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Abstract 
Recent image-based robotic systems use image 

identification to control robots in many industry fields. 
When the robot moves on an uneven ground the view 
of camera attached to the robot will be changed over 
time, and together with the effect of robot vibration the 
images will be blurred. Thus, the elimination of 
vibration of the mobile robot is very important for 
image processing with high accuracy. This paper 
presents the optimal design of an omnidirectional 
wheeled mobile robot (OMR) to reduce its vibration. 
The formulas for calculating the vibration of the 
triangular OMR equipped with vibration absorber 
systems moving on an unevenness ground is 
established. The relationship between the vibration 
amplitude and parameters of the OMR is investigated 
to determine optimal parameters to reduce the robot 
vibration. The experiment has also been carried out to 
verify the proposed design of the OMR. 

Introduction 
Mobile robots have been playing an important role in 
many fields such as national defense, military 
operations, interstellar exploration, environments, and 
social services. Based on the applications, different 
kinds of mobile robots have been designed. For 
example, one kind of mobile robot is wheeled mobile 
platforms with mounted manipulators (Kim et al., 
2010), another kind is the image-based control robot. 
In general, these robots are restricted to move on even 
ground, however they are flexible and robust. For 
instance, a wheeled mobile platform has been 
developed for the two-arm humanoid McBot robot  
(Ma et al., 2008) with a high performance of mobility. 
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Several systems have been designed over the last 
decades (Bischoff et al., 1997; Connette et al., 2008)  
with the main difference in the type and number of 
wheels (Muir et al., 1986; Campion et al., 1996). 
Conventional wheeled mobile robot (WMR) is 
restricted in their motion because they cannot move 
sideways without a preliminary maneuvering. 
Therefore, many mechanisms have been designed to 
improve the maneuverability of WMR. However, the 
problem of non-holonomic system in the conventional 
WMR cannot be solved since it cannot drive in all 
possible direction. Thus, this robot is called 'non-
holonomic'. Meanwhile, a holonomic robot using 
omnidirectional wheels, can be driven in any direction. 
In the last decade, Swedish wheel has emerged as a 
great improvement for mobile robotics and has 
attracted many researchers in the field of OMR 
(Ashmore et al., 2002; Baede, 2006; Liu et al., 2003; 
Taheri et al., 2020). Therefore, the OMR are now very 
popular due to their low cost, simplicity, and their 
power in navigation that can be used for many 
applications in various environments. In general, the 
omnidirectional wheels discontinuously contact the 
floor (i.e. universal wheels and Mecanum wheels) 
leading to the problem of vibration. The more wheels 
are applied, the less vibration problem will be obtained. 
However, the design of robot with more wheels will 
be more complex and it needs the suspensions to the 
wheels contacted to the ground, which is a very 
difficult task especially on uneven floors.  

Nowadays, image-based control robots have been 
widely studied. The image-based robotic systems use 
predicted future state images to control robots (Foo et 
al., 2005; Kumar et al., 2018). Therefore, the accuracy 
of the prediction of the future state image affects the 
performance of the robot. In order to predict images, 
current studies assume that the camera captures the 
entire scene and that the environment is static 
(Ishihara et al., 2022), but these assumptions are not 
always met in practice, thus many efforts have been 
devoted to develop robust image prediction systems 
(Pathak et al., 2018; Finn et al., 2016; Ebert et al., 2017; 
Wu et al., 2019; Hirose et al., 2019; Hirose et al., 
2019).  

