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ABSTRACT In some existing omnidirectional mobile robots, the movement of each wheel is generally
controlled by one driven motor cooperates with one steering motor, such design will increase the energy con-
sumption. This paper investigates an omnidirectional mobile robot based on a special coupling system, so as
to solve the above problem. We propose a unique robot’s steering method by designing the parallelogram
connecting rod as the coupling system, which makes each wheel only need to be equipped with one motor
to complete omnidirectional motion and always keep unchanged robot’s attitude. In theory, we conduct the
structural analysis, dynamic analysis and kinematic analysis of the mobile robot and explain why our system
is under-actuated. In experiments, the square trajectory and the serpentine trajectory are exploited to verify
the rationality of design and theoretical derivation by comparing the simulation results with the experimental
results. By performing mobile robot walking experiments under different ground condition respectively,
the stability and adaption of the under-actuated omnidirectional mobile robot is also favourably confirmed.
After detailed theoretical analysis and the support of experiments, it is carried out that the under-actuated
mechanism proposed in this paper can indeed realize the movement of the robot in all directions. As well
as the attitude of the robot always keeps constant, as we expected, enables to realize the steering of robot

flexibly even in a narrow space.

INDEX TERMS Constant attitude, mobile robot, omnidirectional, under-actuated.

I. INTRODUCTION

In recent years, with the rise of artificial intelligence tech-
nology, the robots have been applied to several fields. Such
as the climbing robots for detecting tasks [1], [2], mobile
robots that can be used in home and industrial environ-
ments [3]. Particularly, mobile robot as an important branch
of robotics has received a great attention by most coun-
tries [4]. The earliest appeared is the wheeled robot devel-
oped by Stanford, which is primarily capable of self-service
reasoning, planning and control in complex environments [5].
As time goes by, the relevant researches on mobile robots
are also deepening with the assistance of advanced technol-
ogy. A mass of omnidirectional mobile robots have been
applied widely due to the emergence of omnidirectional
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wheel technology. In order to meet the use of mobile robots
in different scenarios, the choice of wheel mechanism is
particularly important [3]. Among them, the design scheme
of Mecanum wheel is proposed in 1973 and is subsequently
exploited [6], [7]. In [8], presents an omni-directional mobile
robot using four custom-made mecanum wheels, each wheel
is independently powered using a precisian gear DC motors.
The KUKA company in Germany takes full advantage of its
own robot development and launches the YouBot robot into
people’s view [9], [10]. Subsequently, KUKA introduces the
omniMove large mobile robot platform, which has flexible
mobility and powerful load capacity despite its bulk [11].
Because of the structural characteristics of the Mecanum
wheel, the diameter and width are limited [12] and the discon-
tinuity of contact points results the introduction of vibrations
into the base [13]. On this account, it cannot tolerate too large
loads and has erratic motion on the uneven ground.
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FIGURE 1. The integral model diagram (left) and the splitting diagram (right) of the under-actuated omnidirectional mobile robot.

In addition, the ordinary wheel of most structures is
equipped with at least double motors and one motor drives
the roller to roll, the other motor drives the roller to
steer [14], [15], which realizes the omnidirectional movement
of the robot [16]. Such as, MIT has designed a ordinary
wheeled omnidirectional mobile robot, whose travel mecha-
nism consists of two wheels that are symmetrically mounted
on either side of the vertical rotation axis. A single set of
travel mechanism uses two motors to control walking and
steering separately, enabling the robot to achieve omnidirec-
tional movement on the ground [17]. Following, the company
of MobileRobots has also developed a mobile sweeping robot
by Dumitrascu et al. [18], where each wheel is controlled by
two motors to drive and steer. The omnidirectional mobile
robot that takes the spherical wheel as the travelling mecha-
nism is also widely investigated [19] and later generations are
also improved according to its shortcomings [20]. Artificial
intelligence technology is still developing rapidly, and the
demand for mobile robots in various fields is continuously
increasing. Therefore, the research of mobile robot has a great
development prospect.

