure 9.
We can see from the simulation that the passing ability of
the wheel-tracked exploration robot is better and its components work well without interference. In this simulation, the
maximum height of barriers is 180 mm, the maximum width
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Figure 9: Virtual prototype of the wheel-tracked exploration robot.
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exploration robot.
0

6

12
18
Time t (s)

24

30

Figure 10: Acceleration curve of the bodywork centroid in vertical
direction.

of the channel is 150 mm, and the maximum angle of the slope
is 40∘ . This simulation verifies that the new system is able to
adapt to complex environments.
From the simulation we also get the acceleration curve of
body center mass in vertical direction, as shown in Figure 10.
From the curve we see that the acceleration change in
amplitude is large, which is mainly caused by uneven road
conditions. In order to provide a good environment for automotive instruments and equipment, parameters of the wheeltracked mobile robot’s suspension should be optimized to get
a stable platform for field explorations.

3. Study on the Ride Performance of
the Wheel-Tracked Exploration Robot
Ride performance is an important vehicle property. For a
vehicle, good ride performance can make passenger comfortable, ensure goods not to be damaged in transportation, and
prolong components’ fatigue life. In the exploration robot,
good ride performance is also very important for exploration
tasks. Therefore, making study on the ride performance of the
wheel-tracked exploration robot is very important to improve
its exploration abilities.
Firstly, we should analyze the factors infecting the ride
performance of the wheel-tracked exploration robot. When
the robot walking on an uneven road, the road roughness
and the robot’s speed will be the input of this system. The
input is then transferred by the vibration system which
consists of rear wheel, front wheel, suspension and unsprung
mass, and other elastic and damping components. Finally, the
acceleration at centroid position is obtained as the output,
and how to control the body output acceleration in a certain
circumscription should be discussed.

3.1. System Simplification and Establishment of Dynamic
Model. The structure of the wheel-tracked robot should be
simplified as it is a complex vibration system. Figure 11 shows
a three-dimensional simplification model. It can be seen
from Figure 11 that the suspension mass consists of three
components’ masses, namely, the bodywork, the differential
balance mechanism, and the automotive instrument. And
there is also the vertical motion (𝑧), pitching motion (𝜃),
and roll motion (𝜑) in the system. And inertia moment of
the suspended mass around 𝑦-axis is 𝐼(𝑦). The suspension
mass is directly connected to the rocker suspension. The
rear wheel and the front wheel are connected to the rocker
suspension through the spring damping. A vehicle has seven
freedoms: vertical motion, pitching motion, and roll motion,
and the other four vertical degrees. The roughness function
𝑥(𝐼) approximates to 𝑦(𝐼) if the left wheel and right wheel are
walking on a road with similar conditions, and there are only
vertical vibration and pitch swinging that have impacts on the
ride performance of the robot. In the paper, only the vertical
vibration that has impacts on the ride performance has been
discussed, for the pitch swinging can be solved by kinematic
equations.
3.2. Simplification Model of the Rocker Suspension. The
wheel-tracked exploration robot is a symmetrical system, so
the vibration system can be simplified into a plane model, as
shown in Figure 12. From the figure we see that the suspension
mass 𝑀 is connected to the rocker suspension at point 𝐵,
and the front wheel and rear wheel are connected to the
rocker suspension at points 𝐴 and 𝐶, respectively. In the
simplified system, components of the front wheel constitute
the unsprung mass 𝑚2 , and components of the rear wheel
constitute the unsprung mass 𝑚3 . The damping is too small
when compared to the elasticity existing on the front wheel
and rear wheel, so it is ignored during the modeling process.
In Figure 12, the elasticity and damping at coupling
positions can be simplified as 𝐾1 , 𝐶1 , 𝐾4 , and 𝐶4 , respectively.
Because the mass of the rocker suspension is smaller than the
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Figure 12: Plane model of the wheel-tracked exploration robot.

sprung mass and unsprung mass, it is regarded as a massless
rod. Suppose 𝑞1 (𝑡) and 𝑞2 (𝑡) represent the pavement roughness functions of front wheel and rear wheel, respectively.
Therefore, we get the following two differential equations by
using Lagrange equations:
𝑚2 𝑧̈ 2 − 𝐾1 (𝑧1 − 𝑧2 ) − 𝐶1 (𝑧̇ 1 − 𝑧̇ 2 ) + 𝐾2 𝑧2 = 𝐾2 𝑞1 ,

(1)

𝑚3 𝑧̈ 3 − 𝐾4 (𝑧4 − 𝑧3 ) − 𝐶4 (𝑧̇ 4 − 𝑧̇ 3 ) + 𝐾3 𝑧3 = 𝐾3 𝑞2 .

