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Abstract—This work presents a control system for a five-joint 

(5-DOF) robotic arm designed for educational use, combining 

geometric inverse kinematics with a custom Python graphical 

interface. Instead of relying on iterative approaches, a closed-form 

inverse kinematics formulation is implemented to directly derive 

joint configurations from Cartesian coordinates. System 

functionality is supported through communication between a host 

computer and an ESP32 microcontroller via UART serial 

interface, enabling real-time control, workspace verification, and 

kinematic validation using forward kinematics. For simplicity in 

operation, the wrist orientation is kept fixed so that the control 

system focuses primarily on positional accuracy. experimental 

results show an average IK computation time of 1,7 ms, a mean 

positioning error of 2,46 mm, and a peak deviation of 4,91 mm 

across representative workspace targets. The obtained results 

confirm that the system achieves stable and reliable performance 

suitable for low-cost laboratory experimentation and educational 

robotics applications. 

 
Keywords: 5-DOF Robot Arm, Educational Robotics, ESP32, 

Geometric Inverse Kinematics, Interactive GUI, Position Control. 

I. INTRODUCTION 

Robotic system Have become increasingly important in both 

industrial and educational environments, leading to a growing 

need for control systems that are accurate, efficient, and easy to 

use [1]. Five-degree-of-freedom (5-DOF) manipulators are 

popular because they strike a compromise between a 

straightforward mechanical design and adequate flexibility, 

making them appropriate for activities like pick-and-place 

operations, motion demonstrations, and lab investigations [2]. 

Despite these advantages, developing an intuitive and 

computationally efficient an effective control solution for a 5-

DOF manipulator is still non-trivial to achieve, particularly in 

academic environments constrained by limited budgets and 

low-performance processing hardware [3]. 

Numerical techniques, such as Jacobian-based or gradient-

based approaches, are flexible for complex systems but often 

involve iterative computation and may result in unstable 

convergence or inconsistent execution time [4]. In contrast, 

analytical geometric methods provide direct solutions with 

faster and more predictable performance, making them well 

suited for real-time applications, particularly on embedded 

platforms such as ESP32 microcontrollers with limited 

computational resources [5]. 

Educational robotic systems impose specific requirements 

that differ from those of industrial platforms. Computational 

efficiency is essential to ensure real-time performance on 

resource-constrained embedded systems commonly found in 

academic laboratories. Algorithm transparency is also 

important, as it allows students to examine, modify, and 

experiment with control algorithms, encouraging active 

learning of kinematic principles [6]. Affordability plays a key 

role in enabling wider adoption in educational institutions with 

limited budgets. In addition, visualization capabilities help 

users relate abstract mathematical concepts to actual robot 

motion, improving understanding of coordinate transformations 

and kinematic relationships. Although many inverse kinematics 

implementations exist, integrating these requirements into a 

single accessible platform remains a challenge [7]. 

Recent advances in open-source software ecosystem, 

particularly Python-based frameworks, have enabled the 

development of interactive and affordable robotic control 

systems. Tools such as Tkinter and Matplotlib allow the 

creation of graphical user interfaces and real-time visualization 

without requiring specialized proprietary software [8]. When 

combined with embedded without requiring platform such as 

the ESP32, these tools support real-time communication, data 

logging, and visualization even on low-cost system [9]. By 

bridging the gap between theoretical kinematic modeling and 

practical robotic implementation, this integration allows 

students to see firsthand how mathematical calculation and 

actual robot behavior are related [10].  

In this context, the present study introduces a modular 

Python-based graphical user interface control system for a 5-

DOF robotic arm that employs geometric inverse kinematics for 

real-time operation [11]. The system is designed to meet 
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educational requirements through open-source architecture, 

hardware accessibility, and interactive visualization. The 

implemented closed-form geometric inverse kinematics 

solution achieves an average computation time of 1,7 ms, 

enabling real-time control on an ESP32 microcontroller without 

the need for high-performance processing hardware [12]. The 

system integrates real-time 3D visualization, interactive GUI 

control, and automated testing features within a unified 

platform, providing immediate visual feedback that reinforces 

the connection between kinematic computation and physical 

motion. The experimental results indicate that all tested 

positions (25 points) were successfully reached. The system 

achieved an average positioning error of 2,46 mm, with a 

standard deviation of 0,88 mm, reflecting consistent 

performance across the workspace. [13]. 