Although the Mecanum wheel is used relatively widely in
the field of mobile robots, it’s disadvantages are also obvious.
The distinct characteristic of the Mecanum wheel is that
the rollers are evenly distributed around the rim [21], which
causes inevitably vibration and slipping in motion [22]. While
the each wheel of ordinary wheeled omnidirectional mobile
robots generally manipulated by at least two motors, which
not only wastes resources, but also increases the difficulty of
control [23], [1]. There is a study indicates that the motion
of different driving wheels is controlled separately [2]. And
most existing mobile robots are redundant drivers [24]. This
paper emphasizes an under-actuated omnidirectional mobile
robot that each wheel only need to be equipped with one
motor to complete omnidirectional motion, and this robot can
steer flexibly even in a narrow space with the unchanged
attitude during the movement compared with other mobile
robots.
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The remainder of the paper is arranged as follows:
Section II mainly introduces the analysis of the under-
actuated omnidirectional mobile robot. The comparison
between the simulation results and experimental results under
different environments and different trajectories is presented
in Section III. The final part gives a summary for the paper.

Il. ANALYSIS OF UNDER-ACTUATED OMNIDIRECTIONAL
MOBILE ROBOT

A. SYSTEM ANALYSIS

This subsection contains two parts, the first introduces the
components of this omnidirectional mobile robot and the sec-
ond part mainly includes the control method of this system.
A significant concept of under-actuated also is put forward in
this segment.

1) HARDWARE STRUCTURAL SYSTEM ANALYSIS

The integral model diagram and the splitting diagram of the
under-actuated omnidirectional mobile robot investigated in
this paper is shown in Fig. 1. The robot is mainly composed of
front body, rear body, parallelogram connecting rod, vertical
rotation axis, and four wheels. Considering the limitations
of the Mecanum wheel to the use of the ground, this paper
regards the ordinary wheel as the travelling mechanism,
the wheels deviate from the vertical rotation axis and a pair
of wheels is mounted on the inside of the vertical rotation
axis and the other pair is mounted on the outside. Refer
to previous studies [17], how to ensure smooth motion on
uneven ground is also considered. In order to keep the force
balance of the robot even on the rugged ground, its body is
divided into front body and rear body, where the front body
is a fixed part and the rear body is a part that can swing along
the vertical direction (the pendulum angle is approximately
between —20° and 20°), both of them are attached via a
smooth connecting rod. The parallelogram connecting rod
and the vertical rotation aixs are connected by a crank. We
add a spring as the buffer between parallelogram connecting
rod and crank, which not only avoids collision between them,
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FIGURE 2. The flow chart of control program execution. It shows the process of the data interaction between the remote

control and the robot.

but also provides a degree of freedom along the vertical
direction, ensuring that the additional resistance caused by
other assembly errors can be offset to some extent.

What is worth emphasizing is the parallelogram connecting
rod attached to the robot body, which is drawn in Fig. 1.
It connects the four vertical rotation axis to enable the four
wheels to generate the same steering angle around the cor-
responding vertical rotation axis. By adjusting the relation-
ship of speed (the difference of direction) between wheels,
the robot can move in all directions. And the attitude of the
robot keeps constant during the movement, which will be
illustrated in the next part.

In view of the structure designed in this paper, each set
of wheel has two degrees of freedom. One is the rotation of
the wheel itself (we can regard this motion as the translation
of the vertical rotation axis), the other is the rotation of
wheel around the vertical rotation axis. As compared to the
traditional structure, the structure proposed in this paper only
need one motor to drive the rotation of each wheel, as can be
seen from Fig. 1. The rotation around the vertical rotation axis
is free without any driver. That is to say, this structure realizes
the rotation and translation of the vertical rotation axis using
one motor.

2) CONTROL SYSTEM ANALYSIS

In this paper, Cortex-M4 is selected as the robot control
platform and uses remote controller to transmit command.
The real-time manipulation of the mobile robot is realized
by the two black rockers of the remote controller, the left one
controls the straight walking, and the right one controls the
steering of the robot. While the motions in accordance with
the preset trajectory (include square trajectory and serpentine
trajectory) are controlled by the upper switches. We select
angle sensor as feedback angle receiving device.

The implementation of the control system can be expressed
as follows: The angle value from remote controller is trans-
ferred to the control board. Then the main control board
acquires the external signal to execute the kinematics analysis
to obtain the motion signal of each wheel, which will be
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FIGURE 3. Rotation of single wheel. We use it as a simplified model to
analyze the kinetics analysis of robot.

further figured out by PID control. Finally the output that
can drive the movement of the wheel will be obtained and
transmitted to the corresponding motor through Brushless DC
Motor Speed Controller(MSC), so as to realize the control of
the robot. As for the actual steering angle can be detected by
the angle sensor. The flow chart of control program execution
is presented as Fig. 2, where D; represents motor, i = 1,2,3.4.

