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ABSTRACT 

This paper deals with of a 2WD Mobile  robot with  embedded 4DOF  arm,  involving sequences of chassis motion 

on the floor and target spatial paths of the arm. The kinematic equations of the 2WD  mobile chassis are developed 

from a geometric analysis approach, and the kinematic model of the robotic arm is obtained in the chassis frame 

using Denavid Hardenberg method. Then, the dynamic  models of both mobile chassis and  robotic  arm result 

from  decoupling approaches. Furthermore, the corresponding  kinematic and dynamic virtual schemes are  

implemented within  Matlab/Simulink  platform. Finally, the virtual simulation results obtained for a variety of 

operating modes and conditions, show the high quality  of the proposed decentralized kinetic  and dynamic models  

for 2WD mobile robots with 4DOF arm. 
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____________________________________________________________________________________ 
 

INTRODUCTION 

Modern robots are dedicated machines, involving  fixed and mobile parts for repetitive works,  associated with 

“smart” control devices. Therefore, they  are designed and  built for  partially or totally replacing human experts 

for executing various physical   tasks  in numerous application fields, e.g. Civil manufacturing factory [1]-[2],  

load lifting or shifting [3],  devices  detection or  inspection for prevention [4], underwater navigation [5]-[6], 

military applications [7], social and home automation [8]-[9], surface painting [10]-[11], medical surgery [12]-                                                                    

[12],  sewing and embroidering of special textile materials [13]-[14],  even children toys [15]-[16], and education 

laboratory [17]. In all these cases, position and even speed tracking  strategies,  are  relevant technical 

requirements.  

Obviously, because of the need to rigorously meet operation needs and constraints of so many application areas of  

robots, modern robots involve many  building morphologies. However,  most popular robots  consist of    nDOFA  

(n  Degree Of  Freedom Arm),  mWDC (m Wheel Drive Chassis), or a combined mWDC-nDOFA morphology. 

For these popular robotic morphologies,  m ϵ {2, 4} and n ϵ {1, 2, 3, 4, 5, 6}.  

In modern robotic engineering, abundant published  papers are encountered  on the modelling and control of 

mWDC mobile robots [18]-[21], and  nDOFA robots [22]-[24]. However, a few published works are encountered 

on the combined  mWDC-nDOFA robotic morphology [25]-[26].  

In this paper, a combined 2WDC-4DOF robotic morphology is considered as shown in  Fig. 1.  Then,  the target 

goal is to study  the kinematic  and dynamic models as well as corresponding virtual schemes of both parts, with 

validation  by virtual simulation tests. The remaining sections of the paper are organized  as follows:  Kinematic 

and Dynamic study of  the 2WDC mobile  robot, Kinematic and Dynamic study of 4DOFA robot, combined 

Kinematic and Dynamic of the Combined 2WDC-4DOF robotic system, virtual simulation results, conclusion and 

references. 
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(1) 

KINEMATIC AND DYNAMIC STUDY  OF 2WDC-4DOFA ROBOT 

A mobile manipulator consists of a mobile base and a manipulator [27], which represents several advantages and 

various constraints [28]. The most important feature of a mobile manipulator is the flexible operational workspace 

in contrast with the limited workspace of a fixed manipulator. This feature endows a mobile manipulator with the 

ability to operate in a large scale of operation [29], such as handling and transporting parts from one place to 

another. Moving mobile manipulators systems, present many unique problems that are due to the coupling of 

holonomic manipulators with nonholonomic bases.  

 
Fig. 1 2WD Mobile robot with embedded 4DOF arm [27] 

 

Kinematic model and Simulink Scheme of 2WDC mobile robot   

In the study of kinematics, only the speeds are taken into account. The motion of a mobile robot with differential 

drive is characterized by two kinematic constraints, namely: 

 

• No lateral slide,  

• Unsliding turning. 

 

Let {XI, YI} be any fixed reference frame and {Xr, Yr} a moving frame of reference related to the robot. Let qi= 

[xi,yi, θi]T be a point of the frame {XI, YI} and qr = [xr,yr,θr ]  a point of the frame { Xr , Yr}. The points qi and qr  are 

related by the orthogonal matrix R(θ). 

