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Abstract 

 

Within the scope of this study, firstly, the mechanical structure of a six-axis serial manipulator was 

designed. Forward kinematic analysis was made using the Denavit-Hartenberg method, which 

provides the transition between cartesian coordinates, that is, the linear and angular positions of the 

end-effector, and joint coordinates; joint angles and linear displacements. In addition, to obtain the 

relation between the speed of joint variables and the speed of end effector, Jacobian matrix was 

derived. Dynamic analysis of the system based on Lagrange-Euler mathematical model was 

acquired. After the design phase was carried out in three-dimensional environment, the physical 

system-based dynamic model was obtained by transferring this data to the MATLAB-Simscape 

environment. Inverse dynamic problem was solved to verificate the 3D design of robot and 

suitability of selected motors. To solve this problem, position, and velocity and acceleration 

trajectories was given to the dynamic model. As a result of this, each joint torques were obtained. 

The trajectories used in inverse dynamics were calculated using a fifth order polynomial function. 

Afterwards, in order to test the operation of the system in a simulated environment, PID based 

controller structures were applied to the dynamic model in MATLAB/Simulink simulation 

environment and forward dynamic problem was reviewed and discussed.  

 
 

 

 

1. Introduction
*
 

         

With the increase in consumption in many areas in 

the 21st century, the production capacity has been 

increased and the use of autonomous systems that can 

work continuously with high efficiency without getting 

tired is becoming widespread. Robots come first among the 

autonomous systems since they have the ability to perform 

various tasks. For this reason, the development of robots 

for use in the industry in our country can be described as 

an important technological step in the country's rise to the 

level of developed countries. The purpose of this study is 

to create a substructure to overcome this deficiency. In 

robot technology, many control methods are used to 

provide very precise and stable working cycles. 

At the point of control of serial robots, PID based 

control methods [1] as well as many nonlinear control 

methods are also used [2-3]. Likewise, in [4] and [5], 

                                                             
* Corresponding Author: ylmz.zehranur@gmail.com 

control of the robot was carried out using evolutionary 

algorithms (PSO). It is a common approach to benefit from 

mathematical models when using these control methods. 

When performing dynamic analysis of robots, energy-

based models such as Lagrange-Euler [6-10] or force-

based models such as Newton-Euler [11] occupy a wide 

range in the literature.  Whether the model created during 

the use of mathematical models fully meets the system is a 

very important criterion [12]. Although a mathematical 

model prepared by neglecting inputs such as real-time 

friction and actuator dynamics into the control system and 

dynamic analysis based on this model seems to be an ideal 

system in the simulation environment, it is far from real 

time. Modeling of a robot designed in three-dimensional 

environment through Simscape in Simulink environment 

has been adopted as an effective approach to obtain the   

physical component and physical connection data of the 

robot very close to real time. Simscape based modeling has 

many uses; PV generators in microgrid scenario [13], 

power PIN diodes [14], wind turbine gearboxs [15], 3-RPS 
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parallel robotics [16], 5-DOF robotic manipulators [17]. 

All body components and materials of the robot were 

selected according to the calculations made during the 

design phase. Forward and inverse kinematics problems, 

which provide the transition between cartesian coordinates, 

that is, the linear and angular positions of the gripper, and 

joint coordinates, i.e. joint angles and displacements are 

discussed. Forward and inverse kinematics problems that 

provide the transition between the Cartesian coordinates 

that is the linear and angular positions of the end effector, 

and joint coordinates, i.e. joint angles and joint 

displacements are discussed. Kinematic, Jacobian and 

dynamic analysis are given in Section 2. In Section 3, 

simulation results are shown. Finally, conclusion is shared 

in Section 4.  

 

2. Materials and Methods 

 

In this study, 6-DOF serial manipulator ZORO-1 was 

developed to be remotely controlled by a human that can 

fulfill tasks such as pick and place. As a result of this, 

ZORO-1 was designed based on the human arm and all of 

its joints were selected as revolute joints. Robot’s 3D 

structure was modeled in Autodesk Inventor program 

which is shown in Figure 1. 

 

 
Figure 1. Mechanical structure of ZORO-1. 

 

In the subsections below, the kinematic and dynamic 

model of ZORO-1 is presented. Evaluation of your work or 

to repeat the experiments exactly as you have done them. 

2.1. Kinematic Analysis 

 

In this study, Denavit-Hartenberg (DH) method was 

used to obtain the kinematic model of ZORO-1 robot. With 

DH method, the end effector’s position and orientation 

data according to reference coordinate frame can be 

calculated parametrically in terms of joint variables. As the 

first step, cartesian coordinat frames were placed (Figure 

2). Then the DH parameters of the robot were found and 

are shown in Table 1.  

 

 
 Figure 2. Cartesian coordinate frames of the robot. 

 

  Table 1. DH parameters of ZORO-1. 

i  i(deg) ai(m) di (m)  i(deg) 

1       a     d    .3     

2         a      d          

3  3    a3   .   d3    3 

4  4      a     d4   . 3  4 

5        a     d        

6         a     d    .      

 

Secondly, forward kinematic transformation matrices 

were derived using DH parameters in Eq. (1). 
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where si and ci represent sin  i and cos  i respectively. To 

calculate the transformation matrix   
 

 was used in Eq. (2): 
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In Eq. (3) all row and column of   
  matrix elements 

were demonstrated: 

 

   ,  
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   ,  
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  3,  
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   ,  
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(3) 
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where sij and cij represent sin   
i
  j  and cos   

i
  j  

respectively.   