B. KINETIC ANALYSIS

According to the existing studies [25], [26], it is an effective
way to explain the rationality of the design by analyzing the
dynamics and kinematics of the model. So, in order to verify
the superiority of the steering method proposed in this paper,
this segment describes the force of the parallelogram linkage
under different motion conditions due to the motion coupling
of four wheels.

Assume that each wheel keeps balance on the ground and
does pure rolling motion without skidding, and the friction
of the bearing on the vertical rotation axis is omitted. For
convenience, as shown in Fig. 3, the rotation of one wheel
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around the vertical rotation axis is extracted from the overall
motion. The momentum moment of the wheel around the
vertical rotation axis is:

L, = J.o; ()

where, J;, is the wheel’s moment of inertia around vertical
rotation axis, w, is the angular velocity of particles on vertical
rotation axis due to the turning of wheels. To the best of our
knowledge, the expression for the torque M, can be given
below:

d

ELZ =M, )

By calculating the first derivative of (1) and combined
with (2), the following equation can be obtained:

M, = 1,2 3)
: dt

We use M; to express the torque exerts on different vertical
rotation axis and it can be proposed as follows (i = 1,2,3,4.
The meaning of i that occurs below is the same):

dw,;
M;=1J, dj’ 4)

Then, according to the knowledge of physics that we learned
before, (4) is also can be extended as follows:

dw;;

M,':.]17=Fﬁb—F]id (®)]
where Fy; is the total force acting on the wheels. Because
that the vertical rotation axis is parallel to the direction of
the support force from ground, we just take the friction that
generated during movement and the motor driving force into
account. F; (i = 1,2,3,4) is the constraining force, from
the parallelogram connecting rod, which exerts on the four
cranks. w; shows the angular velocity of different vertical
rotation axis. b is the cantilever length between the center of
the wheel to the vertical rotation axis. d is the length of the
crank. In order to illustrate some characteristics of the robot
in motion, the following two kinds movements are analyzed.
1. In situ rotation: Take the clockwise rotation of the wheel
around the vertical rotation axis as an example, the state of the
wheels at a certain moment in the steering process is shown
in Fig. 4. What can be analyzed is that the force acting on
different wheels are in opposite directions, which causes the
speed difference between wheels (the direction is different).
That is vi = v3 = —vp = —v4. So the torque generated by
the force which acts on the wheel is equal when the wheels
turn. Immediately following this, we take the force acting on
the parallelogram connecting rod to analyze. The friction is
ignored, so here we just consider the force from the crank
to analyze the effect on motion. We can conclude according
to (5) that the total torque around the vertical rotation axis
depends on Fg and Fj;. Obviously, the conclusion obtained
through the analysis of Fig. 4 is the relationship of force
between wheels is Fyy = —Fpp = Fr3 = —Fr4. On this
occasion, in order to satisfy the relationship M| = M, =
M3 = M4 to accomplish its clockwise rotation, the following
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FIGURE 4. The state of the robot at a certain moment when robot is in
situ rotation, it includes the stress condition of wheels and parallelogram
connecting rod.

relationship must be satisfied: F;; = Fj» = F;3 = Fjs. Actu-
ally, the specific orientation of force has inessential effect as
long as the directions of them stay the same as well as per-
pendicular to the crank. Given that the conclusion is reflected
through the analysis of parallelogram connecting rod, we set
the force of the four cranks to a parallelogram connecting rod
is F,; and it satisfies the expression of F;; = —Fj;. In that way,
the resultant force on centroid of parallelogram connecting
rod can be calculated as:

F, = ZF,”- (6)

A possible situation as shown Fig. 4 is selected to perform
next analysis. What can be obtained is: F, # 0, and its
direction is in tune with the direction of F;. Since the cranks
are always parallel to the wheels, furthermore, the direction of
F, will change along with the orientation change of wheels,
which causes the parallelogram connecting rod to translate in
the x-y plane. In addition, The principal moment relative to
the centroid of the parallelogram connecting rod M, can be
expressed as below:

