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This paper presents a virtual-to-real validation framework for the kinematic 

modeling of a 6-DOF articulated industrial manipulator, Denso VS-6577. 

The proposed framework integrates analytical forward and inverse 

kinematics with a virtual simulation environment and physical robot 

experiments to evaluate trajectory consistency between simulated and real-

world robotic environments. Closed-form inverse kinematic solutions based 

on the Denavit–Hartenberg (DH) convention are derived to enable 

computationally efficient real-time joint computation and continuous and 

smooth joint trajectory generation. A graphical simulation environment 

developed using MATLAB and V-Realm is employed to visualize and 

analyze robot motion under multiple joint configurations, including elbow-

up posture selection and continuity-aware joint configuration management to 

maintain continuous manipulator motion throughout trajectory execution. To 

validate the proposed framework, identical circular trajectories are executed 

in both simulation and physical robot environments using the built-in closed-

loop servo control system of the industrial manipulator. Trajectory tracking 

performance is evaluated by comparing Cartesian position errors along the x, 

y, and z axes using root-mean-square error (RMSE) analysis. Experimental 

results show simulation RMSE values of 1.85 mm, 0.49 mm, and 0.054 mm 

along the x, y, and z axes, respectively, while the physical robot experiments 

produce RMSE values of 3.125 mm, 1.318 mm, and 0.089 mm. The 

computational cost of the analytical inverse kinematic solution is less than 5 

ms, demonstrating suitability for real-time robotic implementation. The 

results demonstrate satisfactory agreement between simulation and physical 

robot trajectories during continuous circular motion, while larger deviations 

are observed during transitional point-to-point movements. These 

discrepancies are primarily attributed to actuator dynamics, servo response 

delay, joint compliance, and mechanical backlash that are not represented in 

the analytical kinematic model. The proposed framework provides a unified 

approach for analytical kinematic validation, trajectory evaluation, and 

virtual-to-real robotic verification. The proposed framework can support 

future development of digital twin systems, advanced motion planning, and 

industrial robotic trajectory optimization. 
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1. INTRODUCTION 

Robotic manipulators have become increasingly important in industrial automation, intelligent 

manufacturing, and autonomous robotic systems because of their capability to perform repetitive, accurate, and 

high-speed operations in practical engineering environments. In these applications, mathematical modeling 

plays a fundamental role in trajectory generation, workspace analysis, motion planning, and end-effector 

positioning. Among various robotic modeling approaches, kinematic modeling is one of the most important 

techniques because it establishes the mathematical relationship between joint variables and the position and 

orientation of the robot end-effector. Forward and inverse kinematic formulations based on the Denavit–

Hartenberg (DH) convention have therefore been widely applied in serial robotic manipulators and six-degree-

of-freedom (6-DOF) robotic systems [1]–[3]. In addition, trajectory planning and singularity avoidance 

methods are essential for ensuring stable and continuous manipulator motion under constrained operating 

conditions [4][5]. 

Recent studies have shown that efficient inverse kinematic computation remains a significant challenge 

in industrial robotic applications because multiple joint configurations, singular conditions, and nonlinear 

manipulator behavior can affect trajectory continuity and positioning accuracy. To address these limitations, 

neural network-based inverse kinematic solutions, optimization-based inverse kinematic methods, and 

singularity-aware trajectory planning approaches have been investigated to improve computational efficiency 

and robotic motion stability [6]–[9]. Furthermore, kinematic calibration and parameter compensation 

techniques have received considerable attention because modeling inaccuracies caused by mechanical 

tolerances, structural nonlinearities, and actuator uncertainties can reduce consistency between mathematical 

models and physical robotic systems [10]–[13]. These studies demonstrate that accurate kinematic modeling 

and calibration are critical for reliable robotic trajectory execution in real-world industrial environments. 

Simulation-based robotic development has also become an important research direction for validating 

robotic systems before implementation in physical environments. Recent studies have integrated ROS- and 

Gazebo-based simulation frameworks, Internet of Things (IoT)-enabled robotic systems, digital twin 

environments, and artificial intelligence-assisted trajectory tracking approaches for robotic manipulators [14]–

[20]. These technologies enable robotic trajectories and manipulator behavior to be evaluated in virtual 

simulation environments prior to real-world deployment, thereby reducing implementation risk and improving 

robotic system verification. In addition, hybrid optimization methods and intelligent trajectory planning 

algorithms have been applied to robotic manipulators to improve trajectory smoothness, collision avoidance 

capability, and motion reliability [21][22]. 

More recently, artificial intelligence and deep learning techniques have been increasingly integrated into 

robotic inverse kinematics and trajectory planning applications. Evolutionary algorithm-assisted artificial 

neural networks, deep neural network-based inverse kinematic approaches, deep reinforcement learning 

methods, and singularity-free motion planning techniques have demonstrated promising performance in 

improving robotic adaptability and computational efficiency [23]–[29]. These developments indicate the 

growing importance of combining analytical kinematic formulations, intelligent optimization techniques, and 

virtual robotic simulation environments for advanced industrial robotic systems. 

Despite these advancements, several challenges still remain in achieving accurate trajectory consistency 

between simulation and physical robotic implementation. Many previous studies primarily focus on 

algorithmic optimization or simulation-based validation without comprehensive experimental verification 

using real industrial robotic manipulators. In particular, limited attention has been given to experimentally 

validated analytical kinematic frameworks integrating graphical simulation environments and physical robot 

implementation for the Denso VS-6577 industrial manipulator. Consequently, there remains a need for a 

unified virtual-to-real validation framework capable of combining analytical forward and inverse kinematics, 

continuity-aware joint configuration selection, simulation-based robotic visualization, and experimental 

robotic trajectory verification under practical operating conditions. 

Therefore, this study focuses on the development and validation of a virtual-to-real kinematic modeling 

framework for the Denso VS-6577 industrial robotic manipulator. The proposed framework integrates 

analytical forward and inverse kinematic modeling, MATLAB-based simulation, graphical robotic 

visualization using V-Realm, and physical robotic experimentation to evaluate trajectory consistency between 

simulated and real robotic environments. The developed framework is designed to evaluate Cartesian trajectory 

tracking performance, analyze robotic motion continuity, and verify the applicability of the proposed kinematic 

approach for practical industrial robotic applications. 

