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Abstract: Industry 4.0 and digital factories leverage key technologies such as virtual reality (VR) to design, 
simulate, optimize, and interact with physical production systems remotely or collaboratively. Recent 
advancements in industrial and aerospace applications demonstrate that the integration of VR with versatile 
robotic control techniques can unlock new opportunities. VR offers an "extended arm" to physical 
environments by providing a user-friendly human-machine interface, enhancing sustainability, testability, 
and more in robotic control systems. This research focuses on a widely used and continuously evolving 
robotic arm, designed to function in an integrated system operating in both real and virtual environments. 
A 3-degree-of-freedom (3DOF) robotic arm was initially developed and later upgraded to a 5DOF system. 
The robotic arm integrated with Virtual Reality (VR) interfaces based on the Robot Operating System 
(ROS) and Unity3D platforms. In the real-world scenario, inverse kinematics applied for the robot's 
movement mechanism, while gradient descent algorithms used for the virtual model. Forward kinematics 
using homogeneous transformation matrices employed to verify the accuracy of the robotic arm's 
movements. VR headsets and controllers used to manage the virtual robotic arm's control. The goal of this 
study is to develop integrated systems that enable control of real-world operations via remote observation, 
addressing challenges like prototyping costs and safety risks. By offering an innovative approach to robotic 
arm control through VR integration, this work contributes to the advancement of Industry 4.0 technologies. 
The findings suggest potential applications across various industries, opening up new possibilities for 
remote operation and training in complex manufacturing environments. 
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1. INTRODUCTION 

The concept of Industry 4.0, introduced at the 2011 Hannover 
Fair, emphasizes machine-to-machine communication and 
human-machine collaboration, allowing robots to become an 
integral part of production processes through real-time data 
exchange. Today, robots and robotic arms with varying 
degrees of freedom (DOF) are at the center of production 
processes in many sectors. Initially used in industrial 
applications in the 1960s to undertake hazardous and risky 
tasks, robots (Mikolajczyk et al., 2022) have since taken on 
important roles in sectors such as healthcare, agriculture, 
shipbuilding, and construction, alongside the rapid 
development of computer control and artificial intelligence 
(Lin et al., 2020). 

Industrial robots not only enhance product quality but also 
reduce costs. However, users who are unfamiliar with a robot’s 
purpose and goals may feel uneasy even with safe robots. 
Furthermore, when considering the safety risks and installation 
costs of designing and implementing robotic production lines, 
the importance of robot simulation becomes clearer. The 
"digital twin" model (Grieves, 2016), introduced in 2002 by 
the University of Michigan, and optimizes processes by 
creating digital copies of physical systems. Virtual reality 
technology facilitates critical aspects such as sustainability, 
testability (Bolano et al., 2019), and optimization in robot 
control systems, while also paving the way for new user-
friendly human-machine interfaces (Freund and Rossmann, 
1999). This technology enables the development of new, user-
friendly interfaces for human-robot interaction (HRI) and 

human-robot collaboration (HRC) (Freund and Rossmann, 
1999), (Dianatfar et al., 2021). 

Studies in the field of VR and collaborative robot control, 
similar to our research, aim to offer a new perspective on 
virtual reality and collaborative robot control. In the literature, 
several studies can be found, including investigations into 
cloud-based robotic systems and multi-user interactions 
(Mizuchi and Inamura, 2017), long-distance data 
communication between ROS and Unity (Codd-Downey et al., 
2014), co-simulation and interaction between digital twins and 
virtual reality (Havard et al., 2019), system optimization and 
monitoring (Sita et al., 2017), optimization of assembly 
processes (Lin et al., 2020), (Marzano et al., 2015), and the 
VR-based management of multi-robot systems (Roldán et al., 
2018). Although each study focuses on different aspects, they 
all serve as forward-looking examples. Their goal is to reduce 
costs and time, improve safety, and provide a user-friendly 
interface without interfering with existing real-world systems. 
It is clear that VR techniques hold great potential for 
programming and remotely controlling robotic systems in the 
future.  