M F a . F a . a . a .
.= —sino — —sina + Fpp—sinf — Fa—sinf
c 1112 1132 1122 a 2

@)

where a is the diagonal length, « is the angle between F;; and
diagonal, S is the angle between F, and diagonal. The result
can be calculated in the motion state of Fig. 4 is M, = 0,
and it keeps zero as long as the wheel is balanced. That
is to say, the parallelogram connecting rod will not rotate
around the x or y axis. The above derivation shows that the
parallelogram connecting rod will just translate when the
wheels steer, without turning over. It is indirectly illustrated
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FIGURE 5. The state of the robot at a certain moment when robot goes
straightly, the stress condition of wheels and parallelogram connecting
rod also can be seen in this simplified diagram.

that the orientation of four links of it remains unchanged.
While the four links of robot’s body are always parallel to the
parallelogram connecting rod’s respectively. What ultimately
is the attitude of the robot keep consistent during the steering.
2. Walk straightly: When the wheels go straightly, the speed
of wheels and torques around the vertical rotation axis in
this motion is showed in Fig. 5. We can analyze that the
wheels are equal in speed and the torque around the verti-
cal rotation axis due to the rotation of wheels has opposite
direction between each two neighboring wheels. Under the
circumstances, in order to tally with the actual movement,
e.g. the wheels are not allowed to turn, following relationship
must be satisfied: M| = M, = M3 = My = 0. So the
direction of F,; is just the case in Fig. 5 and the following
equation can be seen:

Fog=Fp3=—-Fp=-Fu (8)

What Fig. 5 presents is the force acting on parallelogram
connecting rod from cranks when the mobile robot goes
straightly. The analysis is the same as in the previous case.
The result that by substituting (8) into (6) is F,, = 0. Referring
to (7), what can be obtained is M. = 0. In this case, the par-
allelogram connecting rod will neither translate nor overturn,
which also indirectly proves the attitude of the robot body
keeps unchanged.

By analyzing the above two motions of the robot, it can
be seen that the speed difference exits between wheels when
the wheels steer and the velocity of wheels are equal when
it goes straightly. After theoretical analysis, the result is that
the rotation of the wheel around the vertical rotation axis
ultimately can only generates a resultant force which acts on
the parallelogram connecting rod to make the parallelogram
connecting rod to translate, which will not affect the direction
of the robot body during the exercise. While the rotation
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around the vertical rotation axis does not require a motor to
drive.

C. KINEMATIC ANALYSIS
It’s worth mentioning that the robot is completely omnidirec-
tional, in addition to the above analysis of the two kinds of
the ability to move, it also has the ability to turn, as shown
in Fig. 5, when vi = v4 > vy = v3, similar to the above
analysis, we can get F, = 0, M. = 0, in this case, because
of the speed difference between the left and right wheels,
the robot will deflection.

But we consider that there are many advantages to using in
a particular situation (such as movement in a narrow space)
when the robot keep constant attitude. And then we consider
the kinematics analysis of the robot with the constant attitude.

1) STEERING ANGLE ANALYSIS OF WHEEL

According to the analysis in the previous section, each wheel
will rotate around its corresponding vertical rotation axis
when steering. The relationship between the steering angle of
wheel and the corresponding arc length is presented as below:

L = bx0 ©)

where, 6 is the steering angle along the ground when the
wheel rolls from one place to another, which will be feedback
by angle sensor. And we use 6 = 6; — 6,_1 to represent
it (Let’s stipulate that the motion starts at time zero), 6,
represents the initial angle of wheel at the start of each
motion, 6; represents the angle value at time t. L is the arc
length corresponding to 6. For convenience, it is assumed that
the initial steering angle of the wheel is 8,1 = 0. And the
relevant analysis is conducted on the assumption that wheel
does not slipping, so the path S that the wheel rolls over can
be calculated as:

S = rx¢ (10)
S =1L (11)

where ¢ is the rotation angle of the wheel around the x-axis
direction, as presented in Fig. 3. At which the wheel rolls
purely along the ground and the angle is reflected by the
motor.  is the radius of wheel. Through the derivation of the
(9), (10) and (11), the following equation can be obtained:

o="6 (12)
r

By calculating the first derivative of the (12), the expression
for the angular velocity of the wheel as it rolls purely along
the ground w, can be presented as below:
bde 13
We = ;E (13)

2) KINEMATIC SOLUTION
In consideration of the robot’s motion just in two-dimensional
space, the two-dimensional coordinate systems are set up
as shown in Fig. 6, the world coordinate system{A}, robot
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FIGURE 6. The world coordinate system, robot coordinate system and
wheel coordinate system.