II. METHOD 

A. System Overview  

The proposed 5-DOF robotic arm control system adopts a 

modular architecture that integrates software processing and 

hardware execution for real-time operation. As illustrated in 

Figure 1, the overall system is organized into three primary 

subsystems: the user interaction and computation unit, the 

communication module, and the hardware execution unit. This 

modular approach allows each subsystem to be developed and 

tested separately while maintaining reliable integration for real-

time robotic control [14]. 

 
Figure 1. Block diagram of the proposed 5-DOF Robot arm control System 

The control process starts with the operator specifying the 

desired end-effector target in Cartesian coordinates (X, Y, Z) 

through a Python-based graphical interface. Prior to computing 

inverse kinematics, the input values are validated to make sure 

the intended position is within the joint restrictions and the 

predetermined robot workspace [15]. This validation step 

prevents unreachable target commands and reduces the risk of 

singular configuration or mechanical overload. If the target 

position violates these constraints, the system rejects the 

command and displays an error notification through the GUI. 

Following the validation phase, the necessary joint variables 

are obtained by processing the target coordinates through a 

geometric inverse kinematics (IK) model [16]. This IK module 

determines the joint angles (𝜃1–𝜃5) using a closed-form 

analytical method. The arm's arrangement to reach the desired 

goal position is determined by these calculated angles. A UART 

communication port running at 115200 bps is then used to 

transmit these calculated angle values to the integrated 

controller [17]. 

Joint angle information generated by the IK module is 

transmitted to an ESP32 microcontroller, which functions as the 

hardware execution unit of the system. The ESP32 processes 

these inputs and converts these signals into PWM duty cycles 

used to drive each servo motor accordingly. Through this 

process, the servo motors are driven accordingly, enabling the 

robotic arm to reach the specified target position [18]. 

Since the system does not employ physical joint angle 

sensors, feedback is implemented at the software level through 

forward kinematics (FK) validation. After command 

transmission, the same joint angle values are reprocessed by the 

forward kinematics model within the Python GUI to compute 

the expected end-effector position [19]. This computed position 

is compared with the original target coordinates to verify 

execution consistency and detect potential kinematic 

discrepancies. Although this approach does not constitute 

closed-loop hardware control, it provides an effective and 

lightweight validation mechanism suitable for educational 

applications [20]. 

Overall, the proposed system architecture enables 

deterministic real-time control, clear data flow, and interactive 

visualization while remaining computationally efficient and 

accessible. The combination of geometric inverse kinematics, 

serial communication, and GUI-based validation makes the 

system well suited for educational robotics, allowing students 

to directly observe the relationship between kinematic 

computation and physical robot motion [21].  

B. Robot Kinematics Model 

The proposed 5-DOF manipulator's kinematic model defines 

how joint movements map to end-effector location in three-

dimensional space [22]. Built around an anthropomorphic 

configuration with five revolute joints, the system supports 

spatial positioning while maintaining a fixed wrist orientation. 

This configuration provides a simple yet functional structure 

that is well-suited for educational use, including learning, 

visualization, and laboratory-scale experimentation. 

 
Figure 2. Mechanical structure and joint configuration of the five-joint robotic 

manipulator 

Figure 2 illustrates the physical layout and joint arrangement 

of the 5-DOF manipulator used in this study. The system 

consists of five revolute joints that provide multi-axis motion 

for three-dimensional positioning tasks. The first two joints are 

positioned at the base and shoulder, followed by the elbow joint 

responsible for primary arm extension. In the wrist section, two 

additional joints enable pitch and roll movements, allowing 
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adjustment of the end-effector orientation. This arrangement 

offers a balance between workspace coverage and mechanical 

simplicity, making the system suitable for educational and 

experimental applications [23]. 