The main contributions of this work include the identification and formulation of the Denavit–Hartenberg 

(DH) parameters for the Denso VS-6577 manipulator, the development and implementation of an analytical 

inverse kinematic solution for efficient, continuous, and smooth trajectory generation, and the establishment 

of a virtual-to-real validation framework integrating MATLAB-based simulation, graphical robotic 
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visualization, and physical robot experimentation for trajectory tracking evaluation and kinematic model 

verification. 

 

2. ROBOT KINEMATICS 

2.1. Description of the Robot Manipulator 

The robotic manipulator employed in this study is the Denso VS-6577, as shown in Figure 2. The 

mechanical structure consists of six rigid links connected in series: the base, shoulder, arm, elbow, forearm, 

and wrist. These links are interconnected by six revolute joints, enabling rotational motion within specified 

angular limits and allowing the manipulator to achieve various positions and orientations within its workspace. 

The kinematic relationship between the joint variables and the end-effector pose is described using forward 

and inverse kinematics, as illustrated in Figure 2. Forward kinematics defines the mapping between joint angles 

(𝑞1 − 𝑞6) and the position and orientation of the end-effector, while inverse kinematics determines the 

corresponding joint configurations required to achieve a desired end-effector pose. 

The robotic system is controlled by a control unit integrated with motor drive modules and an interface 

board, which facilitates communication between the control board and the servo drives. This configuration 

ensures reliable communication with external devices and supervisory software. The system operates in two 

modes: manual control mode and automatic trajectory tracking mode. In manual mode, the user directly 

commands individual joint movements. In automatic mode, the robot follows predefined motion trajectories 

generated by the control system. In both modes, motion commands are transmitted via serial communication 

from the control software to the robot controller, ensuring accurate execution of the desired movements.  

Figure 1 illustrates the overall research methodology of the proposed robot manipulator framework. The 

workflow begins with robot manipulator modeling, where the robot structure, joints, links, and coordinate 

systems are defined (Figure 3). Subsequently, the Denavit–Hartenberg (DH) parameters are assigned to 

establish the kinematic configuration and joint relationships of the manipulator. 

 

 
Figure 1. Flowchart illustrating the overall research methodology 
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 Figure 2. Collaborative Robots 𝐷𝑒𝑛𝑠𝑜 𝑉𝑆 − 6577  

 

 
Figure 3. Forward and Inverse Kinematic 

 

2.2. Denavit–Hartenberg (DH) Notation 

The kinematic equations of the Denso VS-6577 manipulator are formulated using the Denavit–Hartenberg 

(DH) convention, which provides a systematic approach for modeling serial robotic manipulators. This method 

describes the spatial relationship between two consecutive links through a homogeneous transformation matrix 

that defines both the position and orientation of one coordinate frame relative to the preceding frame. For a 

serial manipulator, the pose of frame 𝑖relative to frame 𝑖 − 1 is represented by the homogeneous transformation 

matrix 𝑇𝑖
𝑖−1 . This matrix enables the transformation of coordinates from frame 𝑖to frame 𝑖 − 1and defines the 

geometric relationship between adjacent joints. The home configuration of the Denso VS-6577 robot and the 

placement of the DH coordinate frames are shown in Figure 4. 

The joint limits of the manipulator are defined as follows q1 = ±170∘, 𝑞2 = +135∘/−100∘, 𝑞3 =
+169∘/−119∘, 𝑞4 = ±190∘, 𝑞5 = ±120∘, 𝑞6 = ±360∘. According to the DH convention, each link is defined 

by four parameters: link length 𝑎𝑖, link twist 𝛼𝑖, link offset 𝑑𝑖, and joint angle 𝜃𝑖. The homogeneous 

transformation matrix between two consecutive links is given in Eq. (1). The Denavit–Hartenberg parameters 

of the Denso VS-6577 manipulator used for deriving the forward and inverse kinematic models are summarized 

in Table 1. The primary geometric dimensions are specified as. 

 𝑇𝑖
𝑖−1 = [

𝑐𝑜𝑠𝜃𝑖 −𝑠𝑖𝑛𝜃𝑖𝑐𝑜𝑠𝛼𝑖 𝑠𝑖𝑛𝜃𝑖𝑠𝑖𝑛𝛼𝑖     𝑎𝑖𝑐𝑜𝑠𝜃𝑖

𝑠𝑖𝑛𝜃𝑖 𝑐𝑜𝑠𝜃𝑖𝑐𝑜𝑠𝛼𝑖 −𝑐𝑜𝑠𝜃𝑖𝑠𝑖𝑛𝛼𝑖 𝑎𝑖𝑠𝑖𝑛𝜃𝑖

0
0

𝑠𝑖𝑛𝛼𝑖

0

𝑐𝑜𝑠𝛼𝑖

0
             𝑑𝑖

           1

] (1) 
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Table 1. Denavit-Hartenberg Parameter Table 

Joint i 
𝜽𝒊 

(𝐝𝐞𝐠) 
𝒅𝒊(𝒎) 𝒂𝒊(𝒎) 

𝜶𝒊 

(𝒓𝒂𝒅) 

Joint Limit 

(deg) 

1 𝑞1 𝑑1 𝑎1 𝜋/2 -170, 170 

2 𝑞2 0 𝑎2 0 -100, 135 

3 𝑞3 0 𝑎3 −𝜋/2 -119, 169 

4 𝑞4 𝑑4 0 𝜋/2 -190, 190 

5 𝑞5 0 0 −𝜋/2 -120, 120 

6 𝑞6 𝑑6 0 0 -360, 360 

𝑑1 = 0.335 𝑚 , 𝑎1 = 0.075 𝑚 , 𝑎2 = 0.365 𝑚 , 𝑎3 = 0.09 𝑚 , 𝑑4 = 0.405 𝑚 , 𝑑6 = 0.118 𝑚 

   

  
Figure 4. The placement of DH parameter of robot  

 

2.3. Forward Kinematic 

The transformation matrix for each joint is derived from (1) by substituting the corresponding DH 

parameters specified in Table 1. For the six-degree-of-freedom manipulator, six homogeneous transformation 

matrices are obtained, representing the relative transformation between consecutive coordinate frames. These 

matrices are denoted as (2). 