coordinate system{B} and wheel coordinate system {C;} (i =
1,2,3,4) are established respectively. Where, the origin of the
robot coordinate system Op coincides with the centroid of the
robot, the positive direction of the y-axis is along the direction
of the robot body, the origin of the wheel coordinate system
O,; coincides with the intersection of the motor shaft and the
vertical axis of rotation. The position of wheel 1 in the wheel
coordinate system {C;} is "lpl = [=b, 0], the position
of wheel 2 in the wheel coordinate system C2p2 = [b,0]7,
the position of wheel 3 in the wheel coordinate system {C3}
is C3p3 = [-b, O]T, the position of wheel 4 in the wheel
coordinate system {C4} is “ps = [b,0]7. And the coordi-
nates of each wheel in its own coordinate system always stay
the same. In this paper, it is stipulated that the rotation angle
of the wheel coordinate system around the z-axis takes the
positive half axis of the y-axis of the robot coordinate system
as the starting point, and the clockwise direction is positive.
The position of the origin of the coordinate system of wheel 1,
wheel 2, wheel 3 and wheel 4 in the robot coordinate system
{B} is respectively expressed as Zp.y = [w, 117, Bp, =
[—w, 07, ch3 = [—w, =117, ch4 = [w, =I17. According
to the homogeneous coordinate transformation, the position
of each wheel in the robot coordinate system {B} is expressed:

Ppi = GRO)pi + "pei (14)
Z-R(G) is a two-dimensional rotation matrix, the other presen-
tation of 6 in here is the rotation angle of {C;} relative to {B},
but is equal to the presentation as before. The equation can be
shown as follows:

BR(©) = [ (15)

cosf sinf
—sinf cos6
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According to the above analysis, the attitude of the
robot remains unchanged during the movement. Therefore,
the robot coordinate system {B} only translate with respect
to the world coordinate system {A} without rotation. When
the robot is in a certain state, the position of the robot in the
world coordinate system can be expressed as Apg = [x, y].
And the position of each wheel in the world coordinate system
can be expressed as:

Ap; =pp + 4R(y)Ep; (16)

where y is the rotation angle of the robot coordinate system
relative to the world coordinate system and y = 0. According
to (14), (15) and (16), the following equation can be presented
as:

Api ="ps + ROERO P + 3R pa (17)

By calculating the first derivative of (17), the speed of wheels
in the world coordinate system can be obtained as (Ap,-)/. The
specific relationship is as follows:

vi ="ps’ + 4R()ERO) “p; (18)

And “4pp’ is the velocity of the robot relative to the world
coordinate system. It can be presented as below:

A | x| _[vsin®
o' =| 3] = vt ] (19)
where v is the moving speed of the robot, whose direction is
parallel to the y-axis of the wheel coordinate system, and this
value is obtained by coupling the speeds of the motors. The

speed of each wheel can be calculated according to (14), (17)
and (18) (0 is a vector), the form is:

do
Vi =v3=v+ ” (20
do
=w=v—b— 21
Vo =v4=V ” 21

Considering that v; = w;r, the angle velocity of each wheel
is shown as follows:

_ _v+bd9 _ v bdo 22)
wl_w3_r rdt’ a)z—a)4—r r dt

The basis of the above discussion is that we assume the initial
steering angle of the wheel is 6,1 = 0. Actually, the actual
initial angle position of the wheel is different when different
steering movement is executed. Applying above conclusions
to general case, that is to say 6 = 6; — 6;,_1 and 6;,_1 # 0.
We can obtain the expression of angular velocity of wheel is:

wi 1 b
) 1{1-b v

= - 23
cl=r (L] )
w4 1 -b

What can be drawn from this section is the speed of the wheel
is determined by v and 6. Furthermore, the movement status
of the wheel is determined by the moving speed of the robot
and the speed attached to a wheel due to the rotation around
the vertical rotation axis.
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FIGURE 7. The angular velocity of the wheels, (a)Lower left wheel.
(b)Upper left wheel.

Ill. SIMULATION AND EXPERIMENTAL RESULTS
ANALYSIS OF UNDER-ACTUATED OMNIDIRECTIONAL
MOBILE ROBOT

A. THE ANALYSIS OF SIMULATION AND EXPERIMENTAL
RESULTS OF DIFFERENT MOTION TRAJECTORIES

The motion simulation in this paper is completed by using the
plug-in of Solidworks 2014. By switching the upper switch of
the remote controller, we select the preset square trajectory
and serpentine trajectory for simulation and experiment, and
then compared the simulation results with the experimental
results.