(2)

To establish the vibration equation for 𝑀, the moving
distance 𝑧 is expressed by 𝑧1 and 𝑧4 . As moving distance
along vertical direction of 𝑀 is a composite motion of points
𝐴 and 𝐶, according to the suspension structure, the linear
relation among 𝑧, 𝑧1 , and 𝑧4 can be expressed as 𝑧 = 0.504𝑧1 +
0.419𝑧4 .
3.3. Dynamic Model of the Front Wheel and Rear Wheel
Subsystems. As pointed in literature [17, 18], the vibration
coming from track in a robot can decrease natural frequency
of angular vibration. In the whole vibration system, the track
acts as a role of damp. If the track is not considered, the
vibration is more severe than it actually is. Therefore, to
simplify the analysis process, the influence coming from the
track is not considered, which makes the results better meet
design requirements.
From Figure 8 we can see that there is a parallelogram
mechanism in the front wheel. This parallelogram mechanism was jointly formed by the suspension frame, the
front rod, the horizontal rod, and the side-rod. This special
structure does first linear average of the hypsography and
makes the exploration robot adapt to environments passively.
There is a torsion spring installed between the front rod
and the horizontal rod. Between the rear side-rod and the
horizontal rod is also a torsion spring. The two springs in
the parallelogram mechanism can help to reduce shocks
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Figure 14: Vibration model of the front wheel.

and vibrations caused by uneven ground conditions. As the
torsion spring is a nonlinear component, its effect can be
equivalent to a bearing wheel.
Assume that the maximum rotate angle of the front
bearing wheel is 𝜃 , and the corresponding displacement of
the bearing wheel along the vertical direction is 𝛿, as shown
in Figure 13. As the maximum rotate angle for the front rod
is 10∘ , the maximum value of 𝛿 is 21.03 mm, and by using the
equivalent stiffness formula
𝑚⋅𝑔
𝐾2 =
(3)
𝛿
we get the equivalent stiffness coefficient:
𝐾2 = 7.61 × 103 N/m.

(4)

Figure 14 shows the simplified system of the front wheel
suspension system, where there is a spring damper installed
between the rocker suspension and the front wheel.
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The Kinetic equation for the front wheel system can be
expressed as
𝑚𝑧̈ 1 + 𝐾1 (𝑧1 − 𝑧2 ) + 𝐶1 (𝑧̇ 1 − 𝑧̇ 2 ) = 0,
𝑚2 𝑧̈ 2 − 𝐾1 (𝑧1 − 𝑧2 ) − 𝐶1 (𝑧̇ 1 − 𝑧̇ 2 ) + 𝐾2 (𝑧2 − 𝑞1 )
= 0,

(5)
(6)

where 𝜔0 = √𝐾1 /𝑚, 𝐶1 = 2𝑚𝜔0 𝜓1 , and 𝜓1 is the damping
ratio of the front wheel suspension system.



𝐻 (𝑗𝜔)𝑧̈1 −𝑞1 = √

Then, (5) can be simplified as
2𝜔𝜔0 𝜓1 𝑗 + 𝜔02
𝑧1
.
=
𝑧2 −𝜔2 + 𝜔02 + 2𝜔0 𝜔𝜓1 𝑗

(7)

Assume that the ratio of the spring stiffness 𝑘1 to 𝑘2 in
front wheel suspension system is 𝛾1 , and the ratio of the
suspension mass 𝑚 to the front wheel mass 𝑚2 is 𝜇1 , and there
exists the equation 𝜆 1 = 𝜔/𝜔0 .
Frequency response function can be defined as the road
displacement excitation function about the displacement 𝑧.
Given |𝐻(𝑗𝜔)|𝑧̈1 −𝑞1 = 𝜔2 |𝑧1 /𝑞1 |, amplitude-frequency
characteristic of 𝑧̈ 1 relative to 𝑞1 can be written as
𝜔4 𝛾12 (1 + 4𝜓12 𝜆21 )
2

[(1 − 𝜆21 ) (1 + 𝛾1 − (1/𝜇1 ) 𝜆21 ) − 1] + 4𝜓12 𝜆21 [𝛾1 − (1/𝜇1 + 1) 𝜆21 ]

2

.

(8)

Using the linear relationship between 𝑧, 𝑧1 , and 𝑞1 , the
amplitude-frequency characteristic of 𝑧̈ relative to 𝑞1 can be
written as

 𝑧̈ 
𝜔4 𝛾12 (1 + 4𝜓12 𝜆21 )
 
√
.
  = 0.504
2
2
 𝑞1 
[(1 − 𝜆21 ) (1 + 𝛾1 − (1/𝜇1 ) 𝜆21 ) − 1] + 4𝜓12 𝜆21 [𝛾1 − (1/𝜇1 + 1) 𝜆21 ]

At the same time, the suspension system of the rear wheel
can be simplified as vibration system that has two degrees of
freedom, as shown in Figure 15.

Using the same method, the amplitude-frequency characteristic of 𝑧̈ to 𝑞2 can be written as

 𝑧̈ 
𝜔4 𝛾22 (1 + 4𝜓22 𝜆2 )
 