 

qi= R(θ) qr   with  R(θ) = (
𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃 0
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0
0 0 1

) 

 

 
Fig. 2 Aerial view of the mobile base 

 Fig. 2 shows the unicycle-type mobile robot in the fixed and mobile frames. 

A : is the midpoint of the wheel axis. 

2𝑟𝐿  : is the diameter of the left wheel of the robot;  

2𝑟𝑅 : is the diameter of the right wheel of the robot;  

2b : is the width of the robot;  
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(2) 

(3) 

(4) 

(5) 

�̇�𝑟 𝑒𝑡 �̇�𝑙: represent respectively the rotation speed of the right wheel and the left wheel; 

θ : is the orientation angle of the robot;  

The objective is to move the mobile robot (𝑞𝑟) to a precise position defined by the fixed reference frame {XI, YI} 

by determining the control parameters v and ω. In the mobile reference frame {Xr, Yr} the coordinates of the point 

qr are: 

{
�̇�𝑟 = 𝑣
�̇�𝑟 = 0

�̇�𝑟 = 𝜔

 

Using equation (1), we can write 

(
�̇�𝑖

�̇�𝑖

�̇�𝑖
) = (

𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃 0
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0
0 0 1

)(
�̇�𝑟

�̇�𝑟

�̇�𝑟
) 

 

Direct Kinematic 

The expression for the linear velocity v and the angular velocity ω of the mobile robot are obtained as a function of 

the rotational speeds of the left wheel �̇�𝑙 and the right wheel �̇�𝑅.In Fig. 3 we can see the direct kinematic block 

under Simulink. 

{
𝑣 =

𝑅(�̇�𝑅 + �̇�𝐿)

2

𝜔 =
𝑅(�̇�𝑅 − �̇�𝐿)

2𝐿

 

 

 
Fig. 3  2WD Direct kinematic block 

 

Inverse kinematic 

The reverse kinematic model eq. (5), is computed using eq. (4).In Fig 4 we can see the inverse kinematic block 

under Simulink. 

{
�̇�𝑅 =

𝑣 + 𝐿𝜔

𝑅

�̇�𝐿 =
𝑣 − 𝐿𝜔

𝑅

 

Fig. 4  2WD Inverse kinematic bloc 
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(6) 

Dynamic model and Simulink Scheme of  2WDC   robot  

Model identification is achieved using a simple and inexpensive data acquisition system. An Arduino Uno 

embedded board system is used to collect sensor data, send it to the computer, and control the model. Data 

processing is performed using MATLAB/SIMULINK. 

The dynamic system used in this paper is a two-wheel drive mobile robot with two independent DC servo 

mechanisms equipped with a manipulator arm, as shown in Figure 1. Due to the unavailability of the dynamic 

model associated with the 2WD robot with manipulator arm, it will be developed using the experimental modeling 

approach, i.e., based on real data acquired during tests and measurements [31]. Since the 2WD robot consists of 02 

equivalent servomechanisms (e.g., one servomotor with one gear for each case), the following assumptions are used 

to develop a complete dynamic decoupling model. 

• The two servo mechanisms have identical electrical/mechanical characteristics;  

• Both gearmotors are subjected to rotational and load constraints during robot motion; 

• The experimental modeling error can be rigorously cancelled under conditions by a robust controller. 

In addition, the experimental models of the two servomechanisms are similar, while the logistic materials used to 

obtain the experimental data are given as follows: 

• 02 similar servomechanisms (DC motor with gear) ; 

• 02 optical encoders, each for a single servomechanism; 

• 02 encoder disks with 20 slots, each for a single servomechanism; 

• Arduino Uno microcontroller; 

• Lithium-polymer battery 8,4 V. 

Markov Djoumessi Mbihi[21] in his article on the optimal control of a mobile robot, was able to define a dynamic 

model that is based on an experimental principle. In our case the chassis of the mobile robot has an arm. In Fig. 5 

we can observe the dynamic block of the mobile base system under Simulink. 