1) SIMULATION AND EXPERIMENTAL RESULTS ANALYSIS OF
SQUARE TRAJECTORY

According to the previous analysis, the conclusion is that
when the speed of the four wheels is consistent, the mobile
robot will walk straightly, and when the speed difference
occurs, the moving direction of wheel will change. Before
making prototype, we simulate the square trajectory in the
simulation software. Finally the angular velocity of the lower
left wheel and the upper left wheel is shown in Fig. 7(a)
and Fig. 7(b), the angular velocity of the upper right wheel
keeps consistence with the lower left wheel, while the angular
velocity of the upper left wheel keeps consistence with the
lower right wheel. Fig. 8 presents the angular velocity of one
of the rotation axis. We can see that when the speed between
the lower left wheel and the upper left wheel is the same,
the angular velocity of the rotation axis is zero which repre-
sents the robot is going straightly. When there is a difference
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FIGURE 8. The angular velocity change of the rotation axis.

in the speed between wheels, the angular velocity of the
vertical rotation axis varies with some regularity. During this
time the robot’s wheel is steering and the direction of rotation
is partial to the larger speed.

After the prototype, shown in Fig. 9, is made successfully.
We control the robot to walk following the square trajectory
by coding the control command to the control board. The
trajectory is drawn by a marker pen attached to the end of
the robot. Fig. 9 shows the status of the robot at each right
angle when moving along the square trajectory, in which
(a) presents the initial state of the robot, and it can be seen
that the wheel is placed toward the longitudinal direction.
After arriving at the first right angle along the first brim,
the state of wheels is shown in the (b), in which we can
see that the wheels turn clockwise 90° relative to the initial
position. (c) and (d) illustrate the state of wheels at the second
right angle and the third right angle, respectively. It is worth
stressing that when the robot wants to change its moving
direction, all that changes is the turning of wheels, while
the attitude of body is unchanged. We take floor seam as a
reference, the robot’s walking trajectory is parallel to floor
seam and the overall trajectory is indeed square, which is
consistent with the simulation results. This experiment pro-
vides a favorable evidence for the correctness of the above
theoretical derivation. Fig. 10 includes the zigzag curve of the
input angle from remote controller and the actual trajectory
angle which is fed back by the angel sensor in a square motion
cycle. The four oblique lines are the angle change process of
the robot during it steering at each right angle respectively.
While the four lines parallel to the horizontal axis are the
angle change of wheels during the straight walking. What can
be seen from the Fig. 10 is that the angle changes from 0° to
90°, that is to say, the changing process of angle completely
conforms to the change rule of the robot moving along the
square trajectory. This experiment verifies the feasibility and
correctness of the structure, which also indirectly proves
the rationality of the previous theoretical analysis. On the
problem that the response curves do not coincide during the
turning, it is possible to be caused by unreasonable assembly
of the structure after analysis. But it doesn’t affect the overall
performance.
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FIGURE 9. The status of the robot at each right angle.
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FIGURE 10. The angle change during a period of a square trajectory,
the red line represents the set value of remote control, the blue line
represents the feedback value of sensor.

2) SIMULATED AND EXPERIMENTAL RESULTS ANALYSIS OF
SERPENTINE TRAJECTORY

By setting the steering angle of the wheel changes within
—90° to 90°, the angular velocity of the wheel’s vertical
rotation axis is sinusoidally changed. We set the magnitude
of robot’s moving speed v as a certain value, and v deter-
mines the amplitude of the curve. Following data curves are
obtained from the simulation of serpentine trajectory. We can
see from Fig. 11, the speed of the wheels on the two diagonals

340
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280

Angular velocity (°/s)

260 : :
0 20 40 60
Time (s)

always changes in an opposite trend. Therefore, the speed
difference between wheels constantly exits, which makes the
wheels keep turning according to a certain rule. As expected,
the angular velocity of the rotation axis of the wheel is indeed
changing according to the sine curve. When the wheel speed
difference reaches the maximum, the angular velocity of the
vertical rotation axis also reaches the maximum.