For mobile robot, since a camera is attached to the 
robot, its view will change over time, and in addition 
due to the effect of vibration of robot during its 
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movement, the images will be blurred. As mentioned 
above, the usage of more wheels needs the more 
complex design, so the image-based mobile robots in 
general have a small number of wheels leading to 
vibration problems. Therefore, the elimination of 
vibration of mobile robot is very important to improve 
the accuracy of the image prediction. There are 
various studies concern the vibration of mobile robots 
or mobile vehicles presented in literature. To control 
the vibration of mobile robots, the passive, semi- 
passive and active suspension systems have been 
applied. Naderi et al. (2001) presented the kinematic 
and dynamic modeling of a two degrees of freedom 
manipulator attached to a vehicle. The influence of the 
dynamic interaction between the vehicle and the 
manipulator is significant. Mrad et al. (1999) studied 
the use the dynamic vibration absorber for vibration 
control of mobile robot vehicle. Matsuhisa et al. (1995) 
presented a method for vibration control of a rope 
wave carrier using passive dynamic vibration 
absorbers. Zhong et al. (2012) proposed approaches 
based on particle swarm optimization for problems of 
vibration reduction of suspended mobile robot with a 
manipulator. Nagai (1993) presented researches on 
active suspensions for ground vehicles. Liu et al. 
(2005) used the semi-active fuzzy sliding mode 
control of full vehicle and suspensions to control the 
vibration of a vehicle. Lin et al. (2023) presented an 
automatic calibration of Tool Center Point for six 
degree of freedom robot using a laser sensor to process 
runout, and offsets calibration after installing the tool. 
In industrial robotic systems, the nonlinear vibration 
behavior may occur under some specific conditions 
leading to chattering and uneven product quality. Thus, 
the nonlinear behavior of robot systems should be 
considered. Felix et al. (2014) presented methods for 
controlling the nonlinear dynamics and chaos 
behavior of a robotic arm using the nonlinear 
saturation control and the optimal linear feedback 
control. Razzaghi et al. (2019) studied the nonlinear 
dynamics and control of a jumper robot based on the 
inertial actuation concept that can navigate in three-
dimensional environments.  Recently, Wang et al. 
(2021) presented a method for the identification and 
prediction of nonlinear behavior in a robotic arm 
system based on machine learning. As a result, a 
highly accurate prediction and identification model 
system for nonlinear and chaotic motion in robotic 
arms is obtained. However, since the size of robot in 
this study is small and the speed of robot is slow, then 
the nonlinear behavior of the robot is not a scope of 
this paper. 

Although many types of mobile robots have been 
developed for image-based mobile robotic systems, 
most them have focused on algorithms for the image 
processing. While, the vibration elimination for the 
image-based control mobile robot has not been played 
an important role. Especially, the optimal design for 

the OMR to reduce the vibration has not been 
addressed. 

This work aims to present a new design of a 
triangular OMR equipped with three wheels and three 
vibration absorber systems to reduce the vibration of 
the camera attached on the robot. The novelty of this 
paper lies in the following: 1) The formulas for 
calculating the vibration of the triangular OMR 
moving on an unevenness ground are established.  2) 
The formula for calculating the mass moments of 
inertia of the triangular robot body based on the shape 
of the robot are presented. 3) The derived formulas are 
applied to calculate the optimal parameters of the 
robot such as velocity, stiffness of springs, damping 
coefficients, to reduce its vibration when it moves on 
different uneven surfaces. In this paper, numerical 
simulations are conducted and provided. Experiments 
have been carried out to justify the efficiency of the 
proposed method. The proposed method has an 
advantage that the absorber systems are simple, while 
the numerical simulation and experiment results show 
that the optimal design of robot is very effective to 
reduce the vibration of the robot.  

Theoretical background 

 
Fig. 1. Model of the OMR 

   
Fig. 2. The top-view of the robot body 

 
In this study, the model of OMR is considered as 

presented in Figure. 1. Each wheel is modeled as a 
mass of m and a spring kt. In order to reduce the 
vibration of the robot body, three suspension systems 
assembled by springs k1s, k2s, k3s and dampers c1s, c2s, 
c3s are equipped with the OMR at three wheels. The 
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coordinate origin is located at the gravitational central. 
In this study, we assume that: the OMR moves along 
the x-axis with a constant velocity v; the robot body 
has 6 degrees of freedom: the translation z1 of the 
center of gravity of robot body, the translations z1, z2, 
z3 of three wheels, rotations θ and ϕ about the x-axis 
and y-axis. 

