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Abstract: Robotic manipulators are extensively deployed in industrial manufacturing to mitigate manual labor,
enhance throughput, and function in environments posing risks to human personnel. Notwithstanding their
prevalent adoption, the research and design of robotic arms, particularly concerning performance optimization
and precision enhancement, have not garnered substantial focus within numerous enterprises. This paper
delineates a comprehensive research methodology for the design of a six-degree-of-freedom (6-DOF) robotic
manipulator. The investigation commences with a rigorous analysis of the kinematic and dynamic challenges
inherent to such systems. Subsequently, a 6-DOF robot model is developed and simulated utilizing
SOLIDWORKS, complemented by the development of a control system architecture in MATLAB for real-time
control and simulation. The proposed design endeavors to improve the accuracy and efficiency of robotic
operations across diverse industrial applications.
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I.  Introduction

Within the paradigm of the Fourth Industrial Revolution, the imperative for automation and augmented
production efficiency has intensified considerably. Industrial robots, notably six-degree-of-freedom (6-DOF)
robotic manipulators, constitute a pivotal element in advanced manufacturing paradigms owing to their aptitude
for executing intricate tasks emulating human arm kinematics. These robotic systems facilitate high-precision
and high-throughput operations, even within hazardous environments necessitating stringent safety protocols-
conditions under which sustained human labor is challenging [1].

The 6-DOF robotic arms, characterized by their extensive range of articulated motion and multi-axial
control capabilities, can effectively and precisely perform diverse tasks such as pick-and-place, assembly,
packaging, painting, and welding [2]. Contemporary industries increasingly prioritize the integration of robots
into assembly lines to elevate production rates and product quality [1-2]. The confluence of industrial robots
with contemporary technologies, including CNC machining, cloud computing, and automated sensing systems,
has catalyzed the evolution of flexible manufacturing systems, thereby propelling the prevailing trend toward
""smart manufacturing” [1].

Extensive research has addressed this domain. For example, authors presented a methodology for
developing a three-dimensional model and simulating inverse kinematics within the MATLAB environment,
achieving a high degree of analytical accuracy [3]. Furthermore, the study [4] detailed the development of a
remote control system for a 6-DOF robotic arm utilizing MATLAB, aimed at research and pedagogical
applications. Moreover, recent years have seen a focus on optimizing control algorithms for 6-DOF
manipulators. For instance, the study [5] introduced a novel optimization technique for motion planning that
enhances the operational precision of robotic arms in complex workspaces.

For the efficacious development of industrial robot control systems, the simulation and validation of
control algorithms in a computational environment prior to deployment on physical hardware is paramount.
MATLAB/Simulink is recognized as a prevalent platform for robotic system simulation and design, attributed to
its extensive suite of support libraries. Prior research has demonstrated that MATLAB and its associated
toolboxes, such as the Robotics Toolbox and Simscape, facilitate comprehensive simulation of robotic systems,
encompassing kinematic and dynamic analysis, sensor integration, machine vision, and support for the transition
from simulation to physical implementation [5]. Employing the MATLAB environment enables developers to
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design and evaluate sophisticated control algorithms without the initial investment in expensive physical
prototypes, thereby enhancing safety protocols and reducing development expenditures [5], [8]. Specifically, the
Robotics Toolbox offers a diverse set of functions for the computation of kinematics, dynamics, and trajectory
generation, which streamlines intuitive and efficient robot control programming and analysis [5], [6], [9].

The objective of this paper is to design a system and formulate a control strategy for a 6-DOF industrial
robotic manipulator within the MATLAB platform to support contemporary manufacturing applications. The
focus of this work is the construction of a complete kinematic model and the analytical solution of the inverse
kinematics problem to achieve precise control over the end-effector's position and orientation. Prior
investigations have established that solving the inverse kinematics equations for 6-DOF robots constitutes a
fundamental prerequisite for directing the robot to desired spatial configurations [6]. Building upon this, control
algorithms are developed and simulated in MATLAB/Simulink to assess the performance of the control system,
contributing to the realization of more accurate and efficient automation solutions in industrial production [10].

The remainder of this paper is organized as follows. Section Il introduces the materials and method for
modeling a 6-DOFrobot. Section Ill presents the control method and discusses the simulation results
implemented in MATLAB/Simulink. Section IV concludes the paper and suggests potential directions for future
work.

Il. Materials And Method
A six-degree-of-freedom (6-DOF) robot constitutes a complex electromechanical system capable of
agile end-effector positioning and orientation within three-dimensional space. These six degrees of freedom
typically correspond to three translational motions along the Cartesian axes (X, y, z) and three rotational motions
about these axes, enabling the robot to access any attainable pose (position and orientation) within its
operational workspace. Kinematic analysis of the robot is a fundamental aspect of its design and control.
Forward kinematics pertains to the determination of the end-effector's pose based on known joint angle values.
Conversely, inverse kinematics involves the computation of the requisite joint angle values to achieve a specific
desired end-effector pose. The solution of the inverse kinematics problem is generally more intricate than that of
forward kinematics and may yield multiple solutions or no solution. Both forward and inverse kinematics serve
as foundational elements for trajectory planning, motion control, and the simulation of 6-DOF robots in
industrial applications and research endeavors.
The block diagram to the studying 6-DOF robot model is illustrated in Figure 1. This diagram consists

of five blocks as follows:
(1) Inputs: This block contains position matrix (Px, Py, Pz) and orientation matrix (Yaw, Pitch, Roll) as input

reference values.
(2) Inverse Kinematics:When the desired values are received, this block calculates and outputs the joint angles

().
(3) Controller:Receives the joint angles and performs the corresponding control actions.
(4) 6-DOF robot model:This model receives control signals and simulates the robot's movement, then provides

feedback on the actual joint states to the controller for use in the next control cycle. The dynamics model of

a 6-DOF robot had been presented in [5, 8, 10].
(5) Outputs block:Receives the joint angles (6;) from the 6-DOF model.