Each joint is given a coordinate frame according to the 

Denavit–Hartenberg (DH) convention in order to quantitatively 

depict the kinematic relationships. In robotic modeling, this 

standardized approach is frequently used to methodically 

characterize the spatial relationship between neighboring links. 

With these frame definitions, joint-to-joint transformations can 

be derived in a structured manner, providing the foundation for 

forward and inverse kinematics analysis [24]. 

 
Figure 3. Coordinate Frame robot Arm 5-DOF 

 

As illustrated in Figure 3, the coordinate frames are assigned 

sequentially from the base to each joint, where frame (0) 

represents the base and frames (1) to (5) correspond to the joints 

along the manipulator. The z-axis of each frame is aligned with 

the joint rotation axis, while the x-axis is defined based on the 

relative positioning between adjacent joints. This configuration 

provides a consistent geometric reference for describing joint 

motion and link relationships. 

Based on these coordinate definitions, the kinematic 

parameters of the manipulator are derived following the 

Denavit–Hartenberg (DH) convention [25]. Each link is 

characterized by four quantities: the joint angle (𝜃), link offset 

(d), link length (a), and twist angle (𝛼). These values encode the 

spatial relationship between consecutive links and serve as the 

building blocks for constructing the transformation matrices. 

TABLE I 

DENAVIT–HARTENBERG PARAMETERS FOR THE PROPOSED 5-DOF ROBOTIC 

ARM 

Joint θi di ai αi 

Base θ1 d1 0 90 

Shoulder θ2
 0 a2 0 

Elbow θ3 0 a3 0 
Wrist Roll θ4 0 0 90 

Wrist Pitch θ5 d5 0 0 

Table I provides a summary of the robotic arm's kinematic 

parameters according to the DH convention. Each joint is 

represented by a corresponding angle variable (𝜃1 to 𝜃5), while 

the geometric characteristics of each link are defined through 

the associated parameters. In this configuration, 𝜃1 corresponds 

to the base rotation, whereas 𝜃2 and 𝜃3 describe the motion of 

the arm segments. The parameter 𝑑represents the displacement 

along the joint axis, and the link lengths are defined 

accordingly. The twist angle 𝛼 describes the angular 

relationship between consecutive joint axes based on the 

assigned coordinate frames. 

C. Forward Kinematics Formulation 

Forward kinematics computes the end-effector's Cartesian 

position from a specified set of joint angle values. It is mostly 

used in this system to validate inverse kinematics results and 

guarantee consistency during operation. The Denavit–

Hartenberg parameters given in Table I and the coordinate 

frame definitions displayed in Figure 3 serve as the foundation 

for the formulation. 

For a serial-chain robot, the relationship between adjacent 

coordinate frames is described using a homogeneous 

transformation matrix:  

 

𝑇0
5 = 𝑇0

1. 𝑇1
2. 𝑇2

3. 𝑇3
4. 𝑇4

5                                                         (1) 

 

From the resulting transformation, the end-effector's 

Cartesian coordinates are extracted as: 

 

𝑋 = (𝑎2𝑐𝑜𝑠𝜃2 + 𝑎3𝑐𝑜𝑠𝜃23 + 𝑑5𝑠𝑖𝑛𝜃234 )𝑐𝑜𝑠𝜃1          (2) 

𝑌 = (𝑎2𝑐𝑜𝑠𝜃2 + 𝑎3𝑐𝑜𝑠𝜃23 + 𝑑5𝑠𝑖𝑛𝜃234 )𝑠𝑖𝑛𝜃1     (3) 

𝑍 = 𝑑1 + 𝑎2𝑠𝑖𝑛𝜃2 + 𝑎3𝑠𝑖𝑛𝜃23 − 𝑑5𝑐𝑜𝑠𝜃234               (4)    

 

The joint variables and the final end-effector position are 

related by these equations. Assuming a fixed wrist orientation, 

𝜃_4 regulates vertical alignment and 𝜃_5 modifies the end-

effector orientation without changing its Cartesian position. 