In study (Islam et al., 2014), a mathematical model and design 
of a robust control strategy for a multi Degree Of Freedom 
(DOF) manipulator is searched. Kinematic and dynamic 
models of the robotic arm has derived and the model has 
validated by simulation. Also, in (Dobiš et al., 2021) two 
motion planning approaches for industrial manipulators is 
presented. Some metrics of the both designs measured and 
presented. 
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This study aims to develop a system that integrates both virtual 
and real environments using a model created in both. The 
chosen model is a robotic arm, a widely used mechanism that 
continues to evolve today. The goal is to enable users of robot 
systems, particularly those requiring an operator, to work 
remotely. This would allow for tasks that traditionally require 
on-site supervision performed remotely. Additionally, 
conducting tests, trials, or experimental work in a virtual 
environment aims to reduce costs, time, and safety risks 
associated with creating physical prototypes. 

The rest of the paper organized as follows. Section 2 gives the 
basic principles and methodology. Section 3 explains the 
assembly, calibration, and forward and inverse kinematics 
calculations of the robot manipulator design. Section 4 
underlines the kinematic calculations, control methods, and 
how data communication with the real world achieved for the 
robot manipulator created in the virtual environment. Section 
5 and section 6 deals interaction between motion of robot arm 
and virtual world and, 5DOF real robot manipulator and virtual 
environment, successively. Finally, the results discussed in 
section 7. 

2. OVERVIEW AND METHODOLOGY 

This study aims to integrate robot manipulators in both real 
and virtual environments. First, the design, the programs used, 
and the working setup for a 3 Degrees of Freedom (3DOF) 
robot manipulator (Kim & Song, 2014) discussed in detail. 
Then, a model with 5 Degrees of Freedom (5DOF) developed 
to perform tasks that are more complex and increase the 
system’s flexibility. 

The main reason for choosing this methodology is to ensure 
seamless interaction between real and virtual environments 
and to create a remotely controllable robotic system. The 
3DOF model serves as an ideal starting point for understanding 
the basic principles and testing system integration, while the 
5DOF model used to simulate more complex movements and 
tasks. The workflow of the study shown in Figure 1. 

According to the working principle, the user using virtual 
reality consoles first moves the target object in the virtual 
environment. The end-effector of the virtual robot manipulator 
moves according to the gradient descent algorithm and tries to 
capture the target object. When the virtual robot manipulator 
captures the target object, the coordinate data transmitted to 
the real robot manipulator via serial communication. The real-
world robot manipulator then moves based on the received 
coordinates using the inverse kinematics algorithm. In the 
following sections, a detailed explanation of each step and the 
results obtained will presented. 

3. ROBOT MANIPULATOR MODEL AND KINEMATICS 
IN THE REAL WORLD 

This section will detail the design, assembly, calibration, and 
forward and inverse kinematics calculations of the robot 
manipulator built in a real environment. Figure 2 shows the 
3DOF manipulator position when the joint angles are set to 0° 
in the real world. 

The design of the real-world robot manipulator model done 
using Autodesk Fusion 360. This software chosen due to its 

simple interface and ease of use. The manipulator parts printed 
with the help of a 3D printer. To control the motors used in the 
manipulator's axes, Arduino Mega and Arduino Due 
development boards utilized. For this reason, the Arduino IDE 
software interface used for the calibration and inverse 
kinematics calculations. For forward kinematics calculations 
and other mathematical operations such as matrices, Python 
programming language used. 

Fig. 1. Workflow diagram. 
 

Firstly, the real-world robot manipulator model calibrated and 
its extended workspace was determined. Calibration is crucial 
to ensure that the robot arm is not mechanically overloaded 
and that the motors reach the desired coordinates at their start 
and end positions. At this stage, calibration codes developed 
to observe the rotation directions and positions of the axles 
attached to the motor heads that form the joints of the robot. 

 

 
Fig. 2. Position of 3DOF manipulator at 0° joint angles. 
 

For servomotors, providing values in microseconds rather than 
angles makes it easier to align with the duty cycle values found 
in the motor’s datasheet. This ensures more accurate and 
precise movements.  Expressing the pulse values of the angles 
in microseconds algebraically on an x-y coordinate system, we 
obtain (1). The X-axis represents the maximum and minimum 
angle values, while the Y-axis shows the corresponding pulse 
widths. This formula calculates the PWM signals 
corresponding to specific angles of the servomotors, allowing 
the motors to perform movements based on these signals. 

