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Abstract. The complex Kkinematics modeling of
mobile robot with connecting rod suspension is
studied. According to the wheel center modeling
method, the kinematic characteristics of the six
wheels of the mobile robot under irregular terrain
are analyzed and the kinematics theoretical model is
established. Then, the kinematics simulation analysis
is carried out through the virtual prototype
technology to verify the rationality of structural
design and the correctness of the Kkinematics
theoretical model. Finally, the error test of the mobile
robot prototype is executed, the minimum deviation
error of the linear motion is 4.399mm, the forward
and backward in-situ turning error is 1.166mm and
0.838mm, respectively. The test results show that the
kinematics theoretical analysis of the mobile robot is
reasonable, the robot has good motion ability. The
study provides a theoretical basis for the research of
high-quality navigation and control system of the
mobile robot.
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1. INTRODUCTION

With the advance of science and technology, robots
are playing an increasingly important role not only in our
daily life but also during the industrial production
process [1,2]. All-terrain mobile robot is a kind of robot
which could reduce the influence of terrain factor in
unstructured environment and be easily adapted to
rugged terrain environment, such as stairs [3, 4], rough
terrain and sandy terrain[5,6]. The linkage joint
suspension structure is widely used in the suspension
structure design of all-terrain mobile robot. Because it
lifts up the wheels through the mutual rotation of the

linkages, which can minimize the body tilt and ensure

the contact between wheels and ground. Relevant
examples are common to the field of wild rescue, space
exploration and others[7,8].

Although the researches about mobile robots are going
deeper with the wide spread of mobile robots’
applications, these researches are mostly concentrated on

control system [9-11] or dynamic analysis [12-14], only
a few researchers have studied its suspension mechanical
structure and kinematics. Tian et al. [15] designed a
wheeled tracked mobile robot by combining wheels and
tracks, the robot could pass through steps, trench, steep
hill or others complex terrain. In order to strengthen the
ability of mobile robot to cross a rugged ground,
Mikova; et al. [16] designed a novel simulation model
for its wheel chassis, and carried out several simulations
and resistance analysis. Tan et al. [17] proposed a type of
mechanical structure of an all-terrain mobile robot,
aimed to ensure a robust contact between wheels and
ground, spring suspension structure was added to the
front wheels. And the strength of each critical part of the
robot was analyzed and verified by finite element
analysis. Jilek et al. [18] analyzed the kinematic of a
six-wheeled mobile robot chassis, the results were
applied to the location research of the robot.

At present, all-terrain motion structure of mobile robot
is complex and researches on suspension design are
relatively few.In this paper, a novel mobile robot based
on linkage suspension used in factory logistics is taken as
the research object. According to the special suspension
structure of the robot, the motion characteristics of the
robot on irregular ground are analyzed.The kinematics
research and simulation analysis are carried out, the
movement error experiments are executed to verify the
correctness of the theory and simulation analysis.

2. KINEMATIC THEORETICAL MODELING
OF THE MOBILE ROBOT CHASSIS

The robot consists of bodywork, four omni-direction
wheels, two rubber-tired wheels and link mechanisms.
Specifically, both the front and back tires are
omni-direction wheels, in the middle, there are two
rubber-tired wheels. Links and pairs make up suspending
framework, which unites the bodywork and wheels as an
entirety. Unlike the independent suspension, linkage
structure which the robot used, including the left
suspension, the right suspension and the suspension link,
as shown in Fig. 1. The left and right suspension are the
same and connected together by the suspension link. The
suspension link is connected with the bodywork through
a rotating pair, which the hinge point is point O,
connected with the left and right suspension through
spherical pairs. The mobile robot can passively adapt to
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the terrain changes through the mutual movement
between the linkages of the suspension structure. The left
or right suspension rotates around the hinge point D or K
relative to the bodywork. The suspension link is used to
limit the rotation angle of the left and right suspension,
avoid the imbalance of the bodywork and ensure the
stability of the mobile robot. The suspension and travel
mechanism on each side of the mobile robot include the
front linkage, slider, rocker arm, rear linkage, front
wheel, middle wheel and rear wheel. All connection
modes of the mechanical components are revolute joints,
except the connection between rocker with front rod,
which is a sliding joint. The right side is as shown in Fig.
2.