The uneven functions of the ground at three wheels 
are assumed to be expressed as: 
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Here: 1d , 2d , 3d  1l , 2l , 3l  are the depths and lengths 
of the unevenness of the ground at wheel 1, wheel 2, 
and  wheel 3, respectively; θ1, θ2, θ3 present the 
different phase angles between the wheel 1, wheel 2, 
and  wheel 3,  respectively. 

In order to derive the governing equation of motion 
of the OMR, the mass moments of inertia Ix, Iy of robot 
body need to be calculated. From the geometry of the 
robot body as shown in Fig. 2, the mass moments of 
inertia Ix, Iy of robot body can be calculated as the 
following formulas: 
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where ρ and d are the mass density and the thickness 
of the robot body, respectively; h, l are the height and 
the side of the triangle ABC, respectively. G is the 
centroid of the robot body. 

The kinetic energy of the robot system can be 
calculated as the following formula: 

2 2 2 2 2 2
0 0 1 1 2 2 3 3

1 1 1 1 1 1
2 2 2 2 2 2x yT m z I I m z m z m zϕ θ= + + + +   

   (4) 

where z0, z1, z2, z3 are displacements in the z direction 
of the robot body and the three wheels. 

The potential energy of the robot can be expressed 
as: 
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where φ and θ are rotational angles about the x and y 
axes, respectively. 

The dissipation function is calculated by the 
following formula: 

( ) ( )

( )

22
1 0 1 1 2 0 2 2 1

2

3 0 3 2 2

1 1
2 2

1
2

s s

s

D c z z l c z z l b

c z z a b

θ θ ϕ

θ ϕ

= − − + − + +

+ − + −

    

  

 (6) 

where b1, b2, l1, l2 are the distances from wheels 2 and 
3 to the x-axis, and from wheels 1 and 2 to the y-axis, 
respectively. 

In order to derive the governing equation of motion 
of the robot, Lagrange method is applied (Jazar et al., 
2008): 

r
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where wr, r=1,2,..,6 are generalized coordinates: w1=z0, 
w2=z1, w3=z2, w4=z3, w5=θ, w6=ϕ ; fr, r=1, 2,..,6 are 
nonconservative generalized forces associated to wr. 
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Applying Lagrange method, the following 
equations are derived: 
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where the components of matrices K and C are 
calculated as 
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then the governing vibration equation of the robot will 
be expressed in the matrix form as follows: 
MD+CD+KD=F  . (20) 

Solving this equation using Newmark algorism, 
the dynamic responses of the mobile robot will be 
obtained. 

Numerical simulation 
Numerical simulations for an OMR with three 

wheels are conducted. The body of robot is made by 
aluminum. Parameters of the robot body are: The mass 
density is 2702 kg/m3; the thickness and the side of 
robot body d=0.006m and l=0.3464 m, respectively; 

The stiffness of springs k1s = k2s = k3s and damping 
coefficients c1s = c2s = c3s. The depth of unevenness l  
ranging from 0.05 m to 0.1 m are applied. For our 
purpose, the optimal parameters will be designed for 
the robot body m0=10 kg, the wheel mass m=2.5/3 kg, 
and the velocity is up to 0.5 m/s. The camera will be 
placed at the center of gravity of the robot body to 
minimize the influence of rotations on the camera 
signal, thus the translation of the robot will be 
investigated to find the optimal parameters for 
minimizing the robot vibration. The maximum 
displacement-time history of the OMR will be 
calculated to investigate the influence of the design 
parameters: velocity, stiffness of springs, damping 
coefficients on the vibration of the robot to choose the 
optimal parameters.   