𝑌𝑌 − 𝑌𝑌1 = 𝑌𝑌2−𝑌𝑌1
𝑋𝑋2−𝑋𝑋1

(𝑋𝑋 − 𝑋𝑋1)  (1) 
 

The following table summarizes the angle and pulse values for 
the servomotors. Based on the working area, the angles of the 



third servo motor were set between -90° and +90°. These limits 
will not affect the kinematic diagrams when the joint angles 
are at (0,0,0). The algebraic Eq. (1) processed into the Arduino 
calibration code according to Table 1. 

Table 1.  Motor angles and pulse equivalents. 
Motor - 

Joint 
Minimum 

Angle 
Pulse 

Equivalent 
Maximum 

Angle 
Pulse 

Equivalent 
Servo 

Motor 𝜃𝜃1 0° 450 180° 2950 

Servo 
Motor 𝜃𝜃2 0° 450 180° 2450 

Servo 
Motor 𝜃𝜃3 -90° 450 90° 2450 

 

3.1 Forward Kinematic Calculations and Code Integration 

Figure 3 shows the kinematic diagram of the 3DOF 
manipulator that created. The kinematic diagram (Spong et al.) 
demonstrates how the links and joints connected when the joint 
angle values are 0°. In robot manipulator applications, the 
position and orientation (rotation) of the end-effector are 
crucial. When a servomotor moves, it alters both the position 
and rotation of the end-effector. Forward kinematics (Kuçuk 
and Bingul, 2004) is the process of determining the position 
and orientation of the robot’s end-effector based on the joint 
parameters (angles or displacements). The positions of the 
end-effector are expressed through "Displacement Vectors 
(Bajd et al., 2010)," denoted as "d". The rotation (orientation) 
of the end-effector represented by the "Rotation Matrix (Hock 
et al., 2014)," which describes how a point defined in one 
frame appears in another, and denoted by "R". 

 
Fig. 3. Kinematic diagram of the 3DOF manipulator. 
 

Homogeneous Transformation Matrices used for forward 
kinematic calculations. A Homogeneous Transformation 
Matrix (HTM) [17] is a 4×4 matrix that expresses both the 
position and orientation of an object in a single frame within 
3D space. These matrices contain both rotational (R) and 
translational (d) information and denoted by T or H. To find 
the Homogeneous Transformation Matrices, the relationships 
between the frames, as shown in the kinematic diagram of the 
manipulator, examined. The HTM derived using rotation 
matrices and displacement vectors as follows: 
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In this study, HTM was also calculated using Denavit-
Hartenberg (D-H) (Hayat et al., 2013) parameters. The 
Denavit-Hartenberg method is widely used in robot kinematics 
and describes the general transformation between two joints 
using four parameters (Spong et al., 2005), (Hayat et al., 2013). 
According to the D-H Parameter Table, the number of rows 
corresponds to one less than the number of manipulator 
frames. The columns contain the rotation parameters θ and α, 
and the translation parameters r and d. Based on the obtained 
data for the 3DOF manipulator, the D-H table is presented as 
shown in Table 2. 

Table 1. 3DOF manipulator D - H table. 
n 𝜃𝜃𝑛𝑛 α𝑛𝑛 𝑟𝑟𝑛𝑛 𝑑𝑑𝑛𝑛 

1 𝜃𝜃1 90° 0 a1 

2 𝜃𝜃2 0 a2 0 

3 𝜃𝜃3 0 a3 0 
 

The general representation of the D-H method within the 
Homogeneous Transformation Matrix (HTM) is as follows: 
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The HTM obtained using both methods as follows: 
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As a result, the HTM 𝑇𝑇30 for the 3DOF manipulator obtained 
as follows: 

𝑇𝑇30 =  𝑇𝑇10 𝑇𝑇21 𝑇𝑇32     (9) 

After completing the necessary adjustments through 
calibration and mechanical assembly, the maximum and 
minimum points that the robotic arm could reach along the X, 
Y, and Z-axes examined to define its workspace. For this 
purpose, the HTM calculations utilized. The dimensions of 
each axis (link) of the physical robotic arm model (a1, a2, a3) 
measured, and these data integrated into the Python software 
used for forward kinematics calculations. The end-effector 
position data obtained from HTM calculations at specific 
angles compared with the movements of the real robotic 
manipulator. An example study conducted to observe the 
consistency between the calculations and practical results 
shown in Figure 4. 