Q m /,_\ )}/ﬁLeft suspension
v \0/ Suspension link

Right suspension

Fig. 1 Schematic diagram of the whole suspension structure

rear linkage

rocker arm ¢ slider __ front linkage

N \ \
— rear wheel ' middle wheel '— front wheel
Fig. 2 Structure diagram of the right-side suspension and travel
mechanism

A set of coordinate frames of the robot should be
defined first and they are on the right side of the chassis,
which illustrated as Fig. 3. The description of the
coordinate frames is as follows: R refers to the bodywork
(passing through its center of gravity), D refers to the
rocker, S refers to the sliding joint, B; and B; refer to the

front and back rod, A; denotes the wheel i axle (i=1,2...6).

For the right side of chassis consists of wheels 1, 2 and 3,
so the left side (not shown) is assigned similar frames
and consists of wheels 4, 5 and 6. Each coordinate frame
above represents one step in the kinematic chain from the
bodywork to a wheel. After the define of the coordinate
frames, its homogeneous transformation can be written
by using D-H (Denavit-Hartenberg) convention. The
parameters o, a, d and © in the convention for the mobile
robot chassis are given in Table 1. And each parameter
symbol refers to specific meaning: the parameters ai,
di(i=1, 2...7) are constants representing the dimensions of
the chassis configure, 6 is the angle between the right
rocker's front arm and the horizontal line in space, the
angle on the left side is represented by 8,. ;1 represents
the angle between the extension line of the right rocker’s

back arm and the back rod, the angle on the left side is
represented by 5.

Fig. 3 Coordinate frames for the robot's right side

Table. 1 D-H parameters for primary coordinated frames

coordinate o a d 0
frames

D /2 ai -d; 0
S /2 0 0 7/2-0;
B1 -1t/2 0 -d3 T
Al -m/2 a4 0 Tn/12
B> 0 as d5 3/ 2—61
As -m/2 a6 0 Bi
As -11/2 -a7 0 B1

Fig. 4 Coordinate frames for terrain contact

Supposing the robot moving on the uneven surface,
there is a continuous point between each wheel and

ground. A contact coordinate frame Ci(i=1, 2 ... 6) is

defined at each wheel contact point as illustrated in Fig.
4, where its z-axis is normal to the ground, x-axis is
tangent to the ground at the point of contact, y-axis is

determined by the right-hand principle. In addition, &; is

defined as the contact angle, which is the angle between
the z-axes of the wheel i coordinate frame and contact
coordinate frame. The degree of the angle will change
with the undulation of topography. The transformation
matrix of the coordinate frames is displayed as (1).

cosé; 0 sind;
g‘;IT=I 0 1 0 l (1)
—siné; 0 cosé;

As there are four omni-direction wheels in the chassis
mechanism, according to the motion principle of
omni-direction wheel, an attitude transformation matrix
shown as (2) should be added before calculating the final
transformation matrixes. p is the angle between the
z-axis of omni-direction wheel motion coordinate and
the z-axis of wheel central coordinate.

cosp —=sinp 0
,ﬁT = [sinp cosp Ol 2
0 0 1

For the rear wheel on the right side, its matrix
transformation from the coordinate frame A3 to the
coordinate frame R is shown as (3), matrix
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transformation from the coordinate frame C3 to the
coordinate frame R is shown as (4).

BT 5Tz asTis a3T1a
BT =R7 DTB2T AT = A5T21 STz 45T2s 45T 3)
5T31 A3T32  a5Ts3 45734
0 0 0 1
AT AT 3Tz 3T
R R R R
T T T T
613?7" —A3TA3T c3f21 c; 22 c;, 23 c; 24| (4)
c3l31 3732 3l33 3734
0 0 0 1

Where
AT 1=cosdzcospsin(f, — 6;1) — sindscos(B; — 61)
(3T 1,=—sinpsin (81 — 6;)
AT 3=cosb3cos(B; — 6;) — sindscospsin (B — 6;)
AT y1=cosd3cosp
(3T 22=c0sp
AT ,3=sind3sinp
BT 31=—cosd3cospcos(By — 61) — sin3sin(f; — 6;)
3T3p=sinpcos (B — 6,)
AT 33=c0s85 sin (B; — 8;) — cospsindscos(f; — 61)
C§T14:a1_a55in01 —azsin(By — 61)
c§T24:— ds
BT 34=d; + ascosf; — a; cos (B, — 6;)

In the six-wheeled mobile robot chassis mechanical
structure, the longest kinematic chain is from the
bodywork to the rear wheel, which including rocker, rear
linkage and the rear wheel. By using
WCM(Wheel-center modeling)method[19], the linear
velocity theoretical equation of the rear wheel can be
deduced, which displayed as (5). The method establishes
the kinematic equation by wusing the physical
representation of the wheel center velocity, both sides of
the kinematic equation are the speed expressions of the
wheel center.