𝐺(𝑠)𝐸𝑂𝐿 =
41.83

𝑠2+8.699𝑠+12.91
 

𝐺(𝑠)𝐸𝑂𝐿 =
𝐾𝑠𝜔𝑛

2

𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛
2
 

With 

𝐾𝑠 =
41.83

12.91
; 𝜔𝑛 = √12.91; 𝜉 =

8.699

2𝜔𝑛
 

 
 

Fig. 5 2WD dynamic block 

 

Kinematic model and Simulink Scheme of the 4DOFA robot 

Robotic kinematics studies the motion of a robotic mechanism independently of the forces and torques that cause it. 

It allows to calculate the position and orientation of the robot manipulator's end effector with respect to the 

manipulator's base according to the joint variables as shown in  Fig. 6. Robotic kinematics is fundamental to the 

design and control of a robotic system. In order to deal with the complex geometry of a robot manipulator, properly 

chosen coordinate markers are attached to various parts of the mechanism. Manipulator kinematics primarily studies 

how the locations of these frames change as the robot joints move. Kinematics focuses on position, velocity and 

acceleration, and an accurate kinematic model must be established to study the motion of a robot manipulator. 
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(7) 

(8) 

(9) 

(10) 

 

 
Fig. 6 Position of the different joints [30] 

 

Direct kinematic 

Direct kinematics refers to the use of a robot's kinematic equations to calculate the end effector position from 

specified values. To implement linear control, we need to calculate the position of the gripper from the joint angles. 

The distance of the wrist from the axis of joint 1 is calculated as follows: 

𝑟 = −𝑙2𝑐𝑜𝑠𝜃2 − 𝑙3𝑐𝑜𝑠(𝜃2 + 𝜃3,0) 

On the other hand, the height of the clamp is calculated from: 

𝑝𝑇,𝑧 = ℎ1 + 𝑙2𝑠𝑖𝑛𝜃2 + 𝑙3𝑠𝑖𝑛(𝜃2 + 𝜃3,0) 

The x and y coordinates of the clamp are: 

𝑝𝑇,𝑥 = 𝑙0 + (𝑟 + 𝑙1 + 𝑙5)𝑠𝑖𝑛𝜃1 − 𝑑5𝑐𝑜𝑠𝜃1 

𝑝𝑇,𝑦 = −(𝑟 + 𝑙1 + 𝑙5)𝑐𝑜𝑠𝜃1 − 𝑑5𝑠𝑖𝑛𝜃1 

In Fig. 7 we can see the direct kinematic block of the manipulator under Simulink. 

 
Fig. 7 Arm Direct kinematic block 

 

Inverse kinematic 

If the poses are given in Cartesian space, then we must use inverse kinematics to calculate the joint configurations. 

The calculation will be performed in three steps: 

1. The joint 𝜃1 is calculated from the x and y coordinates of the end-member as shown in  Fig. 8. Due to the 

non-zero term 𝑑5, the calculation of 𝜃1 must be obtained from the sum of two angles. The point of the 

clamp wrist relative to the robot 𝑝𝑊
0 , can be calculated as follows: 

𝜃1 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑝𝑇,𝑥 − 𝑙0
−𝑝𝑇,𝑦

) + 𝑎𝑟𝑐𝑠𝑖𝑛

(

 
𝑑5

√(𝑝𝑇,𝑥 − 𝑙0)
2
− 𝑝𝑇,𝑦

2
)
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(11) 

 

𝑝𝑊
0 = 𝑝𝑇 + [

𝑙5𝑠𝑖𝑛𝜃1 − 𝑙0
−𝑙5𝑐𝑜𝑠𝜃1

0

] 

 

2. The coordinates of the joints 𝜃2 and 𝜃3,0 are calculated from the triangle formed by links 2 and 3 of a 

conventional robot arm : 

 

𝑟 =  √𝑝𝑤,𝑥
2 + 𝑝𝑤,𝑦

2 − 1 

𝑧𝑒 = 𝑝𝑤,𝑧 − ℎ1 

𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑧𝑒

𝑟
) 

𝑠 = √𝑟2 + 𝑧𝑒
2 

𝛾 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑙2
2 + 𝑙3

2 − 𝑠2

2𝑙2𝑙3
) 

𝛽 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑠2 + 𝑙2

2 − 𝑙3
2

2𝑠𝑙2
) 