 𝑇1
0 = [

𝑐1 0  𝑠1    0

𝑠1 0 −𝑐1  0

0
0

1
0

  
0
0

    
𝑑1

1

] ; 𝑇2
1 = [

𝑐2 −𝑠2  0 𝑎2𝑐2

𝑠2 𝑐2  0 𝑎2𝑠2

0
0

0
0

1
0

     
0
1

] ; 𝑇3
2 = [

𝑐3 0 −𝑠3 𝑎3𝑐3

𝑠3 0  𝑐3   𝑎3𝑠3

0
0

−1
0

0
0

     
0
1

] 

(2) 

 𝑇4
3 = [

𝑐4 0 𝑠4    0

𝑠4 0 −𝑐4 0

0
0

1
0

  0
  0

   𝑑4

  1

] ;  𝑇5
4 = [

𝑐5 0 −𝑠5 0

𝑠5 0  𝑐5   0

0
0

−1
0

  0
  0

   0
   1

] ;  𝑇6
5 = [

𝑐6 −𝑠6 0      0
𝑠6 𝑐6 0      0
0
0

0
0

1
0

   𝑑6

   1

] 

where 𝑐𝑖 = cos 𝜃𝑖and 𝑠𝑖 = sin 𝜃𝑖. 

The overall homogeneous transformation matrix between the base frame and the end-effector frame is 

obtained by multiplying the six individual transformation matrices as (3). 

 𝑇6
0 = 𝑇(𝑞1) 𝑇(𝑞2)2

1 𝑇(𝑞3)3
2 𝑇(𝑞4)4

3 𝑇(𝑞5)5
4 𝑇(𝑞6)6

5
1
0  (3) 

Substituting the matrices from (2) into (3) yields the complete forward kinematic model as (4). 

 𝑇6
0 = [

𝑛𝑥 𝑜𝑥
𝑎𝑥 𝑝𝑥

𝑛𝑦 𝑜𝑦
𝑎𝑦 𝑝𝑦

𝑛𝑧

0
𝑜𝑧

0
𝑎𝑧

0
𝑝𝑧

1

] (4) 

In (4), 𝑛 = [𝑛𝑥, 𝑛𝑦 , 𝑛𝑧]𝑇, denotes the normal vector, 𝑜 = [𝑜𝑥 , 𝑜𝑦 , 𝑜𝑧]𝑇, denotes the orientation vector, 𝑎 =

[𝑎𝑥 , 𝑎𝑦 , 𝑎𝑧]𝑇, denotes the approach vector, and, 𝑝 = [𝑝𝑥, 𝑝𝑦 , 𝑝𝑧]𝑇, denotes the position vector of the end-
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effector relative to the base coordinate frame. The elements 𝑛𝑥, 𝑛𝑦 , 𝑛𝑧, 𝑜𝑥 , 𝑜𝑦, 𝑜𝑧 , 𝑎𝑥 , 𝑎𝑦 , 𝑎𝑧 , 𝑝𝑥 , 𝑝𝑦 , 𝑝𝑧are 

obtained from the symbolic multiplication of the six transformation matrices and are explicitly expressed in 

(5) to (8). 

 

 

𝑛𝑥 = 𝑐6[𝑠5(𝑐1𝑐2𝑠3 + 𝑐1𝑐3𝑠2) − 𝑐5(𝑠1𝑠4 − 𝑐4(𝑐1𝑐2𝑐3 − 𝑐1𝑠2𝑠3))] − 𝑠6[𝑐4𝑠1 + 𝑠4(𝑐1𝑐2𝑐3 − 𝑐1𝑠2𝑠3)] 

𝑛𝑦 = 𝑐6[𝑠5(𝑐2𝑠1𝑠3 + 𝑐3𝑠1𝑠2) + 𝑐5(𝑐1𝑠4 + 𝑐4(𝑐2𝑐3𝑠1 − 𝑠1𝑠2𝑠3))] + 𝑠6[𝑐1𝑐4 − 𝑠4(𝑐2𝑐3𝑠1 − 𝑠1𝑠2𝑠3)] 

𝑛𝑧 = 𝑐6[𝑠5(𝑐2𝑐3 − 𝑠2𝑠3) − 𝑐4𝑐5(𝑐2𝑠3 + 𝑐3𝑠2)] + 𝑠4𝑠6(𝑐2𝑠3 + 𝑐3𝑠2) 

(5) 

 

𝑜𝑥 = −𝑠6[𝑠5(𝑐1𝑐2𝑠3 + 𝑐1𝑐3𝑠2) − 𝑐5(𝑠1𝑠4 − 𝑐4(𝑐1𝑐2𝑐3 − 𝑐1𝑠2𝑠3))]

− 𝑐6[𝑐4𝑠1 + 𝑠4(𝑐1𝑐2𝑐3 − 𝑐1𝑠2𝑠3)] 

𝑜𝑦 = 𝑐6[𝑐1𝑐4 − 𝑠4(𝑐2𝑐3𝑠1 − 𝑠1𝑠2𝑠3)] − 𝑠6[𝑠5(𝑐2𝑠1𝑠3 + 𝑐3𝑠1𝑠2) + 𝑐5(𝑐1𝑠4 + 𝑐4(𝑐2𝑐3𝑠1 − 𝑠1𝑠2𝑠3))] 

𝑜𝑧 = 𝑐6𝑠4(𝑐2𝑠3 + 𝑐3𝑠2) − 𝑠6[𝑠5(𝑐2𝑐3 − 𝑠2𝑠3) − 𝑐4𝑐5(𝑐2𝑠3 + 𝑐3𝑠2)] 

(6) 

 