,
  = 0.419√
2
2
 𝑞2 
[(1 − 𝜆22 ) (1 + 𝛾2 − (1/𝜇2 ) 𝜆22 ) − 1] + 4𝜓22 𝜆22 [𝛾2 − (1/𝜇2 + 1) 𝜆22 ]
where 𝛾2 = 𝐾3 /𝐾4 , 𝜇2 = (𝑀 − 𝑚)/𝑚3 , 𝜔0 = √𝐾4 /𝑚, 𝜆 =
2𝜋𝑛/𝜔0 , 𝜓2 = 𝐶4 /2𝑚𝜔0 , and 𝜓2 is the damping ratio of the
rear wheel suspension system.
3.4. Mean Square Values of System Dynamic Response to
Pavement Random Input
3.4.1. Calculation of Mean Square Value for the Body Acceleration. In the WTMS, there are two inputs 𝑞1 (𝑡) and 𝑞2 (𝑡).
The two inputs come from the front wheel and rear wheel,
respectively. So the spectral density of bodywork vibration
response 𝑆𝑥 (𝑓) can be regarded as a dual input system.
By calculation, the self-spectral density of robot centroid
can be written as
 𝑧̈ 2
 𝑧̈ 2
 
 
(11)
𝑆𝑧̈ (𝑓) = (0.504  1  + 0.419  4  ) 𝑆𝑞 (𝑓) .
 𝑞1 
 𝑞2 

(9)

(10)

Pavement power spectral density is mainly used to
describe the statistical characteristics of road roughness.
According to GB7031-87 “Vibration Input of Vehicles—
Pavement Roughness Representation” [19], the spatial power
spectral density for pavement can be expressed as
𝑆𝑞 (𝑓) =

𝑛02 V
𝑆 (𝑛 ) ,
𝑓2 𝑞 0

(12)

where 𝑛0 is the reference spatial frequency and 𝑛0 = 0.1 m−1 .
𝑆𝑞 (𝑛0 ) is the road spectrum under reference spatial
frequency 𝑛0 , called pavement roughness coefficient, and its
unit is m2 /m−1 .
This expression is complex to calculate because the mean
∞
square value of body acceleration is 𝜎𝑧2̈ = 2 ∫0 𝑆𝑧̈ (𝑓)𝑑𝑓. For
simplifying calculation, 𝑁-discrete frequency values whose
band width is Δ𝑓 will be selected; then the calculation can
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The relative load is defined as 𝐹𝑑 /𝐹𝑗 , where 𝐹𝑑 represents
the dynamic load and 𝐹𝑗 represents the static load. The mean
square value of the relative load can be expressed as 𝜎𝐹𝑑 /𝐹𝑗 ; if

M−m

z4

K4

z3

1
𝜎𝐹𝑑 /𝐹𝑗 ≥ ,
3

C4

the direct pressure on the ground coming from the wheels is
negative, which will lead to poor adhesion. And if the mean
square value of the relative dynamic load is too large, the relative dynamic load acting on the axle will increase and result
in wear and tear of components. So, it is important to ensure
a smaller mean square value of the relative dynamic load.
From (6) and (7) we get the following formula:

m3

K3
q2

𝑚𝑧̈ 1 + 𝑚2 𝑧̈ 2 = 𝐾2 (𝑞1 − 𝑧2 )
𝐹𝑑
𝑚 𝑧2
=
+ .
̈
𝑚𝑧1 𝑚2 𝑧1

be conducted by numerical integration methods, as shown in
the following formula:
𝜎𝑧2̈ = 2 ∑ 𝑆𝑧̈ (𝑛Δ𝑓) Δ𝑓

(𝑛 = 1, 2, 3, . . . , 𝑁) .

(13)

𝑛=1

(17)

By substituting formula (7) into formula (17), we get
𝐹𝑑
1
𝜔2
=1−
.
𝑚𝑧̈ 1 1 + 𝜇1
(1 + 𝜇1 ) (2𝜔𝜔0 𝜓𝑗 + 𝜔02 )

(18)

Given 𝐺1 = (𝑚 + 𝑚2 )𝑔 = 𝑚(𝜇1 + 1)𝑔, we get

According to formulas (12) and (13), the mean square value of
robot centroid acceleration can be expressed as
𝑁

𝜎𝑧2̈ = 2 ∑ 𝑆𝑞 (𝑛Δ𝑓)
𝑛=1

2
 𝑧̈
2
 𝑧̈




⋅ (0.504  1 (𝑛Δ𝑓) + 0.419  4 (𝑛Δ𝑓) ) Δ𝑓.

 𝑞2

 𝑞1

𝐹𝑑
𝐹
1 1 𝑧̈ 1
= 𝑑
.
𝐺1 𝑞1 𝑚𝑧̈ 1 𝜇1 + 1 𝑔 𝑞1

(19)

According to formulas (18) and (19), we get
(14)

3.4.2. Calculation for Dynamic Load Mean Square Value
Coming from the Front Wheel. Between the wheels and the
ground exists a relative dynamic load due to the influence of
uneven incentives. If the dynamic load exceeds the gravity
load, the pressure acting on the ground from the wheels
will be negative, which will generate influences on the
adhesion and the robot can not move ahead. To improve the
adhesion ability, the dynamic load acting on wheels should
be controlled reasonably. Because the adhesion ability on
the front wheel acts as a decisive role in the whole robot
system, the dynamic load on the front track wheel needs to
be investigated.

𝜎𝐹2𝑑 /𝐺𝑞1

(16)

and there is another formula

Figure 15: Vibration model of the rear wheel.