𝜃3,0 = 𝜋 − 𝛾 

𝜃2 = 𝜋 − 𝛼 − 𝛽 

 

3.  Finally, the angle of the third joint 𝜃3 is calculated from the inverse kinematics of the four-bar mechanism 

as shown in  Fig. 9: 

 

 
Fig. 9 Inverse kinematic mechanism [30] 

Fig. 8 Aerial view of the manipulator [30] 
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(12) 

(13) 

(14) 

(15) 

(16) 

𝑒 = √𝑙3,0
2 + 𝑙2

2 − 2𝑙3,0𝑙2𝑐𝑜𝑠𝜃3,0 

𝜌 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑙3,0𝑠𝑖𝑛𝜃3,0

𝑒
) 

𝜑 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑒2 + 𝑙3,𝐼

2 − 𝑙4
2

2𝑒𝑙3,𝐼
) 

𝜃3 = 𝜌 + 𝜑 +
𝜋

2
− 𝜃2 

There are several configurations (solutions) that can achieve the desired installation. However, due to mechanical 

constraints, there is only one possible configuration. In Fig. 10 we can see the inverse kinematic block of the 

manipulator under Simulink. 

 

 

Fig. 10 Arm Inverse kinematic bloc 

 

Dynamic  model and Simulink Scheme of the 4DOFA robot 

According to the research of LOGA [22] we used his method of modelling servomechanisms with delay. From the 

step response on an isolated real servo mechanism, the "System Identification" tool in MATLAB 2018a software is 

used to obtain the shape of the behavior and the corresponding open-loop transfer function [32]. The transfer 

function, characteristic of servomechanisms, thus deduced is: 

 

𝐺𝜃𝑗 = 𝐾
𝑒𝜆𝑗𝑠

(1 + 𝜏𝑗𝑠)(1 + 𝜏𝑗
′𝑠)

 

We can observe that servomechanisms can be dissociated into two first order systems [30]. This system has two 

poles as shown in equation: 

{
 

 𝑥1 = −
1

𝑇1

𝑥2 = −
1

𝑇2

 

 Comparing the real parts,, 𝑥2 is the dominant pole with time constant 𝑇2 as presented in equation (14) : 
|𝑅(𝑥1)| < |𝑅(𝑥2)| 

The open-loop transfer function of the real SISO servomechanism is represented by the equation: 

𝐺𝜃𝑗 = 𝐾
𝑒𝜆𝑗𝑠

(1 + 𝜏𝑗
′𝑠)

 

with τ'=T2. The index j is the variable of the SISO mechanisms available in the robotic chain [26]. 

• Static gain K = K1 = K2 = K3 =0.001; 

• Time constant τ’=τ1 = τ‟2 = τ‟3 =0.0271 s; 

• Time delay λ=λ1 = λ2 = λ3 = 0.0128 s.  

In Fig. 11 we can observe the dynamic block of the manipulator system under Simulink. 
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Fig. 11 Arm Dynamic block 

 

Combined Simulink kinematic and dynamic Schemes of 2WDC-4DOFA robot 

 

Fig. 12 2WD Mobile robot with embedded 4DOF arm on Simulink 

 

Our simulation allows us to control the base and the manipulator sequentially. The manipulator will perform its 

trajectory tracking only when the base has reached its target and the wheel speed goes to 0. We want to ensure that 

the arm performs its movement when the base is stationary. 

The first part is the prototyping of the mobile base as shown in Fig. 12. We can see an inverse kinematic control 

block, a dynamic control block and then a direct kinematic block. The equations seen in the chapter on Kinematic 

model and Simulink Scheme of 2WDC mobile robot allowed us to perform the different blocks in Simulink. As 

soon as the Mobile base reaches the target, the speed at the wheels (phidotR and phidotL) goes to 0. 

The second part concerns the prototyping of the manipulator arm. We can observe the presence of an inverse 

kinematics block, a dynamic control block and a direct kinematics block. The equations seen in chapter concerning 

the control strategy of the manipulator arm allowed us to carry out the different blocks under Simulink. 