𝑎𝑥 = 𝑐5(𝑐1𝑐2𝑠3 + 𝑐1𝑐3𝑠2) + 𝑠5(𝑠1𝑠4 − 𝑐4(𝑐1𝑐2𝑐3 − 𝑐1𝑠2𝑠3)) 

𝑎𝑦 = 𝑐5(𝑐2𝑠1𝑠3 + 𝑐3𝑠1𝑠2) − 𝑠5(𝑐1𝑠4 + 𝑐4(𝑐2𝑐3𝑠1 − 𝑠1𝑠2𝑠3)) 

𝑎𝑧 = 𝑐5(𝑐2𝑐3 − 𝑠2𝑠3) + 𝑐4𝑠5(𝑐2𝑠3 + 𝑐3𝑠2) 

(7) 

 

𝑝𝑥 = 𝑎1𝑐1 + 𝑑6[𝑐5(𝑐1𝑐2𝑠3 + 𝑐1𝑐3𝑠2) + 𝑠5(𝑠1𝑠4 − 𝑐4(𝑐1𝑐2𝑐3 − 𝑐1𝑠2𝑠3))] + 𝑑4(𝑐1𝑐2𝑠3 + 𝑐1𝑐3𝑠2)

+ 𝑎2𝑐1𝑐2 − 𝑎3𝑐1𝑠2𝑠3 + 𝑎3𝑐1𝑐2𝑐3 

𝑝𝑦 = 𝑎1𝑠1 + 𝑑6[𝑐5(𝑐2𝑠1𝑠3 + 𝑐3𝑠1𝑠2) − 𝑠5(𝑐1𝑠4 + 𝑐4(𝑐2𝑐3𝑠1 − 𝑠1𝑠2𝑠3))] + 𝑑4(𝑐2𝑠1𝑠3 + 𝑐3𝑠1𝑠2)

+ 𝑎2𝑐2𝑠1 − 𝑎3𝑠1𝑠2𝑠3 + 𝑎3𝑐2𝑐3𝑠1 

𝑝𝑧 = 𝑑1 − 𝑎2𝑠2 + 𝑑4(𝑐2𝑐3 − 𝑠2𝑠3) + 𝑑6[𝑐5(𝑐2𝑐3 − 𝑠2𝑠3) + 𝑐4𝑠5(𝑐2𝑠3 + 𝑐3𝑠2)] − 𝑎3𝑐2𝑠3 − 𝑎3𝑐3𝑠2 
 

(8) 

 

2.4. Inverse Kinematic  

The inverse kinematic solution is obtained using an analytical method based on geometric relationships. 

The joint angles are derived from the end-effector position expressed in Cartesian coordinates (𝑥, 𝑦, 𝑧). The 

resulting equations are given as follows (9) and (16) [26]. 

 𝜃1 = tan −1 (
𝑝𝑦 − 𝑎𝑦𝑑6

𝑝𝑥 − 𝑎𝑥𝑑6

) (9) 

 𝜙 = tan −1 (
𝑌

𝑋
) (10) 

 𝑍 = 𝐴2 + 𝐵2 − 𝑎2
2 − 𝑎3

2 − 𝑑4
2 (11) 

 𝐴 = (𝑃𝑥𝑐1) − 𝑑6(𝐴𝑥𝑐1 + 𝐴𝑦𝑠1) − 𝑎1 + (𝑃𝑦𝑠1) (12) 

 𝐵 = 𝑑1 − 𝑃𝑧 + 𝐴𝑧𝑑6 (13) 

 𝑅 = √𝑋2 + 𝑌2 (14) 

 𝑋 = 2𝑎2𝑎3, 𝑌 = 2𝑎2𝑑4 (15) 

 𝜃3 = 𝜙 ∓ cos −1 (
𝑍

𝑅
) (16) 

The second joint angle is determined as (17) and (22) [26]. 
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 𝛾 = tan −1 (
𝐾2

𝐾1

) (17) 

 𝐾1 = (𝑃𝑥𝑐1) + (𝑃𝑦𝑠1) − 𝑎1 − 𝑑6(𝐴𝑥𝑐1 + 𝐴𝑦𝑠1) (18) 

 𝐾2 = 𝑑1 + 𝑑6𝐴𝑧 − 𝑃𝑧 (19) 

 𝐷 = 𝑎3𝑐3 + 𝑑4𝑠3 + 𝑎2 (20) 

 
𝑆 = √𝐾1

2 + 𝐾2
2 (21) 

 
𝜃2 = 𝛾 ∓ cos −1 (

𝐷

𝑆
) (22) 

The wrist joint angles are computed as (23) and (25) [26]. 

 𝜃5 = cos −1(𝐴𝑧𝑐23+𝐴𝑥𝑐1𝑠23+𝐴𝑦𝑠1𝑠23) (23) 

 
𝜃4 = tan −1 (

𝐴𝑥𝑐1 − 𝐴𝑦𝑠1

𝐴𝑥𝑐23𝑠1 − 𝐴𝑦𝑠23 + 𝐴𝑧𝑐1𝑐23

) (24) 

 
𝜃6 = tan −1 (

−(𝑂𝑧𝑐23+𝑂𝑥𝑐1𝑠23+𝑂𝑦𝑠1𝑠23)

𝑁𝑧𝑐23 + 𝑁𝑥𝑐1𝑠23 + 𝑁𝑦𝑠1𝑠23

) (25) 

 𝑐23 = cos (𝜃2 + 𝜃3) (26) 

 𝑠23 = sin (𝜃2 + 𝜃3) (27) 

Since the inverse kinematic formulation may yield multiple solutions, the same end-effector pose can 

correspond to different joint configurations. To maintain motion continuity, the previous joint configuration 

was incorporated into the solution selection process, and the configuration with the minimum joint deviation 

was selected. Among the feasible inverse kinematic solutions, the elbow-up configuration was preferentially 

selected to maintain trajectory continuity and consistent manipulator posture throughout the motion sequence. 