 
Fig. 4. The result of the HTM and the position of the robot 
manipulator at angles 𝜃𝜃1=90°, 𝜃𝜃2=0, 𝜃𝜃3=-90°. 
 

3.2. Inverse Kinematic Calculations and Code Integration 

In robotic systems, the problem of determining the position 
and orientation of the end-effector given the joint angles 
known as "forward kinematics". On the other hand, 
determining the required joint angles for the robot to reach a 
given end-effector configuration (D’Souza et al., 2001) is 
referred to as the "inverse kinematics (Lee & Ziegler, 1984)" 
problem. In inverse kinematics calculations, unlike in forward 
kinematics, the direction of the X, Y, and Z-axes is not 
significant. The inverse kinematics diagram can be drawn in 
two different perspectives: 

• Top View – The XY plane as seen from the Z-axis (a top-
down perspective). 

• Side View – The space that includes the Z-axis. 

For the top view of our robotic arm, to avoid errors in the 
inverse kinematics calculations, the angle 𝜃𝜃1 considered within 
the range 0 < 𝜃𝜃1 < 90°, as depicted in Figure 5. As seen, the 
top view does not affect angles 𝜃𝜃2 and 𝜃𝜃3. Here, only the angle 
𝜃𝜃1 is calculated: 

tan𝜃𝜃1 =  𝑌𝑌3
0

𝑋𝑋3
0   𝜃𝜃1 =  tan−1 𝑌𝑌3

0

𝑋𝑋3
0   (10) 

 
Fig. 5. 3DOF Manipulator top view. 
 

In the side view of the robot arm reaching the target position, 
as shown in Figure 6a, two different configurations emerge. 
That is, depending on the values of angles 𝜃𝜃2 and 𝜃𝜃3, the robot 
arm can reach the target with the elbow positioned either above 
or below. The "elbow up" configuration is the most suitable 
for the robotic arm model and workspace used in this study. 
Therefore, inverse kinematic calculations were carried out 
considering 0 < 𝜃𝜃2 < 90° and -90° < 𝜃𝜃3 < 0 ranges, as shown 
in Figure 6b. 

 

 
Fig. 6. 3DOF Manipulator side view. 
 

The equations for 𝜃𝜃2 and 𝜃𝜃3 angles based on the kinematic 
diagram are obtained as follows 

𝜃𝜃2 = φ1 + φ2   (11) 

𝑟𝑟1 =  𝑍𝑍30 −  𝑎𝑎1   (12)  

φ1 = tan−1 r1
𝑋𝑋3
0, 𝑟𝑟2 =  �𝑟𝑟12 + (𝑋𝑋30)2  (13), (14) 

The values for angles 𝜑𝜑2 and 𝜑𝜑3 are calculated using the 
cosine theorem: 

𝜑𝜑2 = cos−1 𝑎𝑎2
2+𝑟𝑟2

2−𝑎𝑎3
2

2𝑎𝑎2𝑟𝑟2
   (15) 

𝜑𝜑3 = cos−1 𝑎𝑎2
2+𝑎𝑎3

2−𝑟𝑟2
2

2𝑎𝑎2𝑎𝑎3
   (16) 

𝜃𝜃3 =  φ3 − 180    (17) 



To enable the robot arm to calculate the values of 𝜃𝜃1, 𝜃𝜃2, and 
𝜃𝜃3 required to reach desired target positions, the derived 
equations have been incorporated into the Arduino IDE 
program as code. The end-effector position data obtained using 
the Homogeneous Transformation Matrix (HTM) method has 
entered into the software for the robot manipulator's inverse 
kinematic calculations, corresponding to the X, Y, and Z 
values. The expected position that the end-effector of the robot 
manipulator is supposed to reach, based on inverse kinematics, 
has observed with the given joint angles. 

An important aspect of this study is the use of the "elbow-up" 
method in the inverse kinematic calculations. This choice 
limits the workspace, ensuring that the 𝜃𝜃3 angle has a 
maximum of 0 degrees and a minimum of -90° degrees. If this 
constraint ignored, discrepancies will visibly arise in the 
forward and inverse kinematic tests. Figure 7 illustrates that 
different joint angles can be utilized to reach a similar target 
position according to the HTM method. When the elbow-up 
method applied in the inverse kinematic calculations, the joint 
angles obtained are 𝜃𝜃1 = 40°, 𝜃𝜃2 = 70°, and 𝜃𝜃3 = −15°. If 
the elbow-down method had been used, these angle values 
would have been 𝜃𝜃1 = 40°, 𝜃𝜃2 = 60°, and 𝜃𝜃3 = 10°. 