𝑁

(15)

 𝐹 
 𝐹   𝑧̈ 
1
1
 𝑑 
 𝑑   1 


 =
  =
 𝐺1 𝑞1  𝑔 (𝜇1 + 1)  𝑚𝑧̈ 1   𝑞1  𝑔 (𝜇1 + 1)
2

2
4 (1 + 𝜇1 ) 𝜓2 𝜆21 + (1 + 𝜇1 − 𝜆21 )  𝑧̈ 1 
  .
⋅√
 𝑞 
4𝜆21 𝜓2 + 1
 1

The mean square value of the relative dynamic load on front
track wheel is
𝑁
 𝐹
2


𝜎𝐹2𝑑 /𝐺𝑞1 = ∑ 𝑆𝑞 (𝑛Δ𝑓) ⋅  𝑑 (𝑛Δ𝑓) Δ𝑓


𝐺𝑞

1
𝑛=1

3.4.3. Analysis of the Influence of Suspension Dynamic
Deflection on Ride Performance of the Wheel-Tracked Robot.

(21)

(𝑛 = 1, 2, 3, . . . , 𝑁) .

Finally, we get the mean square value of the relative dynamic
load on the front track wheels,

2

2

2
4 (1 + 𝜇1 ) 𝜓2 𝜆21 + (1 + 𝜇1 − 𝜆21 )  𝑧̈ 1 
1
√
 ) Δ𝑓
= 2 ∑ 𝑆𝑞 (𝑛Δ𝑓) ⋅ (
 𝑞 
4𝜆21 𝜓2 + 1
𝑔 (𝜇1 + 1)
 1
𝑛=1
𝑁

(20)

(𝑛 = 1, 2, 3, . . . , 𝑁) .

(22)

From the balance position of robot bodywork, the maximum
compression stroke of suspension allowed is the limit travel
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[𝐸𝑑 ]. Spring dynamic deflection 𝐸𝑑 and the limit travel [𝐸𝑑 ]
should be properly matched; otherwise it will increase the
chance of impacting limit travel when rover is running, and
the ride performance of the wheel-tracked robot will get
worse.
According to the structural design, spring damper of
the connection position, which connects arm suspension
and front track wheel suspension, creates a certain angle

with vertical direction. In the simplified vibration model,
the deformation in the vertical direction, which is equivalent
dynamic deflection 𝐸𝑑1 , can be analyzed. The frequency
response function is defined as function of the road displacement excitation relative to spring equivalent dynamic
deflection 𝐸𝑑1 . The amplitude-frequency characteristic of
front wheel track suspension equivalent dynamic deflection
to road input can be calculated as follows:

 𝐸 
𝛾12 𝜆41
 𝑑 


.
𝐻 (𝑗𝜔)𝐸𝑑 /𝑞2 =  1  = √
2
2
 𝑞1 
[(1 − 𝜆21 ) (1 + 𝛾1 − (1/𝜇1 ) 𝜆21 ) − 1] + 4𝜓12 𝜆21 [𝛾1 − (1/𝜇1 + 1) 𝜆21 ]

When the maximum of equivalent dynamic deflection
|max(𝐸𝑑1 )| does not exceed the maximum limit travel
[𝐸𝑑1 ], the limiting block will not be impacted, and the ride
performance will not be influenced by the impact of limiting
block. However, the maximum |max(𝐸𝑑1 )| of dynamic
deflection is greater than the maximum limit travel [𝐸𝑑1 ],
and robot travel road conditions are usually poor, so the
limiting block of suspension system will not be impacted
in some cases, and the ride performance of robot will get
worse. In view of the above situation, the probability 𝑃1
of limiting block being not impacted can be calculated
according to the effective values of maximum limit travel
[𝐸𝑑1 ] and 𝐸𝑑1 . The probability 𝑃1 reflects the influence of
dynamic deflection on the ride performance. As 𝑃1 is the
probability integral of standard normal distribution of ratio
of [𝐸𝑑1 ] and 𝜎𝐸𝑑 and in the MATLAB environments, the
1
probability in a certain range of values of random variable
obeying normal probability can be calculated with normcdf
function. Therefore, the probability 𝑃1 of limiting block being
not impacted can be calculated with the following formula:

𝑃1 = normcdf (

[𝐸𝑑1 ]
𝜎𝐸𝑑

).

𝑃2 = normcdf (

[𝐸𝑑2 ]
𝜎𝐸𝑑

).

(27)

2

3.4.4. Establishment of the Parameter Optimization Model for
the Suspension System on the WTMS. The robot suspension
flexibly connects bodywork, the front wheel and rear wheel
flexibly, and it can transfer the force and torque between the
bodywork and the wheels. The suspension can also reduce
the impact and vibration of bearing system caused by uneven
pavement, so as to ensure the ride performance of the robot

(24)

1

However,
 𝐸
2
𝑁
 𝑑

𝜎𝐸2 𝑑 = ∑ 𝑆𝑞 (𝑛Δ𝑓) ⋅  1 (𝑛Δ𝑓) Δ𝑓.
1
 𝑞1

𝑛=1

(25)

Assuming 𝑃1 as the statistic which can be used to evaluate
the influence of dynamic deflection on ride performance, the
greater 𝑃1 is, the better the index will be, and the influence of
dynamic deflection on ride performance will also be better. It
means the less the probability 𝑃1 is, the worse the influence of
dynamic deflection on ride performance is.
Similarly, the amplitude-frequency characteristic of front
wheel track suspension equivalent dynamic deflection to road
input can be calculated in the same way as follows:

 𝐸 
𝛾22 𝜆42
 𝑑 


.
𝐻 (𝑗𝜔)𝐸𝑑 /𝑞2 =  2  = √
2
2
2
 𝑞2 
[(1 − 𝜆22 ) (1 + 𝛾2 − (1/𝜇2 ) 𝜆22 ) − 1] + 4𝜓22 𝜆22 [𝛾2 − (1/𝜇2 + 1) 𝜆22 ]

Thus, the maximum limit travel of the rear wheel is
[𝐸𝑑2 ] = 35 mm, and the probability 𝑃2 of the limiting block
that will not be impacted can be calculated with the formula
below:

(23)

(26)

and provide a stable work platform for the vehicle instrument
and equipment.
The evaluation of ride performance of the robot can
be achieved by optimizing spring stiffness and damping
constant of damping element of suspension based on the
mission execution conditions. Therefore, establishing an ideal
ride performance evaluation system of robot is the basis
of optimizing suspension parameters. In order to make a
scientific evaluation of ride performance, the establishment
of suspension parameter optimization model of the wheeltracked robot, the ascertainment of corresponding design
variables, and the objective function and the constraint
conditions are all necessary.
3.4.5. Establishment of Design Variables. As the quality of
bodywork and front wheel track is given, and the equivalent
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stiffness coefficient between track wheel and ground is
approximately constant, the stiffness coefficient and damping
coefficient of the suspension will have an impact on the
maximum of body acceleration and dynamic load. In order to
improve the ride performance, the suspension spring stiffness
coefficient and damping element of the wheels should be
optimized. And the design variables of robot suspension are
determined to be the equivalent stiffness coefficient of the
suspension spring in front wheel track 𝐾1 , the equivalent
damping coefficient 𝐶1 of the damping element, the equivalent stiffness coefficient of the spring of rear wheel 𝐾4 ,
and the equivalent damping coefficient 𝐶4 of the damping
element.

According to the above analysis, the mean square value
of the body acceleration with random road input, the mean
square value of the front wheel track dynamic load, and
the influence of suspension dynamic deflection on ride
performance of the wheel-tracked robot are, respectively,
calculated and analyzed. Besides, according to the analysis
of suspension mechanics, the improvement direction of the
wheel dynamic load is consistent with the improvement
direction of body acceleration in low frequency, while in
high frequency, they improve in the opposite direction. The
improvement direction of the wheel dynamic load is opposite
to the improvement direction of the dynamic direction.
Therefore, those evaluation indexes of the robot ride
performance are irreconcilable in the optimization process of
suspension parameters. According to the analysis of factors
influencing the properties, the evaluation statistics of the
robot are ascertained as the effective value 𝜎𝑧2̈ and the maximum value max(𝑧)̈ of body acceleration, the maximum value
max(𝐹𝑑 /𝐺1 𝑞1 ), and effective value 𝜎𝐹2𝑑 /𝐺1 of dynamic load,
the probability of the front and rear suspension system being
not impacted 𝑃1 , 𝑃2 . The optimization objective function is
expressed as follows:

3.4.6. Establishment of Objective Function. Generally, the
ground condition on which the wheel-tracked robot works
is complicated and harsh. However, with the designed
autonomous obstacle avoidance system of robot, the real
ground condition is good. Therefore, the ground condition
of robot chosen is level 𝐹, 𝑆𝑞 (𝑛0 ) = 16384 [19]. According to
the need of detecting mission, the robot usually maintains a
speed of V = 0.15 m/s.

𝑁
 𝑧̈
2
 𝑧̈
2




min 𝜎𝑧2̈ = 2 ∑ 𝑆𝑞 (𝑛Δ𝑓) ⋅ (0.504  1 (𝑛Δ𝑓) + 0.419  4 (𝑛Δ𝑓) ) Δ𝑓,




 𝑞1

 𝑞2
𝑛=1

 𝑧̈ 2
 𝑧̈ 2
 𝑧̈ 
 
 
 
min max ( ) = (0.504  1  + 0.419  4  ) ,
 𝑞1 
 𝑞2 
 𝑞 
min 𝜎𝐹2𝑑 /𝐺

2

2

2
4 (1 + 𝜇1 ) 𝜓2 𝜆21 + (1 + 𝜇1 − 𝜆21 )  𝑧̈ 1 
√
 ) Δ𝑓,
= 2 ∑ 𝑆𝑞 (𝑛Δ𝑓) ⋅ (
 𝑞 
4𝜆21 𝜓2 + 1
𝑔 (𝜇1 + 1)
 1
𝑛=1
𝑁

1

(28)
2

min max (

max

4 (1 + 𝜇1 )
𝐹𝑑
1
√
)=
𝐺1 𝑞1
𝑔 (𝜇1 + 1)

𝑃1 = normcdf (

[𝐸𝑑1 ]
𝜎𝐸𝑑

𝜓2 𝜆21 + (1 +
4𝜆21 𝜓2 + 1

𝜇1 −

2
𝜆21 )

 𝑧̈ 
 1 
  ,
 𝑞1 

),

1

max

𝑃2 = normcdf (

[𝐸𝑑2 ]
𝜎𝐸𝑑

).