In addition, all candidate solutions were evaluated under the predefined joint limit constraints of the 

manipulator. Singular configurations were considered during trajectory generation and inverse kinematic 

solution selection. To avoid instability and discontinuous joint motion near singular regions, the manipulator 

trajectory was constrained within feasible workspace regions away from known singular configurations. These 

continuity and configuration constraints helped reduce abrupt configuration switching during motion 

execution. Each inverse kinematic solution was verified by substituting the computed joint angles into the 

forward kinematic model to ensure that the resulting pose matched the desired end-effector position. 

 

3. RESEARCH METHODOLOGY 

3.1. Application Software and Virtual Simulation 

The system integrates MATLAB/Simulink with the Virtual Reality Toolbox (V-Realm) to enable 

interactive visualization of the kinematic model and end-effector trajectory over time. V-Realm is a three-

dimensional virtual simulation environment that extends the capabilities of MATLAB and Simulink with real-

time virtual reality graphics. The three-dimensional model of the Denso VS-6577 manipulator, depicted in 

Figure 5, is connected to the Simulink model via a 3D animation block. This integration enables the 

visualization of simulated joint angles and control signals as realistic motion in the virtual robot model. Thus, 

the end-effector trajectory can be analyzed both visually and spatially within the virtual workspace. V-Realm 

is based on VRML (Virtual Reality Modeling Language) and functions as an interface between 

MATLAB/Simulink and the three-dimensional virtual model. The joint trajectories are calculated using the 

inverse kinematic algorithm and transmitted to the simulation environment. The robot then moves from the 

initial position to the target location in Cartesian coordinates, with the corresponding motion visualized in the 

virtual environment. 
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Figure 5. Robot simulation model on Virtual Reality toolbox in home position (right) 

 

3.2. Analysis Methodology 

An experiment was conducted to validate the forward and inverse kinematic models of the Denso VS-

6577. A circular trajectory with a radius of 5 cm in the xy-plane was defined as the reference path to evaluate 

the kinematic performance and trajectory tracking capability of the robotic system. Before executing the 

circular trajectory, the manipulator was first moved from the predefined home position to the trajectory starting 

point through an intermediate transition motion to ensure safe and smooth robot movement. This transition 

process reduced abrupt joint displacement and minimized sudden directional changes before initiating the 

circular trajectory. After reaching the starting point, the manipulator executed the circular motion and finally 

returned to the initial trajectory point to complete the motion cycle. 

As shown in Figure 6, the desired trajectory input consisting of time, Cartesian position (𝑥, 𝑦, 𝑧), and 

orientation angles (roll, pitch, yaw) was first processed by the analytical inverse kinematic block to generate 

the corresponding joint variables (𝜃1 − 𝜃6). These joint commands were subsequently transmitted to the 

control system and forward kinematic block for robot motion execution and Cartesian position computation. 

During operation, the industrial manipulator utilized its built-in servo feedback controller, resulting in a closed-

loop trajectory tracking implementation. 

The computed Cartesian coordinates obtained from the forward kinematic model were compared with the 

reference trajectory to evaluate trajectory tracking performance. In addition, the generated robot motion was 

visualized through the 3D graphical simulation environment, while the root-mean-square errors (RMSE) along 

the x, y, and z axes were calculated to quantify the differences between the desired and resulting end-effector 

trajectories. 

 

 
Figure 6. Simulink model for control Robot manipulator 
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The trajectory data were sampled at a frequency of 1024 Hz during both simulation and physical robot 

experiments. A total of trajectory points were collected for each experimental trial. To ensure consistency 

between the virtual simulation and physical robot implementation, identical reference trajectories, trajectory 

durations, and sampling intervals were applied in both environments. In addition, synchronization between 

simulation and experimental data acquisition was achieved using the same time-indexed trajectory sequence 

and Cartesian reference points throughout the validation process. The control system comprises several 

functional components, including a workspace input block that provides Cartesian coordinate references, an 

inverse kinematic function block that converts Cartesian coordinates into corresponding joint angles, a control 

and forward kinematic block, an RMSE evaluation block for calculating positional errors along each axis, and 

a robot output visualization module for representing manipulator motion. 

Joint-space validation was additionally performed by monitoring all computed joint variables (𝜃1 −
𝜃6)during trajectory execution. The analytical inverse kinematic solutions were constrained by the predefined 

joint limits of the manipulator, and no joint-limit violations were observed throughout the experimental 

trajectory. This confirms that the proposed inverse kinematic framework generates physically feasible and 

continuous robot motion. In the second phase, the joint angles derived from the inverse kinematic function 

were input into the forward kinematic block to reconstruct the Cartesian position of the end-effector. The 

reconstructed coordinates were compared with the reference trajectory, and the Root Mean Square Error 

(RMSE) was computed for each axis to measure positional deviation. This procedure ensures consistency 

between the forward and inverse kinematic models. 

The RMSE evaluation was performed by comparing the reference Cartesian trajectory with the Cartesian 

coordinates reconstructed from the executed robot motion using the forward kinematic model. Therefore, the 

computed RMSE values include not only kinematic modeling accuracy but also the effects of the closed-loop 

servo control system, actuator dynamics, and physical robot execution errors during trajectory tracking. 

Symbolic derivations were initially performed to obtain the analytical kinematic equations, while numerical 

computations were used during real-time trajectory execution in MATLAB. 

The experiment was conducted under identical conditions for both the virtual simulation model and the 

real robot system. The initial configuration was defined as the home position: 

 (𝑥, 𝑦, 𝑧, roll, pitch, yaw) = (0.598, 0, 0.79, 0∘,  90∘, 0∘)  

The end-effector then moved to the starting point of the circular trajectory: 

 (0.35, 0, 0.6, 0∘, 180∘, 0∘)  

After reaching this position, the manipulator executed a complete 360-degree circular motion in the 𝑥𝑦-

plane before returning to the home position. During the experiment, the output from the inverse kinematic 

block was transmitted to the control system and visualized within the V-Realm environment, while the 

reconstructed Cartesian coordinates from the forward kinematic model were evaluated using the RMSE block 

to determine the accuracy of the kinematic model. 