Numerical simulations show that if the spring 
constant is too high, the camera will be subjected to a 
very rough vibration under high-frequency 
disturbances leading to blur captured images. 
Therefore, in this paper, the investigation of the spring 
constant in the range only from 0 to 2000 N/m will be 
presented. However, it should be noted that if the 
spring constant is too low, the natural frequency of the 
robot will be low, and thus the heave, rolling, and 
pitching will be large. This will be an important 
notation to choose the suitable spring constant.  
Influence of the velocity and spring constant on 
the vibration of robot 

 
a) l =0.05 m 

 
b) l =0.1 m 

Fig. 3. Maximum displacement of the robot body 
versus ks and v  

 
In order to study the simultaneous influence of the 

velocity and spring constant on the vibration of robot, 
the maximum displacement of the robot body moving 
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on the ground in duration of 4s with different 
velocities, and different spring constant is calculated. 
The influence of damping coefficient will be 
investigated in the next section, thus in this section it 
is fixed at cs =0.  Figure 3 presents the maximum 
displacement of the robot body versus v and ks when 
l  = 0.05 m, 0.1 m. As shown in Fig. 3a, when l = 
0.05 m spring constant smaller than 2000 N/m can be 
applied to avoid the high vibration of the robot with 
the velocity ranging from 0.25 m/s to 0.5 m/s. 
However, when l = 0.1 m, the spring constant and 
velocity should be chosen appropriately to avoid the 
high vibration of robot as shown in Fig. 3b. For 
example, if the velocity is 0.2 m/s the spring constant 
should be higher than 700 N/m and if the velocity is 
0.4 m/s the spring constant should be smaller than 
1200 N/m. 
Influence of the damping coefficient and spring 
constant on the vibration of robot 
Fig. 4 shows the relationship between the maximum 
displacement of the robot body and the damping cs and 
spring constant ks with different lengths of unevenness 
l . When both the length of unevenness and velocity 
are small: l = 0.05 m and v=0.25 m/s, the maximum 
displacement of robot body increases when cs and ks 
increase as shown in Figs. 4a, 4b. Thus, to reduce the 
vibration of robot, cs and ks should be small. When the 
length unevenness increases l = 0.1 m but the 
velocity is small v=0.25 m/s, the maximum 
displacement of robot body is significant when cs is 
smaller than 50 Ns/m and ks ranges from 500 N/m to 
1100 N/m as shown in Fig. 4c. From this figure, to 
reduce the vibration of robot, we can use springs with 
ks ≤ 2000 N/m and dampers with cs ≥ 50 Ns/m or we 
can use dampers with cs ≤ 2000 N/m and springs with 
ks outside the range from 500 N/m to 1100 N/m. When 
both the length of unevenness and velocity are high: 
l = 0.1 m and velocity v=0.5 m/s, the damping 
coefficient cs and spring constant ks should be small to 
reduce the vibration of robot as shown in Fig. 4d. 

 
a) l =0.05 m, v=0.25m/s 

 
b) l =0.05 m, v=0.5m/s 

 

 
c) l =0.1 m, v=0.25m/s 

 

 
d) l =0.1 m, v=0.5m/s 

 
Fig. 4. Maximum displacement of the robot body 

versus cs and ks  
 

Influence of the length of unevenness and the 
spring constant on the vibration of robot 

Fig. 5 shows the maximum displacement of the 
robot body versus l  and ks when v=0.25 m/s, 0.5 m/s. 
As can be observed from this figure, the spring 
constant should be chosen appropriately with the 
length of unevenness of the ground and the velocity. 
For example, when l = 0.8 m and v=0.25 m/s, the 
spring constant should be smaller than 800 N/m, but 
when l = 0.1 m, the spring constant should be greater 
than 1200 N/m to reduce the vibration of robot.  
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a) v=0.25m/s 