 

2.2. Jacobian Analysis 

 

The Jacobian matrix provides the transition between 

the velocity of the joint variables and the linear and 

angular velocities of the end effector. The dimension of 

this matrix is 6xn, where n represents the number of joint 

variables. While Jv, which constitutes the first three lines 

and relates to linear velocities, was calculated by the direct 

derivations of the position vectors, last three lines Jω, 

which relates to angular velocitis, was taken from the 

relevant part in the rotation matrices in Eq. (4), Eq. (5), and 

Eq. (6); 
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The rotational and translational Jacobian matrices were 

obtained as; 

 

where   i is [0 0 1]T vector and  
i
 is a coefficient which 

indicates the joint t pe and for rotational joints it’s “ ”, for 

prismatic joints it’s “ ”.  he relationship between joint 

space and cartesian space speeds can be given as Eq. (7): 
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2.3. Dynamic Analysis 

 

In this subsection, the dynamic model of ZORO-1 

robot is discussed. Dynamics is the field of science that 

studies the motions of objects under a cause and effect 

relationship with the forces applied to them. In this study, 

Lagrange-Euler equations were used to obtain the dynamic 

model. This method is an energy-based approach. Firstly, 

Lagrangian (L) must be found using the total kinetic (K) 

and potential (P) energies of the system Eq. (8).  

 

L  ,       ,   -                                                              (8) 

 

Thus, the equations of the motion could be obtained as in 

Eq. (7); 

 

d

dt
 
 L

   
 -

 L

  
                                                                (9) 

 

where q and   are joint variables and  torques  respectively.  
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By using Eq. (9) the general robotic dynamic equation can 

be derived as in Eq. (10); 

 

D         ,    G                                                         (10) 

 

while D is the mass matrix which contains the inertial 

forces, C is the coriolis vector. G is the gravity vector 

which hosts the gravitational forces.  

The total kinetic energy of a system can be given as 

follows; 

 

   ,    
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 n
i  mi i  ωi 

  iωi                               (11) 

 

In Eq. (11), mi and Ii are the mass and inertia matrix 

of i-th link respectively. Cartesian velocities can be written 

in terms of joint velocities by using Jacobian as follows; 

 

 i      ,               ωi  ω                                                  (12) 

 

Substituting Eq. (12) into Eq. (11) yields; 
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i                    (13) 

 

In this equation, the part in brackets is the mass matrix. By 

using the below Eqs. (14-15) coriolis vector in Eq. (16) can 

be obtained from mass matrix; 
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And finally G vector can be derived by Eq. (17); 
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Gravity matrix elements were given in Eqs. (18-22); 
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The inertial parameters of ZORO-1 robot which were 

taken from Inventor program are shown in Figure 3. These 

parameters were used to obtain the simulation results in 

MATLAB/Simulink. 

First, inverse dynamics problem was discussed. In 

this problem, joint torques can be calculated by giving 

trajectories of position, velocity and acceleration of all 

joints to dynamic model. Inverse dynamic analysis is used 

for verification of mechanical model and motor selection. 

Forward dynamics analysis was made to simulate 

ZORO-1 robot. To control the robot a PID controller was 

created and adapted to dynamic model. Both forward and 

inverse dynamics simulation results are given in Section 3. 

 

2.4. Trajectory Planning 

 

In this study, for achieving the solution of inverse 

dynamics trajectory planning has been made. A fifth order 

polynomial was used in position trajectory which is given 

below; 
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Figure 3. Inertia tensor elements and masses of moving part of ZORO-1 robot. 

 

3. Simulation Results 

 

In this study, two dynamic problems were solved for 

ZORO-1 robot.  

 

3.1. Inverse Dynamic Problem  

 

First of all, to solve the inverse dynamics problem, 

position, velocity and acceleration trajectories of all joints 

were given to the dynamic model and as a result of this 

joint torques were calculated. This analysis was done for 

verification of 3D model of robot and motor selection. The 

trajectories are given in Figures 4-6, respectively. 

 

 
  Figure 4. Position trajectories. 

 

 

 

   Figure 5. Velocity trajectories. 

 

 

Figure 6. Acceleration trajectories. 
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Calculated torques for each joint for given trajectories 

are also given in Figure 7. 

 

 

 Figure 7. Calculated torques. 

 

After results were viewed, mechanical model and 

selected motors were verified. 

 

3.2. Forward Dynamic Results 

 

In this subsection, a PID based controller was created 

and connected to dynamic model. For controlling the joint 

variables a simulation was developed. In Figure 8, joint 

variables-time graphs were shown via their reference 

signals and the controller signals are given in Figure 9. 

 

 

Figure 8. Joint variables-time graphics. 

 

 

 Figure 9. Controller signals in Simscape simulation. 

Desired trajectory tracing for ZORO-1 robot was 

achieved with developed PID controller with considering 

limitations in motor torques. 

 

4. Conclusions 

 

In this article, firstly, the mechanical design of the 

ZORO-1 robot was realized. Since the robot developed in 

future studies will be focused on remote control with a 

Human-Machine Interface (HMI), the human arm is taken 

as the design stage of the robot in order to avoid any 

problems in compatibility. Kinematic, dynamic and 

Jacobian analyses of the developed robot were made. As a 

result of these studies, the system was transferred to the 

MATLAB-Simscape environment. The suitability of the 

3D design and actuators of the robot developed in the first 

stage was evaluated. For this, the inverse dynamic problem 

is dealt with in the MATLAB-Simulink environment. The 

system has been verified because the torque values 

calculated in this direction can be provided by the motors 

actually selected. In the following stage, a PID based 

controller has been developed and adapted to this dynamic 

model and the system has been simulated in MATLAB-

Simulink environment. It was determined that the desired 

control was achieved as a result of the simulation. 
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