170+W0><7'0,3+171+W1Xr1,3+172+W2><r2,3+173=
w3 X (—T3p) (%)

In the formula (5), ri3(1=0, 1, 2) refers the vector from
body center or joint axis to wheel center, wg and v, refer
the angular velocity and line velocity vectors of the
motion body, the initial rod 0, w; (i=1, 2)and v;(i=1, 2, 3)

refer the angular velocity and line velocity vectors of the
i rod relative to the i-1 rod, respectively. r3, refers the
radius vector from wheel center to wheel-terrain contact
point, w3 refers the drive rotation speed vector of wheel.
The rotating angular velocity vector of each rod relative
to the previous one has to be ensured by the type of the
joint, so does the linear velocity vector. In other words, if
the joint i is a rotational joint, then v;=0; if the jointiis a
sliding joint, then w;=0.

Such as the rear wheel on the right side, in the process
of obtaining its final theoretical equations, vy is the
linear velocity vector of the chassis, w, is the angular
velocity vector, which includes three components: roll,
pitch and yaw. And 73 is the vector from chassis center
to wheel center, whose elements in the robot coordinate
system is(¥03 Y03 Zo3)T, it is the last column in the
transformation matrix expression
()(u5T1a  AST24  45T34)"

As the rocker is a rotational joint, so v1=0 and w is its
rotating angular vector, the positive direction of wy
opposites to the direction of the robot’s pitching angle.
r13 1s the vector from the rocker’s center to wheel’s. If
the link rod dimension between robot center and rocker’s
center To1 equals 0, then al=0,d1=0,
and(¥13 Y13 Z13)7 could be obtained easily.

For the same reason, v,=0,w, is the rotating angular
vector, the positive direction of w, and wyis the same,
T3 means the vector from the panel point of rocker and
the back rod to wheel’s center. If the link rod dimension
712, which between the back rod rotation center and the
right rear wheel’s center, equals 0, then a5=0, d5=0,
and (*23 Y23 Z23)T also could be obtained easily.
Similarly, v3 =0, wy is rotating angular vector, whose
direction should be defined by other reference coordinate
frame.

Analyzing each part of (5) and projecting vector to the
robot coordinate system, then vy = (Yox Yoy Voz)T,
wo = (Pox b0y Po)"s w1 =0 (-1 0,
w, =(0 (=1)F; 0) (i=1,2...6) can be obtained,
if these vectors expressed by matrices, then expressions
as follows can be gained:

0 Zo3  — Vo3 d’Ox
Wy X To3 = DOiWO = [_ Zo3 0 X03 l ¢0y (6)
Yoz —X3 0 g
0 213 — Y13
w1 XT3 =Dywy = |~ Z13 x13 - 1) ‘6,
Yz — X3
(7
0 Z3 — Y23 0
Wy XT3 = Dyywy = [— 223 0 X23 (—D'By
Y23 — X3 0 0
®)
3
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Rt

cit 11

w3 X (=73,) = r9:M; =16 | £T5, ©9)
R
T
cit 31

By substituting (6) ~ (9) into (5), the kinematics
equation of the right rear wheel can be obtained, which
shown as (10). In (10), r means the radius of wheel and
(p3 means the rotational speed of wheel.In the same way,
the other five wheels kinematics model equations can be
established.

Vox — (dy1 + ascosb; — azcos (By — 61))poy + dso, + (a7 cos (B — 01) + ascosO)b + a; cos (By — 01)F;
voy + (dy + ascosb; — azcos(B1 — 01))dpox + (a1—assind — azsin(By — 61))do,
Vo, — ds¢oy — (a1—assind; — azsin (By — 61))¢o, + (azsin (B1 — 6,)—assin, )6, + azsin(B; — 61)p1

cos8scospsin(f, — 041) — sindscos(B; — 64)
cosdzcosp
—cosézcospcos(ff, — 01) — sindzsin(B — 64)

=13

3. KINEMATICS SIMULATION OF THE
MOBILE ROBOT CHASSIS

3D model of the mobile robot is created and imported
into the virtual prototype analysis software-ADAMS,
which displayed as Fig. 5. Based on the virtual prototype,
the kinematics simulation analysis is carried out by linear
motion and pivot steering motion respectively.