2

In the optimizing process, the bandwidth Δ𝑓 = 1 Hz (e.g.,
𝑛 = 1, 2, 3, . . . , 𝑁) and 𝑁 = 20. The initial calculated parameters values of the robot are as follows, shown in Table 1.

(1) The natural frequency of bodywork for the WTMS is

3.4.7. Establishment of Constraint Conditions. In order to
maintain mechanical safety, machinery, and practicality in
the structural design, the design variables and system state
variables must satisfy certain conditions. Those conditions
are the constraints. The constraints of design variables of the
wheel-tracked robot are as follows.

Reducing the natural frequency 𝑓0 of suspension system can obviously reduce the vibration acceleration
of bodywork, but the dynamic deflection increases as
𝑓0 decreases, so the reduction of 𝑓0 is limited. The 𝑓0
value is 1.0∼1.5 for ordinary vehicles. Considering the
ground condition on which the robot runs is poor,

𝑓0 =

1 √ 𝐾1 + 𝐾4
.
2𝜋
𝑀

(29)
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Table 1: Performance parameters of the wheel-tracked robot.

Name of relevant parameters
Suspension quality of front wheel (𝑚)
Suspension quality of rear wheel (𝑀 − 𝑚)
Quality of front wheel track (𝑚2 )
Quality of rear wheel (𝑚3 )
The equivalent stiffness coefficient of the front wheel track relative to ground (𝐾2 )
The stiffness coefficient of the rear wheel track relative to ground (𝐾3 )
The equivalent stiffness coefficient of the spring before optimization of the position connecting the front wheel
and suspension (𝐾1 )
The equivalent damping coefficient of the damping element before optimization of the position connecting the
front wheel and suspension (𝐶1 )
The equivalent stiffness coefficient of the spring before optimization of the position connecting the rear wheel
and suspension (𝐾4 )
The equivalent damping coefficient of the damping element before optimization of the position connecting the
rear wheel and suspension (𝐶4 )

the natural frequency value of suspension system of
the robot with this structural design should be 2.5∼3.5
to decrease the chance of impacting limiting block.
Therefore, the natural frequency of the wheel-tracked
robot suspension is limited as
2.5 ≤ 𝑓0 =

1 √ 𝐾1 + 𝐾4
≤ 3.5.
2𝜋
𝑀

(30)

(2) According to the provided processing conditions, the
damping ratio range which may be chosen of damping
element is fixed. The front robot suspension spring
damping ratio 𝜓 is 0.25∼0.55. Therefore, according
to the damping ratio, another constraint condition is
obtained as
0.25 ≤

𝐶1
≤ 0.55.
2√𝑚𝐾1

(31)

(3) Ratio 𝜓1 range of the rear wheel suspension with the
front wheel suspension; that is,
0.25 ≤

𝐶4
≤ 0.55.
2√(𝑀 − 𝑚) 𝐾4

(32)

3.4.8. Parameter Optimization of Suspension System of the
Wheel-Tracked Robot. Parameter optimization of the suspension system is a multiobjective constrained optimization
problem, and the objective function is a nonlinear function.
The traditional method to deal with this kind of multiobjective optimization problem is to construct an effect function
and then convert the multiobjective optimization problem
into a single objective optimization problem. Although the
method to solve single objective optimization problem is
mature, this optimization process cannot guarantee the optimality of Pareto.
Multiobjective genetic algorithm simulates the evolution
process, which processes a population and generates a large

Parameter values

Unit

10.5
13.5
5.5
2.5
7.61 × 103
12.5 × 104

kg
kg
kg
kg
N/m
N/m

5 × 103

N/m

164

Ns/m

6 × 103

N/m

200

Ns/m

number of noninferior solutions in an optimization process,
so that it can find the approximate Pareto optimal solution of multiobjective optimization problems. In addition,
it is a simple, general, good robustness, parallel search
algorithm for global optimization processing mechanism.
Pareto solutions can be defined as follows: if 𝑥 ∈ 𝑋 (𝑋
is feasible region for the multiobjective optimization), there
is not a feasible point 𝑥 ∈ 𝑋, which makes the function
𝑓𝑖 (𝑥) ≥ 𝑓𝑖 (𝑥 ), 𝑖 = 1, . . . , 𝑝 (𝑝 is number of the objective
function), right, and wherein at least a strict inequality is
right, so 𝑥 is said to be an efficient solution of multiobjective
optimization (also called Pareto optimal solution) [20, 21].
So we adopt a multiobjective genetic algorithm to optimize
nonlinear programming problems of the robot suspension
system parameter in the paper.
3.4.9. Optimizing Design of Suspension Parameter Based on
NSGA-II Method. By analysis, we use NSGA-II method
to optimize parameters of the suspension. As the design
variables, objective function and constraint conditions have
been described, the operation parameter should be set,
and constraint conditions should be processed before the
implementation of genetic algorithm optimization.
Set Operation Parameters. The parameters that need to be set
in genetic algorithm are encoding, population size, crossover
probability, mutation probability, termination of algebra, and
so forth.
(1) Encoding. Adopting floating point coding, the range of
the variables 𝐾1 , 𝐶1 , 𝐾4 , 𝐶4 is the initial value plus ±5%. The
initial value is
𝑋 = (𝐾1 𝐶1 𝐾4 𝐶4 ) = (5000 164 6000 200) .