 
Fig. 7. The HTM end-effector position and robot movement at angles 
(40°, 70°, -15°) and (40°, 60°, 10°). 

4. ROBOT MANIPULATOR MODEL AND CONTROL IN 
THE VIRTUAL ENVIRONMENT 

This section details the design, kinematic calculations, control 
methods, and how data communication with the real world 
achieved for the robot manipulator created in the virtual 
environment. 

The design of the manipulator in the virtual environment was 
created using Unity3D (Lin et al., 2020), (Grieves, 2016). The 
kinematic calculations for the manipulator coded in C# within 
Unity3D. Since a comprehensive model was not required for 
the manipulator in the virtual environment, ready-made 
components provided by Unity3D used. The dimensions of the 
virtual manipulator were set to be 1

4�  of the real manipulator's 
size to allow for easier control and movement. This adjustment 
made because Unity operates with units measured in meters, 
whereas the dimensions of the real-world robotic arm 
calculated in centimeters or millimeters. 

In Figure 8a, the position of the virtual robot manipulator is 
shown with joint angles at 𝜃𝜃1 = 0 , 𝜃𝜃2 = 0°, and 𝜃𝜃3 = 0° 
degrees. The virtual robotic arm designed with three joints, 
matching the real-world model. Initially, a grid created in the 
Unity scene using C# to visualize the position of the end-
effector, clearly. The pink sphere (target object) moved using 

a virtual reality console, and the virtual robot manipulator, 
controlled by the gradient method, attempts to reach this target. 

 
         a               b 
Fig. 8. a. Position of 3DOF manipulator at 0° joint angles, 
b. End-effector target interaction area. 
 

As shown in Figure 8b, once the target object enters the 
interaction area of the robot arm’s end-effector, the end-
effector’s coordinate information transmitted to the real-world 
robotic arm. Before these coordinates sent, they adjusted 
through the necessary transformations to ensure compatibility 
with the real-world system. Since the coordinate systems in the 
real world and the virtual environment differ, it is crucial to 
apply the correct transformations during data transmission and 
reception. Unity3D uses a left-hand coordinate system, while 
the real world typically follows the right-hand rule. The 
difference between these two systems necessitates 
transforming the X, Y, Z coordinates in the virtual world into 
X, Z, Y for proper alignment when transmitted to the real 
world. 

4.1. Robot Manipulator Motion Mechanism and Code 
Integration 

In the simulation, the Gradient Descent Algorithm (Sharma, 
2018) used for geometric calculations, unlike the real-world 
robot arm. This method chosen because there is a target in the 
simulation, and the robot arm tries to reach this target, 
effectively. This algorithm aims to minimize the distance 
between the robot arm's end-effector and the target. It 
continuously forces the robotic manipulator to move, keeping 
the distance between the end-effector and the target object as 
minimal as possible. 

The Gradient Descent Algorithm works by optimizing the 
angle of each joint in the robot arm to minimize the distance to 
the target position (Oke and Istefanopulos, 2001). By 
iteratively updating each joint's angle using gradient 
information, the algorithm attempts to minimize the error 
function. This process ensures that the robotic arm reaches the 
designated target position as quickly and accurately as 
possible. 

Typically, when calculating the gradient for each joint, the 
derivative of the position error with respect to the relevant joint 
angle taken. However, calculating the derivative requires the 
function to meet specific mathematical properties, which not 
always guaranteed for arbitrary problems. This situation 
complicates what might otherwise considered a simple 
problem, and obtaining the actual derivative can be 
impossible. Therefore, in this study, making a rough estimate 
of the value considered essential. 



For better understand gradient calculations, a manipulator 
consisting of one joint and one end-effector, along with a 
target, was created as shown in Figure 9. 

 
Fig. 9. Diagram for gradient calculation of the virtual 3DOF 
manipulator. 
 

In Figure 9, the lengths expressed in units because this is how 
length definitions represented in the Unity3D program used for 
the simulation. The distance between the target and the end 
effector illustrated in the visual to help better understand the 
gradient calculation (De Luca and Oriolo 1990). 