|

Fig. 5 Virtual Prototype of the mobile robot

3.1. Linear movement simulation

The angular velocity curve of the wheels is set up as
Fig. 6. According to the figure, the robot is in a state of
self-stabilization from Os to 0.2s, so its angular velocity
is Orad/s. From 0.2s to 1.2s, the angular velocity
increases to 300rad/s steadily and remains invariable
until 3.2s. In the period of 3.2s to 4.2s, the angular
velocity decreases from 300rad/s to O rad/s stably. And
during the last 0.3 second, the robot is in the static state.
With the angular velocity above, the robot’s centroid
displacement along X, Y and Z axes are shown as Fig. 7
(the robot moves on the XOZ plane in ADAMS). The
robot moves along Z-axis from 0.52m to -1.48m, its total
distance is 2 meters. Besides, the displacement has little
change in the first and the last second, but has larger
change in the middle stage, and the change is uniform. As
there is no displacement both along the X and Y-axis, so
that means the robot moves along the straight line at an
even speed.

300

2

H

Angular Velocity (degls))

- 8 & &

150 P S S S Rt ST

2 3 A 5 5 20 25
Time (s) Time (s)

Fig. 6 Angular velocity of Fig. 7 Displacements of robot
wheels centroid

(10)

Apart from the displacement, the velocity and
accelerated velocity also have changed in the linear
movement simulation, which shown as Fig. 8. As can be
seen from the figure, the velocity of the robot is Om/s
from Os to 0.2s, from 0.2s to 1.2s, it increases to 0.73m/s
steadily and remains unchanged from 1.2s to 3.2s, then in
the period of 3.2s to 4.2s, finally, it decreases from
0.73m/s to Om/s and has no change in the last 0.3 second.
It also can be noticed that, in the process of the velocity
increasing or decreasing, the curve of the accelerated
velocity shows a trigonometric function tendency
generally and it is a horizontal straight line when the
velocity has no change. Besides, the curve of the
changing acceleration is serrated when the velocity
varies.This kind of phenomenon simulates the unstable
motion state of mobile robot, which happens after
starting or in the course of moving in the actual situation.

T T
—— Velocity
Accelerated Velocil
" i

050

025 F

°
8

Velocity (m/s)

5
B
g
Accelerated Velocity (m/s2)

S

L T T L
0 1 2 3 4

Time (s)

Fig. 8 Velocity and accelerated velocity of the robot centroid

According to the comparison of Fig. 6 and Fig. 8, it
can be known that the tendency of the wheel’s angular

velocity is coincident with the tendency of the robot
centroid velocity.This phenomenon verifies the
rationality of the kinematics theory model and provides a
reliable theoretical basis for the control system design.

3.2. Pivot steering movement simulation

The angular velocities of the mobile robot in the pivot
steering motion simulation are displayed as Fig. 9 and
Fig. 10. According to the figures, the angular velocities
of the robot changes as follows: in the first period, it
keeps Orad/s. In the second period, it increases to
300rad/s steadily. Then the angular velocity stays
unchanged in the third period and decreases to Orad/s in
the fourth period. In addition, referring to the analysis of
the theoretical kinematic equations, speed vectors of
wheels on both side should possess equal magnitude, but
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contrary direction. And self-stabilization state set for the
robot after the beginning could avoid suddenly speed
changing, which would cause a huge impact on
mechanisms in reality.

[= = Angular Velocil

[——Angular Velocity

300 | 4 50

-100

3

£

250 |

Angular Velocity (deg/s)
Angular Velocity (deg/s)

300 |

0 350

0 5 10 15 0 2 E) 35 0 5 10 5 20 25w 35
Time (s) Time (s)

Fig. 9 Angular velocity of left Fig. 10 Angular velocity of
side wheels right side wheels

After finishing the pivot steering motion simulation,
the robot’s centroid displacement along the X,Y and Z
axes can be got, which shown as Fig. 11. Owing to the
reason that the centroid of the robot picked in ADAMS
is not matched with the real one absolutely, that makes
the displacements along X and Z axes have a slight
fluctuation. If the data in Fig. 10 is processed further, the
trajectory of the robot’s centroid on the XOZ plane could
be gained, which shown as Fig. 12. It can be realized that
there is no displacement along the Y-axis. The trajectory
on the XOZ plane is two circles of the radius around 5
mm, the error of this trajectory is within Imm. The result
confirmed the correctness of the theoretical kinematic
analysis, besides, the design of the robot chassis makes
the robot haveupetter flexibility.