(33)

(2) Population Size 𝑀𝑐 . If the population is too small it will
be difficult to find the optimal solution, and if it is too large
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(3) The Crossover Probability 𝑃𝑐 . The crossover probability 𝑃𝑐
is too small to search forward; while too large it is likely to
damage the structure of high fitness value. The optimization
using the adaptive form is 𝑃𝑐 = 1.0 − 0.4(𝐺𝑖 /𝐺max ), while 𝐺𝑖 is
the current algebra and 𝐺max is the largest genetic algebra. The
changing scope of the crossover probability 𝑃𝑐 is (0.6∼1.0).
(4) Mutation Probability 𝑃𝑚 . The mutation probability 𝑃𝑚 is
too small to produce a new gene structure, while too large
genetic algorithm becomes a random simple search. So we
set 𝑃𝑚 = 0.0001∼0.1 and 𝑃𝑚 = 0.08 in the optimization.
(5) Termination of Algebra 𝐺𝑐 . Generally, variable number
multiplied by 200 is selected as the termination of algebra,
so the system initially selected 𝐺𝑐 = 400. 𝐺𝑐 is modified in
the process of debugging the program.
Processing Constraint Conditions. The constraint conditions of
design variables of optimal objective function of the wheeltracked robot are set as
A 2 ≤ 𝑓0 = (1/2𝜋)√(𝐾1 + 𝐾4 )/𝑀 ≤ 3.5,
B 0.25 ≤ 𝐶1 /2√𝑚𝐾1 ≤ 0.55,
C 0.25 ≤ 𝐶4 /2√(𝑀 − 𝑚)𝐾4 ≤ 0.65.
Formula A is linear constraints which can be converted
to X = b:
[

25𝜋2 𝑀
−1 −1 𝐾1
][ ] = [
].
1 1
𝐾4
49𝜋2 𝑀

(34)

The genetic algorithm can solve the problem with linear
constraints. Formulas B and C are nonlinear constraints and
can be handled with the penalty function. The idea of penalty
function is imposing a penalty function when calculating
the fitness of individual which has no corresponding feasible
solution in solution intervals, so as to reduce the individual
fitness value and make the probability of individual being
genetic to the next generation population decreases. Use the
following formula to adjust individual fitness:
𝐹 (X)

(35)
X satisfies constraint condition
{𝐹 (X)
={
𝐹
− 𝑃 (X) X does not satisfy constraint condition.
{ (X)
In this formula, 𝐹(X) is the original fitness, 𝐹 (X) is the
fitness after adjustment, and 𝑃(X) is the penalty function.
𝑃(X) = ∑ 𝑔𝑖2 (X)𝑅𝑖 (𝑖 = 1, 2, 3, 4). 𝑅𝑖 is penalty factor, and
𝑅𝑖 makes corresponding adjustment according to the degree
of constraint violation, in which
𝑔1 (X) = 0.5√𝑚𝐾1 − 𝐶1 ≤ 0;
𝑔2 (X) = 𝐶1 − 1.1√𝑚𝐾1 ≤ 0;
𝑔3 (X) = 0.5√(𝑀 − 𝑚)𝐾4 − 𝐶4 ≤ 0;
𝑔4 (X) = 𝐶4 − 1.3√(𝑀 − 𝑚)𝐾4 ≤ 0.

450
The individual average distance

the convergence time will be prolonged. So we set 𝑀𝑐 = 5 ×
number of variables = 60.

400
350
300
250
200
150
100

0

50

100

150
Algebra

200

250

Figure 16: The individual average distance in the process of
evolution.

3.4.10. Optimization and Analysis Results. After setting operating parameters and processing constraint condition, the
design variables are optimized by NSGA-II method. The
genetic algorithm meets the termination conditions and the
evolution stops after 239 generations. The individual average
distance is shown in Figure 16 in the process of evolution.
From Figure 16, the individual average distance significantly reduces and gradually becomes stable. The fitness
of the objective function value no longer has a distinct
improvement, showing that this optimization is successful.
Figure 17 is a Pareto frontier. From the figure, the 1st,
2nd, and 3rd objective function and the 4th, 5th, and 6th
objective function have a competitive relationship. When
one of the fitnesses of objective function improves, the
fitness of objective function of another group deteriorates
in different degree. Since the objective function number for
the optimization is multiple and relationship is complex, the
Pareto frontier of two arbitrary objective functions may not
be completely smooth and uniform distribution, and it is only
relatively uniform distribution. From Figure 17, the optimization process and result are satisfactory. By calculation, we get
a set of nondominated solutions. According to the contrast,
it can be found that the influence of different noninferior
solutions on all objective fitness values is different, and
a satisfactory solution can be obtained according to the
importance of balance objective function. It can be seen from
optimization solutions that the noninferior solutions’ effect
on the 5th and 6th objective function is small; therefore the
influence of noninferior solution on the 5th and 6th objective
function is not considered. According to the influence of
noninferior solution on the 1st, 2nd, 3rd, and 4th objective
functions, the values of the objective functions 1st, 2nd, and
3rd are reduced by previous set of nondominated solutions,
but they greatly deteriorated the value the objective function
4th, so it is not the ideal solution that is being searched
for. Balancing the influence of noninferior solution on the
3rd and 4th objective functions, we select the forty-seventh
solution as the optimal design variables, and its corresponding design variable is (4939.173 169.731 6158.684 209.106),
and the objective function value is (8985564.525 10343.313
54861.345 268.235 −0.9707 −0.9523). This solution balances
the objective functions 3rd and 4th; a goal function improved
performance does not deteriorate another objective function.
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Figure 17: Pareto frontier.