 

4. EXPERIMENTAL RESULT 

4.1. Results of the Simulation Test 

The experimental results are divided into two main sections: the simulation experiment and the real robot 

experiment. The simulation results evaluate the trajectory performance of the robotic manipulator and examine 

the consistency between the reference trajectory and the system output. The Cartesian coordinates along the X, 

Y, and Z axes are analyzed to illustrate the trajectory behavior in each direction, and the Root Mean Square 

Error (RMSE) is computed to quantify the deviation between the reference and output values. This analysis 

highlights the importance of the simulation system in predicting and evaluating robot motion prior to real-

world implementation. 

The experiment consists of three types of motion. The first motion is a point-to-point movement from the 

home position to the initial point before beginning the circular trajectory. The second motion is circular 

movement, in which the robot follows a circular path with a radius of 5 cm in the 𝑥𝑦-plane. The third motion 

is another point-to-point movement, where the robot returns from the final position of the circular path to the 

home position. 

The circular motion is defined by the following equations: 

 

𝑥 = 𝑟cos (𝜃) 
𝑦 = 𝑟sin (𝜃) 
𝑟2 = 𝑥2 + 𝑦2 
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where 𝑟 = 5cm. The resulting three-dimensional trajectory is shown in Figure 7. 

Figure 7 illustrates the three-dimensional trajectory of the robot in the simulation experiment. The motion 

begins at the home position (0.598, 0, 0.79), moves to the first position of the circular trajectory (0.35, 0, 0.6), 

performs a complete 360-degree circular motion, and then returns to the home position. As shown in Figure 7, 

three distinct motion segments can be clearly identified. The first segment corresponds to the point-to-point 

movement from the home position to the first point. The second segment represents the circular motion with a 

5 cm radius. The third segment corresponds to the return movement to the home position. 

Two trajectories are presented in Figure 7, the reference trajectory (blue line) and the system output 

trajectory (red line). A noticeable deviation occurs during the initial transition from the home position to the 

first point, where errors appear along all three axes. A similar deviation pattern is observed during the return 

movement to the home position. In contrast, the circular motion phase exhibits significantly smaller deviation. 

Figure 8 presents the comparison between the reference and output trajectories along the X-axis. At time 

0 s, the robot starts at X = 0.598 m. From 0 to 50 seconds, the robot performs a point-to-point movement toward 

the first circular position. Between 50 and 410 seconds, the robot follows the circular trajectory defined by the 

motion equations. Finally, between approximately 450 and 500 seconds, the robot returns to the home position 

using point-to-point motion. The blue line represents the reference trajectory, while the red line represents the 

system output. It can be observed that the deviation during point-to-point motion is considerably larger than 

during circular motion. 
 

 
Figure 7. Comparison between the reference trajectory (blue line) and simulated output trajectory (red line) during 

circular motion execution in the virtual environment 

 

 
Figure 8. The reference and output path in X coordinate (meter) simulation 

 



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro  1117 

 Vol. 8, No. 4, August 2026, pp. 1107-1126 

 

 

Wiroj Khawlaor (Kinematic Modeling of 6-DOF Articulated Robot Arm Denso VS 6577) 

Figure 9 shows the RMSE along the X-axis during the simulation experiment. The maximum error in the 

first point-to-point phase is 0.2151 m. During the circular motion phase, the RMSE significantly decreases to 

0.00185 m (1.85 mm), which is consistent with the trajectory comparison shown in Figure 8. In the third phase, 

the RMSE increases again to 0.2046 m. These results indicate that motion governed by the circular trajectory 

equation results in substantially lower error compared to point-to-point motion. 

Figure 10 illustrates the reference and output trajectories along the Y-axis. Because the trajectory follows 

a circular path centered at the Y-axis origin, the Y-coordinate oscillates between positive and negative values. 

The end-effector moves from Y = 0 to approximately +0.035 m and −0.035 m before returning to Y = 0. The 

output trajectory closely follows the reference; however, a slight phase delay can be observed throughout the 

circular motion phase. 

The slight phase delay observed along the y-axis was primarily attributed to the tuning characteristics of 

the PID-based servo control system used in the industrial manipulator. During trajectory execution, the 

controller response introduced a small temporal lag between the reference trajectory and the actual robot 

motion, particularly during continuous circular movement and directional transitions. This behavior was 

mainly related to the proportional–integral–derivative gain settings, actuator response dynamics, and 

acceleration/deceleration characteristics of the closed-loop control system rather than inaccuracies in the 

analytical kinematic model itself. 

 

 
Figure 9. RMSE Along the X-Axis in Simulation 

 

 
Figure 10. The reference and system output path in Y coordinate (meter) simulation 
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Figure 11 presents the RMSE in the Y-axis. The maximum Y-axis error is 0.00049 m (0.49 mm). The 

error increases as the end-effector moves away from Y = 0 and decreases when passing through Y = 0 again. 

Compared to the X-axis error, the Y-axis deviation remains relatively small throughout the motion. Figure 12 

shows the trajectory comparison along the Z-axis. During the initial point-to-point phase, the output trajectory 

deviates significantly from the reference. In the second phase, when the robot follows the circular motion 

equation, the output trajectory closely matches the reference. In the third phase, similar deviation patterns 

reappear, consistent with those observed in the X and Y axes. 

Figure 13 presents the RMSE in the Z-axis. The maximum error of 0.27 m occurs during the first point-

to-point phase. The error decreases substantially during the circular motion phase and increases again during 

the final point-to-point movement before returning to the home position. The error characteristics in the Z-axis 

follow a pattern similar to that observed in the X-axis. Finally, Figure 14 shows the angular displacement of 

each joint throughout the entire simulation period. The robot begins at the home configuration (0.598, 0, 0.79, 

0°, 90°, 0°), moves to the first circular position (0.35, 0, 0.6, 0°, 180°, 0°), performs a full 360-degree circular 

motion with a 5 cm radius, and then returns to the home position. The joint displacement curves demonstrate 

smooth variation during the circular motion phase and more abrupt transitions during the point-to-point phases. 