The slope calculations performed using a rough estimation 
method to optimize the function's derivative between 0° and 
90°. As seen in the Figure, the distance increases again once 
the angle exceeds 90°. Therefore, slope calculations made for 
angle values between 0° and 90°. The slope approximation is 
calculated based on the points 𝑃𝑃₁(0, 1.41) and 𝑃𝑃₂(30, 1), as 
shown in the equation. The general formula for the 
approximate slope (Gradient (De Luca and Oriolo 1990)) 
calculation: 

∇𝑓𝑓(𝑝𝑝) =  𝑓𝑓(𝑝𝑝+Δx ) – 𝑓𝑓(𝑝𝑝)
∇x

   (18) 

The slope formula applied in our study: 

∇𝑓𝑓(θ) =  𝑓𝑓(θ+ϵ ) – 𝑓𝑓(θ)
ϵ

   (19) 

Gradient descent update step: 

θ = θ - α⋅∇f(θ)    f(θ): angle distance   θ: current joint angle  

θ = θ −  α 𝑓𝑓(θ+ϵ ) – 𝑓𝑓(θ)
ϵ

  ϵ: small step size    α: learning rate  (20) 

In (18-20), 𝑓𝑓(𝜃𝜃) represents the angle distance, and 𝜃𝜃 is the 
current joint angle. The value of ϵ, expressed as the small step 
size, was set to 0.01 in the software. The value of 𝛼𝛼, which 
represents the learning rate, assigned as 0.1. In the Unity C# 
code, the red cylindrical objects, referred to as "joints" in the 
software, assigned based on the gradient slope calculation to 
facilitate movement. 

4.2 Control Tools and Communication Settings in the Virtual 
Environment 

Due to the current lack of widespread use of virtual reality, 
experimental studies have conducted using mobile 

accelerometers. Figure 10 illustrates the control of the target 
object using a mobile accelerometer and the corresponding 
movements of the robotic manipulators. As shown, to enable 
movement along the axes with the mobile accelerometer, it is 
necessary to tilt the mobile phones. 

 
Fig. 10. Movement of 3DOF Manipulator with mobile 
accelerometer. 
 

Since virtual reality consoles are devices specifically created 
for virtual environments, the coordinate systems designed to 
be compatible. Movement to the left or right occurs on the X-
axis, up and down on the Y-axis, and forward and backward 
on the Z-axis. This not only provides ease of use but also 
facilitates movement. The software control tools that come 
with the installation of XR packages used, and no additional 
work was necessary. The basic settings are as shown in Figure 
11. 

 
Fig. 11. Design and settings of the VR Console in the Unity 
program. 
 

Communication between the robot arms in the virtual 
environment and the real world achieved through serial 
communication in this study. The “System.IO.Ports” library 
used in the Unity C# software file to establish serial 
communication with the Arduino development kit. 

5. INTERACTIVE MOTION OF ROBOT ARMS IN THE 
REAL AND VIRTUAL WORLDS 

The following Figure 12 and Figure 13, illustrate the 
movement of the robot manipulator in the real world based on 
the coordinate data received when the robot manipulator in the 
virtual environment captures the target object. The left-side 
image aims to show the similarity between the joint 
movements of the robot arms in both environments. The right-
side image presents a different camera view from the virtual 
environment, showing the positions of both the target object 
and the virtual reality console. The angles taken by the robot 
arm joints at these positions observed, and the accuracy of the 
homogeneous transformation matrices examined. 



The application tested using Meta Quest 2 virtual reality 
glasses, and the visual captured from the Unity program screen 
to ensure clear and high-quality imagery. 

 
Fig. 12. Position of 15°, 45°,−15°. 

 

 
Fig. 13. Position of 30°, 70°,−45°. 

 

The manipulator in both the real world and the virtual 
environment tested within its workspace. During the tests, the 
angle values entered using the forward kinematics method 
compared with the angle values measured in both 
environments. For the real-world robot arm, the angle values 
calculated using the inverse kinematics method were taken, 
while for the virtual environment, the angle values calculated 
using the gradient descent method were used. 

Similarly, the coordinate data calculated using the forward 
kinematics method compared with the coordinate data 
measured in both environments. Measurement tools used to 
measure the coordinates of the robot arm in the real world, 
while the position of the robot arm in the virtual environment 
measured using the created grid system. 