 
b) v=0.5m/s 

 
Fig. 5. Maximum displacement of the robot body 

versus l  and ks  

 
Influence of the unevenness and the velocity on 
the vibration of robot 

Finally, let us investigate the simultaneous 
influence of the level of unevenness and the velocity 
on the vibration of robot. As can be seen from Eq. (20), 
the depth of unevenness d corresponds to the 
amplitude of excitation force, thus it can be considered 
as a proportional factor for the vibration amplitude of 
robot under the excitation force. As a result, the depth 
of unevenness influences only the vibration amplitude 
of the robot. To demonstrate this, two different levels 
of the depth of unevenness  d =0.001 m and d =0.002 
m are applied. As can be observed from Fig. 6a and 6b, 
the graphs of vibration of the robot in these two cases 
are similar, but their amplitudes are proportional to 
each other. Therefore, in this paper the depth of 
unevenness d =0.002 m which approximates the 
unevenness depths of experimental surfaces will be 
used for numerical simulations. Fig. 6 which presents 
the maximum displacement of the robot body versus 
l  and v when ks = 500 N/m, 1000 N/m, 1500 N/m and 
2500 N/m can be applied to choose the optimal 
parameters l , v and ks to reduce the vibration of robot. 
For example, as can be seen from Figs. 6b and 6c, if 
the unevenness of ground l ranges from 0.05 m to 0.1 
m and ks ≤1000 N/m, the velocity should be higher 
than 0.4 m/s, when ks ≥1000 N/m the velocity should 
be lower than 0.2 m/s to avoid the high vibration of 
robot.  

In order to simulate the effectiveness of the 
absorber systems, let us choose parameters of the 
absorber systems and parameters of the OMR from the 
above investigations. For our purpose, the velocity of 
the robot ranges from 0.25 m/s to 0.5 m/s. Since the 
absorbers are designed to reduce the high-frequency 
disturbances so the length of unevenness l ≤ 0.1 m is 
applied for numerical simulations.  

 
a) ks = 500 N/m, d =0.001 m 

 
b) ks = 500 N/m, d =0.002 m 

 
c) ks = 1000 N/m, d =0.002 m 

 
d) ks = 1500 N/m, d =0.002 m 
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e) ks = 2000 N/m, d =0.002 m 

 
Fig. 6. Maximum displacement of the robot body 

versus l  and v  
 

With the selection of the velocity and the length of 
unevenness above, the spring constant and damping 
coefficient can be chosen as follows. From previous 
sections, when ks ≤ 500 N/m or ks ≥ 1100 N/m the 
damping coefficient cs can be chosen arbitrary. Thus, 
for simplicity reason, cs =0 is chosen. However, the 
spring should not be too low to avoid the large heave, 
rolling, and pitching of the robot so the spring constant 
ks=1200 N/m is chosen for simulation. Finally, from 
the chosen ranges of the velocity and the length of 
unevenness, the velocity v=0.5 m/s and three different 
uneven grounds l =0.01m, 0.025m, 0.05m are applied 
for numerical simulations. 

 
a) Displacement time history, l =0.01 m 

  
b) Frequency spectrum l =0.01 m 

Figs. 7a, 7c, 7e present the displacements of the 
center of robot body for three cases l =0.01 m, l
=0.025 m, and l =0.05 m. As can be seen from this 
figure, when l =0.01 m, the vibration of robot body 

reduces about 60%. When l =0.025 m, the vibration 
of robot body reduces about 60%.  When l increase to 
0.025 and up to 0.05 m, the vibration of robot body 
reduces about 75%. These results show the efficiency 
of the chosen parameters of the OMR to reduce its 
vibration when it moves on uneven surfaces.  

  
c) Displacement time history, l =0.025 m 

 
d) Frequency spectrum l =0.025 m 

 
e) Displacement time history, l =0.05 m 

  
f) Frequency spectrum l =0.05 m 

 
Fig. 7. Displacement of robot body: Blue line: 

ks=2.0x1011 N/m; Red line: ks=1200 N/m 
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Figs. 7b, 7d, 7f present the corresponding 
frequency spectrums for three different unevenness 
surfaces. As can be seen from these figures, when the 
OMR without absorbers moves on different uneven 
surfaces, high-frequency disturbances occur at 20.02 
Hz, 26.37 Hz, 49.8 Hz. However, when the absorbers 
are applied, these high-frequency disturbances are 
filtered out and the OMR vibrates at low frequency of 
2.93 Hz which will be helpful for the purpose of 
image-base mobile robot.  

Experimental results 
The OMR was manufactured and applied for the 

test as depicted in Fig. 8. Three omnidirectional 
wheels are applied for the OMR. The robot consists of 
the upper part with masses of 10 kg and the lower part 
including three wheels with masses of 2.5 kg. Thus, 
each wheel mass can be considered as 2.5/3 kg. Three 
absorbers consisting of two springs with equivalent 
spring constant of 1200 N/m are applied. The velocity 
of robot is 0.5m/s. The vibration of robot was 
measured by using the B&K accelerometer and Pulse 
instrument. The accelerometer was installed on the 
robot body. In our experiments, three scenarios for 
uneven ground to investigate the efficiency of the 
design of OMR are presented in Table 1.  