 

 
Figure 11. The RMSE in Y coordinate (meter) simulation 

 

 
Figure 12. The reference and system output path in Z coordinate (meter) simulation 
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Figure 13. The RMSE in Z coordinate (meter) simulation  

 

 
Figure 14. The angular displacement of each joint of robot simulation  

 

4.2. Real Robot Test Results 

After completing the simulation trials and obtaining the error values for each axis, the next phase involved 

experimental validation using the actual robotic system. This stage was conducted to implement and verify the 

kinematic model, which had previously been validated in simulation, under real operating conditions. The 

trajectory of the end-effector in the real robot experiment was designed to replicate the same circular path with 

a radius of 5 cm in the 𝑥𝑦-plane, consistent with the simulation setup. The resulting three-dimensional 

trajectory is shown in Figure 15. The first phase corresponds to the point-to-point movement from the home 

position to the first point of the circular trajectory, where a relatively large error is observed. The second phase 

involves circular motion from position 1, completing a full 360-degree revolution and returning to the starting 

point of the circle. The third phase corresponds to the point-to-point return movement from position 1 back to 

the home position. The error pattern observed in the real robot experiment is consistent with the behavior 

identified in the simulation results. 

Figure 15 presents the 3D trajectory of the real robot experiment. The red line represents the reference 

circular trajectory with a radius of 5 cm, while the blue line indicates the measured output trajectory of the 

robot end-effector. A deviation between the reference and actual trajectories is observed. Similar to the 

simulation results, the overall motion can be divided into three distinct phases. Figure 16 shows the comparison 
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between the reference and output trajectories along the X-axis. The red line denotes the reference trajectory, 

while the blue line represents the measured output. The motion begins at the home position (X = 0.598 m), 

moves to the first circular position at 22.465 s, follows the circular trajectory until 391.331 s, and finally returns 

to the home position at 430.645 s. The trajectory profile clearly reflects the three motion phases described 

earlier.  

 

 
Figure 15. Comparison between the reference trajectory (blue line) and experimentally measured output trajectory (red 

line) during physical robot trajectory execution 

 

 
Figure 16. The reference and output path in X coordinate (meter) of Real robot 

 

Figure 17 illustrates the RMSE along the X-axis. The maximum X-axis error of 0.22 m (22 cm) occurs 

during the initial point-to-point phase (0–22.465 s). During the circular motion phase (22.465–391.331 s), the 

RMSE significantly decreases to 0.003125 m (3.125 mm). When the robot returns to the home position 

(391.331–430.645 s), the error increases again, showing behavior similar to the first phase. These results 

confirm that point-to-point transitions produce substantially larger deviations than circular motion.  

Figure 18 illustrates the Y-axis trajectory tracking performance of a real robot, where the red solid line 

represents the reference (desired) path and the blue dashed line represents the actual output path. The motion 

follows a smooth sinusoidal-like profile, increasing from zero to a positive peak, then decreasing to a negative 

minimum before returning to zero. The close overlap between the reference and actual curves indicates that 
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the control system achieves high tracking accuracy with minimal error and stable dynamic response throughout 

the operation. 

 

 
Figure 17. The RMSE in X coordinate (meter) of Real robot 

  

 
Figure 18. The reference and output path in Y coordinate (meter) of Real robot 

  

Figure 19 shows the RMSE in the Y-axis across the three motion intervals (0–22.465 s, 22.465–391.331 

s, and 391.331–430.645 s). The maximum Y-axis error is 0.00131879 m (1.31879 mm), and the minimum error 

is 3.5e−07 m (0.00035 mm). The error magnitude remains relatively small during the circular motion phase, 

demonstrating accurate trajectory tracking along the Y-axis. 

Figure 20 illustrates the reference and output trajectories along the Z-axis. The robot starts at Z = 0.79 m 

(home position), moves to Z = 0.6 m at the first circular position (22.465 s), maintains approximately Z = 0.6 

m during the circular motion phase (up to 391.331 s), and then returns to Z = 0.79 m at 430.645 s. 

During circular motion, the Z-axis reference remained constant because the trajectory was designed in 

the XY plane only. However, minor fluctuations were observed in the Z-axis output. These variations are 

relatively small and remain within the acceptable tolerance range of the robot system. The fluctuations are 

mainly caused by mechanical vibration, sensor noise, joint backlash, and coupling effects between robot joints. 

Therefore, they do not significantly affect the overall trajectory-tracking performance. 
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Figure 19. The RMSE in Y coordinate (meter) of Real robot 

 

 
Figure 20. The reference and output path in Z coordinate (meter) of Real robot 

 

Figure 21 presents the RMSE along the Z-axis. The maximum error of 0.17 m occurs during the first 

point-to-point phase. During the circular motion phase, the RMSE decreases significantly to 8.91e−5 m (0.0891 

mm). In the third phase, the error increases again to 0.189 m during the return movement. The error 

characteristics in the third phase are similar to those in the first phase, as both involve point-to-point transitions. 

Finally, Figure 22 shows the angular displacement of each joint throughout the entire real robot 

experiment. The robot begins at the home configuration (0.598, 0, 0.79, 0°, 90°, 0°), moves to the first circular 

position (0.35, 0, 0.6, 0°, 180°, 0°), performs a full 360-degree circular motion, and returns to the home 

position. The joint angle profiles indicate smooth variation during the circular phase and more abrupt transitions 

during the point-to-point phases, consistent with the simulation results. 

Small abrupt changes are observed at the transitions between motion phases, mainly due to sudden 

changes in velocity and acceleration requirements. These discontinuities can increase transient tracking error 

and contribute to slight overshoot in the joint responses, especially in the real robot system where actuator 

dynamics and mechanical backlash are present. 

The difference in time duration between the simulation and physical robot experiments was primarily 

caused by variations in trajectory execution speed and servo response characteristics between the virtual 

environment and the physical robotic system. Although identical Cartesian reference trajectories and trajectory 

sequences were applied in both implementations, the actual execution timing of the industrial manipulator was 

influenced by controller interpolation, actuator acceleration/deceleration limits, and closed-loop servo 



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro  1123 

 Vol. 8, No. 4, August 2026, pp. 1107-1126 

 

 

Wiroj Khawlaor (Kinematic Modeling of 6-DOF Articulated Robot Arm Denso VS 6577) 

dynamics. Consequently, slight differences in the overall motion duration were observed between the 

simulation and real robot experiments. 