The control program is also written to control the robot
to walk following the serpentine trajectory. When the ser-
pentine experiment is performed, we set the change range
of steering angle keeps consistent with the simulation. The
initial angle position of robot is selected as 6,1 = 0°. In
Fig. 12, (a) shows the state of wheels when turning coun-
terclockwise of 90° respective to the initial position. And
(b) shows the state of wheels after turning counterclockwise
of 180° respective to the initial position. The state of wheels
after turning clockwise of 180° respective to (b) is shown
in (c), while (d) shows the state of wheels after turning
counterclockwise of 90° respective to (c). We use gyroscope
to verify if the attitude of the robot keeps constant during
the movement. The gyroscope is anchored on the body of the
robot. The difference between the gyroscope’s value during
the movement and the initial position represents the angle
change of the robot body. The comparison results is shown
in the Fig. 13. It is easy to find that the error between them
is about -0.3 degree to 0.3 degree. The error is too small
to ignore. So we can regard that the attitude of the robot

30

Angular velocity (°/s)

0 20 40 60
Time (s)

FIGURE 11. The change of the angular velocity over the movement, (left) represents the comparison between Lower left wheel and upper
left wheel, (right) represents angular velocity of the vertical rotation axis.
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FIGURE 12. Serpentine trajectory partial state point.
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FIGURE 13. The difference between the gyroscope’s value during the
movement and the initial position represents the angle change of the
robot body.
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FIGURE 14. The angle change during a period of a serpentine trajectory,
the red line represents the set value of remote control, the blue line
represents the feedback value of sensor.

still keep constant during the movement. When the robot
moves in a serpentine trajectory, the relationship between
time and angle is shown as Fig. 14. The two curves are
also respectively present the angle change transmitted by the
remote controller and fed back by the angle sensor, and they
basically overlap. In summary, the consistent conclusion with
the square trajectory experiment is got.

Both of above experiments provide an excellent evidence
that the mobile robot can realize omnidirectional movement
by the speed coupling via parallelogram connecting rod with
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(d)

FIGURE 16. The experiment on the gravel road.

the least number of motors. For a single set of wheel, the num-
ber of freedom is greater than the number of motor, so it can
be regarded that it is bounded with non-holonomic constraints
during the movement of robot [3], [27], [28]. In addition,
it is also verified that the speed of the wheels between the
two diagonals is opposite when steering and the speed of
four wheels is same when going straightly. The characteristic
of the robot that the attitude remains unchanged during the
movement is also well reflected.

B. EXPERIMENTS IN VARIOUS EXPERIMENTAL
ENVIRONMENTS
In order to verify whether the under-actuated omnidirectional
mobile robot designed in this paper has good adaptability and
stability, some rough and harsh outdoor fields are selected
to test. Fig. 15 shows the experiment on the potholed road
and Fig. 16 shows the experiment on the gravel road. We just
simply try to verify its adaptability, so no data is recorded.
In the above two experimental environments, remote con-
troller is used to drive the robot performs go straightly, steer
and then translate motion respectively. The results show that
the under-actuated omnidirectional mobile robot can success-
fully pass through the above three ground environments and
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flexible steering also can be achieved. The tests prove that
the under-actuated omnidirectional mobile robot has strong
stability and good adaptability to the ground environment.

IV. CONCLUSION

Compared with the traditional mobile robot, this paper
designs an under-actuated omnidirectional mobile robot with
low power consumption and small usage space. After theo-
retical and experimental analysis, we have verified that we
regard the parallelogram connecting rod as the speed coupling
system which is designed in this paper enable the wheels
to achieve omnidirectional movement because of the change
in the relationship of speeds between wheels. That is to
say, we have successfully implemented one motor to control
the motion of two degrees of freedom of each wheel. The
design of the structure also makes the robot’s attitude remain
unchanged during the movement, which make it turn flexibly
in a small radius even in a narrow space. The square trajectory
and serpentine trajectory are selected for motion simulation
and physical test, the roughly same trajectory and velocity
curves are obtained by comparing both of them, and the curve
of attitude angle change in motion process is also obtained
through experiment. The results verify the rationality of the
overall design scheme. In order to verify the adaptability of
the mobile robot to the environment, controlling the robot per-
forms the walking and steering actions in two harsh environ-
ments, namely, potholed road and gravel road. The outcomes
prove that the under-actuated omnidirectional mobile robot
can smoothly go through the above two ground environments,
possesses good adaptability to the ground environment.
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