Figure 14 compares the angle values used in the forward 
kinematics (HTM) calculation of the robot arm’s movement 
with the angle values obtained from the inverse kinematics 
method in the real world. It presents the input values for 𝜃𝜃₁, 
𝜃𝜃₂, and 𝜃𝜃₃ used for forward kinematics and compares them 
with the measured values using inverse kinematics. 

Figure 15 compares the angle values used in the forward 
kinematics (HTM) calculation of the robot arm's movement 
with the angle values obtained using the gradient method in 
the virtual environment.  It presents a comparison between the 
input and measured values for 𝜃𝜃1, 𝜃𝜃2, 𝜃𝜃3. 

The graph in Figure 16 The coordinates obtained using the 
forward kinematics method (HTM) were compared with the 
accuracy of the robot arm's position as it moved according to 
these coordinates using the inverse kinematics in the real 
environment. The accuracy of the entered and measured X, Y, 
and Z positions assessed. 

The graph in Figure 17 The coordinates obtained using the 
forward kinematics method (HTM) were compared with the 
accuracy of the robot arm's position as it moved according to 
these coordinates in the virtual environment. The accuracy of 
the entered and measured X, Y, and Z positions assessed. 

 

 
Fig. 14. Comparison of entered and measured angles for the 
manipulator in the real environment. 
 

 
Fig. 15. Comparison of entered and measured angles for the 
manipulator in the virtual environment. 
 

 
Fig. 16. Comparison of entered and measured coordinates for the 
manipulator in the real environment. 



 
Fig. 17 Comparison of entered and measured coordinates for the 
manipulator in the virtual environment. 

 

6. 5DOF ROBOT MANIPULATOR IN THE REAL AND 
VIRTUAL ENVIRONMENT 

The 5-degree-of-freedom (5DOF) robot manipulator designed 
with two additional joints to provide flexibility suited to the 
model's purpose. The fourth and fifth joints move within a 0°-
180° angle range. The fifth joint, which added for the gripping 
function, moves angularly when it reaches a specific position. 
To meet the requirements of the working model used here, 
sensors such as accelerometers, limit switches, and Hall Effect 
sensors could use to ensure more precise and reliable 
movements. However, sensor usage not deemed necessary in 
this study. 

The necessary calibration adjustments, workspace 
determination, forward kinematic calculations, and inverse 
kinematic calculations performed in the same manner as 
described for the 3DOF robot manipulator. For the robot 
manipulator in the virtual environment, only the design part 
modified, as the software part had already configured to 
accommodate the possibility of additional joints. After making 
the necessary adjustments, it observed that the system worked 
smoothly. The following Figure 18 show the positions of the 
robot manipulators at different angles. 

 

 
Fig. 18. The position of (20°, 20°,−40°, 0, 50°) and 
(45°, 80°,−90°, 10°, 100°). 

7. CONCLUSIONS 

Inverse kinematic calculations for robotic arms can vary based 
on the model, and certain geometric configurations may 
present challenges in angle calculation. To improve accuracy, 
incorporating sensors and developing application-specific 
models can be beneficial. This study, focused on the 

interaction between virtual and real environments, did not 
involve additional prototyping. 

Initially, control in the virtual environment attempted using a 
mobile accelerometer, but it proved difficult for users. The 
study shifted to using a VR console, which was more effective, 
although mouse, directional keys, or game controllers could 
also provide reliable control. There are dimensional 
differences between the virtual (in meters) and real (in 
millimeters or centimeters) environments, requiring the virtual 
space scaled to match the real-world working area. 
Additionally, discrepancies arose in movement due to 
differing coordinate system definitions; for instance, rotational 
movement followed different rules in the virtual environment 
compared to the real one. Coordinate graph analysis showed 
that the virtual manipulator was generally compatible with the 
real model, with deviations mostly between 0.01 and 0.03, 
peaking at 0.19. The real-world manipulator, however, 
displayed deviations of 0.5 to 3 cm. While some angle 
differences noted, especially in the third joint, they deemed 
acceptable as the end effector reached the correct positions. 

In the virtual environment, manipulator movements were more 
predictable and consistent due to the absence of real-world 
factors like electronic heating, communication delays, 
mechanical friction, and motor current variability, resulting in 
more stable outcomes compared to the real-world manipulator. 
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