At the same time, the solutions to the objective functions 1st
and 2nd are relatively low, and the values of the 5th and 6th
objective functions are −0.9707 and −0.9523, ensuring a high
level of being not impacted rate of the suspension system.
The initial design variable X of the robot suspension system is (5000 164 6000 200), and the calculated corresponding value of objective function is (9786947.726, 10593.233,
53748.859, 281.4452, −0.9759, −0.9539). According to the
contrast of the preferred solution and the initial solution, the
probabilities 𝑃1 and 𝑃2 and the effective value 𝜎𝐹2𝑑 /𝐺1 of the
wheel dynamic load have been increased slightly (increased
by 0.53%, 0.17%, and 2.07%, resp.). However, the effective
value 𝜎𝑧2̈ and maximum value max(𝑧)̈ of body acceleration
and maximum value max(𝐹𝑑 /𝐺1 𝑞1 ) of the wheel dynamic
load have been decreased by 8.19%, 2.36%, and 5.76%,
respectively, and the probability 𝑃1 and 𝑃2 can still meet the
requirements as 97.07% and 95.23%.
According to the above analysis, the optimization results
meet the design requirement and will be referred to as the
suspension design parameters of WTMS. Due to the above
analysis of the stiffness and damping coefficients which are
equivalent, those equivalents should be converted in the
actual structure design.

4. Physical Prototype and Tests
According to the proposed design program and optimization
parameters on the suspension system, an experimental prototype has been manufactured, shown in Figure 18, and then
the performance of the wheel-tracked exploration robot has
been tested.
Trench crossing test of the wheel-tracked robot was
performed by gradually increasing the distance between two

Figure 18: Physical prototype for wheel-tracked exploration robot.

objects. The front track wheel can smoothly cross the trench,
but because of the size restrictions of the rear wheel, it
becomes difficult to cross the trench gradually. After testing,
the maximum width of the trench that the robot can smoothly
cross is 150 mm, and the maximum height of barriers that
can be spanned is 180 mm, which are both identical with
simulation. Climbing test was carried out on indoor oblique
board. The robot climbing performance is tested by changing
the angle between the board and the floor. In the process
of increasing board slope, the robot’s climbing difficulty
increases gradually. When the angle of the slope is greater
than 42∘ , the climbing movement appears as the phenomenon
of slipping obviously. As the maximum angle in numerical
simulation is 40∘ , the robot’s adhesion ability on the slope
is improved compared to simulation. This is because the
contact area on the track is larger than 3D model actually. It
also shows that the bodywork is smooth in the rugged road,
reflecting the robot ride performance is still good on uneven
pavement condition, but further tests will be done to verify
the ride performance of new suspension systems.
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5. Conclusions
In this paper, a new mobile type of wheel-tracked system has
been designed, and by using virtual prototype, the property
of this robot has been verified preliminarily. However, the
ride performance of the mobile system was found to be poor
by simulation, then suspension parameters optimization
has been done, and, at last, the new type robot has been
manufactured and the tests have been carried out. The result
is as follows:
(1) The typical mobile system has been analyzed, and
by combining the advantages of these systems, the
wheel-tracked mobile system has been designed. Virtual simulation shows that the maximum height of
barriers that the robot can cross is 180 mm, and the
maximum width of the channel that can be crossed is
150 mm, and the wheel-tracked structure project can
satisfy the basic exploration requirements.
(2) The rear wheel system and the front wheel system
have been simplified; then the plan model for wheeltracked system has been established, which provides
new ways for the establishment of dynamic models for
complex suspension systems.
(3) Based on the system’s dynamic model, ride performance of the exploration robot has been analyzed,
and the optimization model has been established. By
using NSGA-II method, key parameters for suspension system have been obtained. Comparing to initial
suspension parameters, effective value of bodywork
acceleration 𝜎𝑧2̈ has been decreased by 8.19%, maximum value of bodywork acceleration max(𝑧)̈ has
been decreased by 2.36%, and the maximum dynamic
wheel load max(𝐹𝑑 /𝐺1 𝑞1 ) has been decreased by
5.76% theoretically.
(4) According to the design structure and optimization
parameters for the suspension, physical prototype
has been processed and tests have been carried out
accordingly. By the tests, the maximum width of the
trench that the robot can smoothly cross is identical
to prototype simulation, while the climbing test shows
the maximum angle of the slope that can be climbed
up is 42∘ , which is larger than the numerical value in
prototype simulation.
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