[— Displacement along X-axis|
|- - Displacement along Y-axis|
06 t_- - Displacement along Z-axis| |

Displeacement (m)

L L L L L
0 4 8 12 16 20 2 28 32
Time (s)

Fig. 11 Displacement of the robot centroid

@ Position

7 Axis
8

0.162
0.160
0.158 -

-0.032 RS
Fg Ra

0.156

Fig. 12 Trajectory of the centroid on the XOZ plane

4. EXPERIMENT

In order to test the rationality of the chassis
mechanism proposed to a real environment and verify the
correctness of analysis and simulation, experiments are
performed on the mobile robot physical prototype.The
results are presented in this section. Laser tracker made
by American company, FARO, is used to track the robot.
The experimental environment is displayed as Fig. 13.

Fig. 13 Experimental environment

4.1. Linear movement error experiment

In the course of linear movement error experiment, the
real-time coordinates of the mobile robot are measured
by the laser track and the displacement error can be
gained after the data processing. Owing to the robot
moving on the horizontal ground (XOY plane), there is
no displacement along the Z-axis, so only the positions of
X and Y axes are collected. To facilitate the comparison
with the simulation results, the motion parameters of the
robot are the same as in the simulation.The positions of
the linear movement experiment can be portrayed as Fig.

T T T T
—=— Theoretical Position|
—e—Simulation Position
—A— Actual Position

5000 — T

4500

4000
3500 |-
£
= 3000 -

2500

2000 |-

1500 L L L L L L L
800 1000 1200 1400 1600 1800 2000 2200

X(mm)
Fig. 14 Positions of linear movement error experiment

In Fig. 14, the theoretical positions line is almost
consistent with the simulative one. Compared with the
other two lines, it can be realized that, the deviation level
of the actual positions line is higher, which specific
performances are displayed as follow: its average error is
13.251mm and minimal error is 4.399mm. The reason
causes that is in the process of the robot moving, the
friction can cause the velocity lag or slippage, when the
wheels speed up or slow down. And the deviation
allowed among the three lines proved that the analysis of
the kinematics theory is correct.

4.2. Pivot steering movement error experiment

One of the most important characteristics the mobile
robot should posses is the ability of turning in situ, which
means that the radius of the pivot steering is 0mm. In the
pivot steering motion error experiment, the measuring
tool and measuring principle are the same as the linear
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movement error experiment. The mobile robot is set to
do uniform positive (clockwise) and negative (counter
clockwise) situ steering. Similarly, to facilitate the
comparison with the simulation results, the robot's
motion parameters are the same as in the simulation.The
coordinates of the center of the mobile robot are
measured and the relative position error of the X, Y
coordinate value can be portrayed as Fig. 15 and Fig.16.

From Fig. 15 and Fig. 16, it can be seen that, the
minimal error in the positive pivot steering motion

experiment is 1.166mm and its average error is 5.626mm.

The minimal error in the negative pivot steering motion
experiment is 0.838mm and its average error is 8.999
mm. These errors in both experiments are in the
permissible range of the mechanical errors, it can be
proved that the robot with the mechanism proposed
possesses the ability of flexibility.

T T T T T T T

" —=— Actual Relative Error b

2 —e— Theoretical Relative Error|
[ —— Average Relative Error | ]

10 F 4

Error (mm)

L L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10 "

Comparison Number

Fig. 15 Error changes of the positive pivot steering movement
experiment

16 T T T T T T T T T T T T T T T T T
—a&— Actual Relative Error

—e— Theoretical Relative Error|
—4&— Average Relative Error

Error (mm)

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Comparision Number

Fig. 16 Error changes of the negative pivot steering movement
experiment

5. CONCLUSION

This work proposes a novel chassis structure design
for mobile robot and establishes its kinematic theory
model on the irregular terrain with WCM according to
the traits of the suspension structure. Then motion
process simulation of the robot prototype is completed in
ADAMS, the result analysis verified that, the theoretical
kinematic model is correct and the design of the mobile
robot chassis mechanism is reasonable and effective.

The motion experimental results indicate that, the
errors of the mobile robot are permissible, so this type of
suspension structure makes the mobile robot move
smoothly and flexibly. Additionally, according to the
comparison of theoretical, simulated and experimental
data, it can be noticed that, the theory analysis of Section
2 is valid. This paper can provide theoretical base to

structure design and kinematic analysis of this kind of
mobile robot. The future work will focus on improving
positioning accuracy of the robot from the navigation and
deviation correction control perspectives.
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