Controller 001 e Outputs
model

Fig. 1. Block diagram of the 6-DOF robotic arm system

I11. Numerical Simulations On Matlab/Simulink
Based on the entired diagram shown in Fig. 1, it is straightforward to build the simulation diagram for
the 6-DOF robot in MATLAB/SIMULINK environment as illustrated in Fig. 2. It is noted that the returned
Theta Out values are calculated based on the position matrix [3x1] and the orientation matrix [3x1] of the
forward kinematics, with results closely matching the input Theta values.Figure 3 shows a 6-DOF robotic arm
modeled in SolidWorks and imported into MATLAB for motion simulation. This serves as the main actuator
mechanism used to test control algorithms within the Simulink environmenthere.
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Fig. 4.Simulation of the robotic arm integrating MATLAB and SolidWorks

The application of Proportional-Integral-Derivative (PID) control to a 6-DOF robotic manipulator
involves the independent or coupled regulation of each joint's angular position or velocity through the
computation of control torques or forces based on the positional or velocity error, its integral, and its derivative.
For each degree of freedom, the PID controller generates a control signal that is a linear combination of these
three terms, aiming to minimize the tracking error between the desired and actual joint states. While
conceptually straightforward, the effective tuning of the proportional (Kp), integral (Ki), and derivative (Kd)
gains for a multi-joint system like a 6-DOF arm can be complex due to the inherent dynamic coupling and
nonlinearities. Advanced techniques such as gain scheduling or decentralized PID control with gravity
compensation are often employed to enhance performance and stability across the robot's operational
workspace. The efficacy of the PID control scheme is typically assessed by evaluating the transient response
characteristics, steady-state error, and robustness to disturbances in both simulation and experimental
validation.Figure 5 describes a control system for the 6-DOF robotic arm built in MATLAB/SIMULINK under
this study.

Besides the PID regulator, the implementation of a fuzzy logic controller (FLC) for a 6-DOF robotic
manipulator presents a viable approach to managing the inherent nonlinearities and uncertainties within the
system dynamics. By employing linguistic variables and fuzzy inference rules, the FLC can effectively map the
error and its derivatives in joint space or Cartesian space to appropriate control actions, without requiring a
precise mathematical model of the robot. This methodology offers robustness to parameter variations and
external disturbances, enabling smoother and more adaptive trajectory tracking and regulation compared to
conventional linear control techniques. The design of the FLC typically involves defining membership functions
for the input and output variables, as well as formulating a rule base that encapsulates the desired control
behavior, often derived from expert knowledge or experimental data. The performance of such a controller can
be rigorously evaluated through simulation and experimentation, assessing metrics such as tracking accuracy,
settling time, and overshoot in the operational workspace of the 6-DOF arm.

Upon the completion of the dynamic simulations, the resultant temporal evolutions of the joint angles
for the 6-DOF robotic manipulator were recorded and analyzed. The obtained response characteristics suggest
that both the implemented PID and FLC possess the capacity to yield acceptable control performance, as
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evidenced by the effective servoing of the robot's joints to their designated reference trajectories. By way of
illustration, the fourth joint exhibited a high degree of fidelity in tracking its pre-specified angular profile. To
facilitate a quantitative comparative assessment of the relative effectiveness of these two distinct control
paradigms, a detailed analysis of the tracking error associated with the response of Joint 4 was undertaken. The
findings of this comparative evaluation are visually presented in Fig. 7.

As clearly depicted in Fig. 7, the magnitude of the tracking error observed under the fuzzy logic control
scheme is notably smaller than that exhibited by the PID controller specifically for the angular displacement 6,.
More precisely, the graphical representation corresponding to the FLC (indicated by the orange curve)
demonstrates reduced oscillatory behavior and a diminished error amplitude when contrasted with the response
under PID control (indicated by the blue curve). This empirical observation substantiates the assertion that the
application of the fuzzy logic controller leads to enhanced accuracy and a reduction in undesirable oscillations
within the control action at the robot's fourth joint.
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Fig. 5. Robot control simulation using the PID controller with trial-and-error method
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Fig. 6. Robot control simulation using the fuzzy logic controller
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Fig. 7. Angular error of 8for the PID and fuzzy logic controllers

IV. Conclusion and Future Work
This paper has presented a methodology for modeling a 6-DOF robotic arm utilizing the
MATLAB/Simulink environment. Subsequently, both classical control methods (employing a PID controller)
and an advanced control approach (utilizing a fuzzy logic controller) were designed. Simulation schematics of
the controllers were implemented within the MATLAB/Simulink platform. The simulation results demonstrated
that the joint angle trajectory tracking response of the fuzzy logic controller significantly outperformed that of
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the classical PID controller. Future research will focus on the industrial application of this 6-DOF robot,
particularly in product classification and recognition problems leveraging artificial intelligence. This aligns
directly with the current pervasive trends of the Fourth Industrial Revolution.
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