The initial manipulator posture was configured with θ2 = −90°, 𝜃3 = −180°to establish a consistent 

elbow-up configuration before trajectory execution. This predefined starting posture ensured smooth trajectory 

initialization, maintained motion continuity, and reduced abrupt configuration changes during the transition 

and circular motion phases. Although the joint trajectories depended on the selected initial configuration, all 

computed joint angles shown in Figure 13 and Figure 21 remained within the allowable physical joint limits of 

the manipulator throughout the entire experimental sequence. 

 

 
Figure 21. The RMSE in Z coordinate (meter) of Real robot 

 

 
Figure 22. The angular displacement of each joint of Real robot  

 

Table 2 presents the quantitative comparison of the RMSE values obtained from the simulation and 

physical robot experiments along the x, y, and z axes. The results demonstrate close agreement between the 

virtual simulation and physical robot implementations. Although small discrepancies were observed, 

particularly along the x- and z-axes, the overall RMSE values confirm the effectiveness of the proposed 

analytical kinematic framework for trajectory tracking applications. The remaining differences are primarily 

attributed to actuator dynamics, servo response delays, mechanical backlash, and modeling uncertainties not 

included in the ideal kinematic formulation. 

Larger point-to-point deviations were primarily observed during transitional movements, particularly 

when the manipulator changed direction before entering or exiting the circular trajectory. These deviations 

were mainly attributed to transient servo response dynamics, actuator lag, and abrupt changes in joint velocity 
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and acceleration during trajectory transitions. In addition, minor discrepancies between the analytical kinematic 

model and the physical robotic system, including mechanical backlash, joint compliance, and DH parameter 

calibration inaccuracies, also contributed to the observed tracking errors. Although the analytical kinematic 

framework provided accurate trajectory generation under ideal conditions, the physical robot execution was 

additionally influenced by closed-loop control response and dynamic constraints not explicitly modeled in the 

kinematic formulation. 

The RMSE values were computed point-by-point over the complete trajectory using all sampled Cartesian 

data obtained during both the transition and circular motion phases. The calculation was performed by 

comparing the reference Cartesian coordinates with the reconstructed Cartesian positions generated from the 

simulation and physical robot experiments. The reported RMSE values represent the root-mean-square average 

tracking error along each Cartesian axis rather than the maximum instantaneous or peak error during trajectory 

execution. 

The experimental results revealed asymmetric trajectory tracking errors among the Cartesian axes, where 

the x and z axes exhibited larger point-to-point deviations compared with the y axis. This asymmetry was 

primarily attributed to the mechanical structure and dynamic characteristics of the articulated manipulator. In 

particular, motion along the x- and z-directions involved greater shoulder and elbow joint movement, making 

these axes more sensitive to actuator dynamics, joint compliance, and accumulated kinematic parameter 

inaccuracies. Furthermore, the z-axis was additionally influenced by gravitational loading and vertical joint 

deflection effects during trajectory execution. Dynamic effects such as actuator acceleration/deceleration 

response, servo lag, and inertial coupling between joints also contributed to the observed trajectory deviations, 

particularly during transitional movements and directional changes. In contrast, the y-axis motion remained 

relatively stable and less affected by gravitational and dynamic coupling effects, resulting in significantly lower 

tracking errors. 

The experiments were repeated multiple times under the same operating conditions to evaluate the 

repeatability of the proposed system. The obtained results showed consistent trajectory tracking performance 

with only minor variations between trials. Therefore, the presented results are considered representative of the 

typical performance of the robot system. 

 
Table 2. The maximum RMSE values. 

Axis Simulation RMSE (mm) Experimental RMSE (mm) 

X 1.85 3.125 

Y 0.49 1.318 

Z 0.054 0.089 

 

5. CONCLUSION  
This study presented a virtual-to-real kinematic modeling and trajectory validation framework for the 

Denso VS-6577 industrial robotic manipulator. The proposed framework integrated analytical forward and 

inverse kinematic modeling, MATLAB-based graphical simulation, and physical robot experimentation to 

evaluate trajectory consistency between simulated and real robotic environments. Experimental results 

demonstrated satisfactory trajectory tracking performance in both simulation and real robot implementation. 

During circular motion, the real robot achieved an RMSE of 3.125 mm along the X-axis compared to 1.85 mm 

in simulation. Although measurable tracking errors were observed due to mechanical backlash, sensor noise, 

actuator response delay, and unmodeled dynamic effects, the robotic system maintained consistent trajectory 

tracking behavior throughout the experimental motions. These results confirm the effectiveness of the proposed 

framework for practical robotic trajectory evaluation and industrial robotic applications. Larger trajectory 

tracking errors were observed during point-to-point transitional movements because of sudden changes in 

velocity and acceleration together with actuator and mechanical limitations in the physical robotic system. 

Nevertheless, the observed errors remained within a practically acceptable range for moderate-accuracy 

industrial and educational robotic applications where ultra-high precision is not required. The results also 

indicate that simulation-based trajectory validation can reasonably represent the overall behavior of the 

physical manipulator despite unavoidable discrepancies between the analytical model and real-world robotic 

dynamics. This study has several limitations, including the absence of detailed dynamic modeling, limited 

payload evaluation, and the use of simplified trajectory patterns. Future work will therefore focus on improving 

robot tracking performance through the integration of dynamic compensation techniques and advanced control 

approaches such as adaptive control, robust control, and model predictive control (MPC). Additional 

investigations involving varying payload conditions, more complex robotic trajectories, and trajectory 

optimization methods will also be conducted to further evaluate the robustness and practical applicability of 

the proposed robotic framework. The validated virtual-to-real framework demonstrates strong potential for 
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practical industrial automation tasks including robotic assembly, pick-and-place operations, material handling, 

and welding applications requiring reliable trajectory tracking performance. In addition, the developed 

kinematic models, trajectory generation procedures, and simulation framework can support reproducibility and 

future adaptation for related robotic manipulators and robotic trajectory tracking research. 
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