 

 
a) 

  
b)   c) 

 
Fig. 8. The OMR in the experiment: a) Scenario 1; b) 

Scenario 2; c) Scenario 3 

  
a) Displacement time history 

 
b) Frequency spectrum 

 
Fig. 9. Displacement of robot body on the 1st ground: 

Blue line: ks=2.0x1011 N/m; Red line: ks=1200 
N/m 

 

   
a) Displacement time history 

 
b) Frequency spectrum 

 
Fig. 10. Displacement of robot body on the 2nd ground: 

Blue line: ks=2.0x1011 N/m; Red line: ks=1200 
N/m 
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a) Displacement time history 

 
b) Frequency spectrum 

 
Fig. 11. Displacement of robot body on the 3rd ground: 

Blue line: ks=2.0x1011 N/m; Red line: ks=1200 
N/m 

 
Table 1. Three scenarios for unevenness ground 

Scenario Type of ground 
1 Floral tiled floor 
2 Normal tiled floor 
3 Concrete floor 

Figs. 9a, 10a and 11a present the comparison of 
vibrations of the robot body without and with the 
designed absorbers in the three scenarios. For the first 
scenario, when the ground is smoothest, the vibration 
amplitude of the robot without absorbers is around 3 
mm and it reduces to 1 mm when the absorbers are 
applied. This means that the vibration of robot with 
absorbers reduces about 67% in comparison with the 
robot without absorbers. For the second scenario, the 
unevenness of ground increases, the vibration of the 
robot without absorbers increases to about 6 mm. 
When absorbers are applied, the vibration amplitude 
of the robot reduces significantly to 1mm which 
corresponds to the vibration reduction of about 83%. 
For the third scenario, when the ground is roughest, 
the maximum vibration amplitude of the robot without 
absorbers is about 8 mm. When absorbers are applied, 
the vibration amplitude of the robot reduces to 2 mm 
which corresponds to the vibration reduction of about 
75%. These results verify the efficiency of the 
proposed method for the vibration reduction of the 
OMR to improve the quality of the images captured 
from the mobile robot.  

Figs. 9b, 10b and 11b present the frequency 
spectrums for three different surfaces. As can be seen 

from these figures, when the absorbers are applied, 
high frequencies at 14.65 Hz, 20.02 Hz and 22.46 Hz 
are filtered out. The OMR vibrates at lower amplitudes 
and at lower frequencies of 5.86 Hz and 9.766 Hz. 
These experimental results are in agreement with the 
simulation results justifying the efficiency of the 
method for removing high-frequency disturbances and 
reducing the vibration amplitude of the OMR.  

Conclusions 
This paper presents the theoretical background for 

the optimal design of an OMR to reduce the vibration 
when it moves on uneven grounds. In this paper, the 
derivation of the governing equations of motion of the 
OMR moving on uneven grounds is obtained.  

The proposed equations are applied to simulate the 
relationship between the parameters of the robot and 
the vibration amplitude in order to choose the optimal 
parameters for the purpose of reducing the vibration 
of robot. 

The numerical simulations from chosen 
parameters of the robot show that the vibration of the 
robot equipped with absorber systems can reduce up 
to about 75 % in comparison with the robot without 
absorber systems. Moreover, when the absorbers are 
applied, the high-frequency disturbances causing by 
the unevenness of grounds are filtered out and the 
OMR vibrates at a low frequency. These simulation 
results show the effectiveness of the proposed method. 

The experiment has been caried out to verify the 
proposed design of the OMR. Very good agreement 
between simulation results and experimental results 
verifies the efficiency of the proposed method for 
reducing the vibration of the OMR moving on uneven 
grounds which will be helpful to improve the quality 
of images captured from the mobile robot.   
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