There is a transition part between the base and the arm parts. We define a matlab function, which will change the 

setpoint according to the wheel speeds. That is to say as long as the speed of the wheels is different from 0 it would 

mean that the base is in movement and therefore the arm must remain fixed at its initial position. Now when the 

speed goes to 0 it means that the mobile base is immobile. At this moment the set point at the arm level changes and 

the manipulator can carry out its trajectory tracking. The transition between the base and the arm is done thanks to 

the speeds of the wheels of the base. 
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RESULTS AND DISCUSSIONS 

Parameterization 

When we run a simulation in Simulink it is necessary to define some parameters. First the simulation parameters are 

shown in Table 1. 

Table -1 Robot simulation condition 

 

 

 

 

 

 

The parameters in Table 2 are the exact configurations of the robot seen in Fig. 1 and Fig. 8. 

 

Table -2 Robot Configuration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trajectory 

Our trajectory is defined by point positions in the reference frame (x, y, z) as shown in Table 3. 

 

Table -3 Robot Pose 

 

 

 

 

 

 

 

 

 

 

The simulation results are obtained without disturbance. While the robot is moving, we have visualized the behavior 

of the wheels. We observe that the wheels of the robot follow the set point with precision as shown in Fig. 13 and 

14. From 90s the set point goes to 0.  

Robot Simulation Condition 

Sampling time 0,0001 s 

Types of numerical 

solvers 

Ode45 

Mobile Base 

Radius of a wheel 

(R) 

0,0095 m 

Distance between 

two wheels (2b) 

0.48 m 

Manipulator arm 

L0 5 mm 

L1 15.1 mm 

L2 80 mm 

L3 80 mm 

L3I 23.9 mm 

L3O 35 mm 

L4 80 mm 

D5 10.7 mm 

Pose of the base 

x [0 ;2 ;10 ;12 ;10 ;2 ;0] 

m 

y [0 ;3 ;3 ;2 ;1 ;1 ;2] m 

Pose of the manipulateur 

x [100 ;80 ;20] mm 

y [50 ;70 ;100] mm 

z [100 ;20 ;50] mm 
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Fig. 13 Angular velocity right wheel 

 

 

 
Fig. 14 Angular velocity left wheel 

 

When the mobile base moves, the manipulator arm keeps its initial position during all the travel of the mobile base 

as shown in Fig. 15, 16 and 17. As soon as the mobile base is static (objective reached), the manipulator changes 

its position. 



Nneme OJ & Mbihi J                                            Euro. J. Adv. Engg. Tech., 2022, 9(11):29-42 

 

 

39 

 

 

 
Fig. 15 Angular position (base) 

 

 

Fig. 16 Angular position (left) 
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Fig. 17 Angular position (right) 

 

We can observe that the algorithm allows a change between the mobile base and the arm in an efficient way. The 

mobile base reaches the target at 95s and at the same time the right and left wheels receive an angular velocity of 

zero. At the same minute the manipulator arm changes its target since the mobile base is stationary. Now what 

happens when the mobile base is disturbed before and after reaching its objective? 

 

 
Fig. 18 Disturbance along the x-axis 

 

The perturbations will be performed exclusively on the mobile base. These perturbations will be similar to a push of 

the hand on the mobile base along the x-axis. It will be an external perturbation. We have added two step inputs to 
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simulate a push as shown in Fig. 18. The first step will be triggered at 10s while the mobile base is moving while 

the second step will be triggered at 100s when the mobile base is stationary. Both steps have a step value of 1, 

which is equivalent to a thrust of 1 meter. 

 

CONCLUSION 

We can observe that the algorithm of switching mobile base and manipulator works. The base carries out its 

trajectory until reaching the final objective during this time the arm remains motionless. Around 58 seconds the 

mobile base has reached the final objective and the angular speed of the wheels converges to 0. This would simply 

mean that the mobile is immobile. The braking system of the mobile base is established by a servo-control of the 

wheels having 0 as set point (Absence of rotation). As soon as the base is immobile, we can observe an activity at 

the level of the manipulator arm. Fig. 18 and 19 allowed us to observe a failure in the regulation. It is necessary to 

look at a much more robust and optimal regulation to avoid bad behavior when the robot operates under higher level 

disturbances. This robust control problem will be solved in our next research works. 
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