A Python-based forward kinematics module computes the 

end-effector position after each inverse kinematics step, serving 

as a validation tool and supporting the geometric inverse 

kinematics approach described in the next section [26]. 

D. Geometric Inverse Kinematics Algorithm 

The geometric inverse kinematics approach converts a 

desired Cartesian target (X, Y, Z) into a set of five joint angles 

𝜃1–𝜃5 to position the end-effector at the specified target point 

[27]. The position and orientation can be solved independently 

by using the manipulator's anthropomorphic geometry, 

enabling a closed-form solution without iterative calculation. 

Consequently, the approach offers a steady and predictable 

execution duration throughout the workspace [28]. 

 

1) Step 1: Base Rotation (𝜃1) 

The base joint rotates the entire arm about the vertical 𝑍-axis 

to align the robot with the target direction in the horizontal 

plane. From the forward kinematics formulation, the 𝑋 and 𝑌 

components of the end-effector position contain the base 

rotation terms cos 𝜃1and sin 𝜃1. Taking the ratio of these 

components eliminates the common radial term: 

 
𝑌𝑡𝑎𝑟𝑔𝑒𝑡

𝑋𝑡𝑎𝑟𝑔𝑒𝑡
 = 𝑡𝑎𝑛 𝜃1                                                                  (5) 

 

Thus, the base angle is computed as: 
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𝜃1 + 𝑎𝑡𝑎𝑛2(𝑌𝑡𝑎𝑟𝑔𝑒𝑡 , 𝑋𝑡𝑎𝑟𝑔𝑒𝑡)                                              (6) 

 

The atan2 function ensures correct angle determination 

across all four quadrants of the horizontal plane. This step 

aligns the arm with the target azimuth and reduces the spatial 

inverse kinematics problem to a planar problem in the vertical 

plane containing the target. 

 

2) Step 2: 2D Planar Projection 

After determining the base rotation, the inverse kinematics 

problem reduces to a two-dimensional configuration in the 

vertical plane. The remaining joints operate within this plane, 

forming a planar mechanism analogous to a two-revolute (2R) 

manipulator. 

 
Figure 4. Planar kinematic model of the robot arm after base rotation (2R 

mechanism projection) 

 

As shown in Figure 3, the horizontal distance from the base 

axis to the target position is determined as follows: 

 

𝑟 = √(𝑋²𝑡𝑎𝑟𝑔𝑒𝑡 + 𝑌²𝑡𝑎𝑟𝑔𝑒𝑡)                    (7) 

 

The height difference between the shoulder joint and the 

target point is given by: 

 

𝑧 = 𝑍_𝑡𝑎𝑟𝑔𝑒𝑡 −  𝑑₁                                                          (8) 

 

where 𝑑1 = 95 mm represents the base height offset. The 

straight-line distance from the shoulder joint to the wrist center 

point is then: 

 

𝐷 = √ (𝑟² +  𝑧²)                                                              (9) 

 

This planar projection transforms the three-dimensional 

positioning problem into a classical geometric configuration 

suitable for analytical solution. 

 

3) Reachability Validation 

Before computing joint angles, the algorithm verifies 

whether the target position lies within the robot’s reachable 

workspace. For a planar two-link mechanism, the reachable 

region is bounded by the minimum and maximum distances 

determined by the link lengths. 

 

The minimum reachable distance occurs when the links are 

folded toward each other: 

 

𝐷𝑚𝑖𝑛 =∣ 𝑎2 − 𝑎3 ∣=∣ 105 − 100 ∣= 5 𝑚𝑚                   (10) 

 

The maximum reachable distance occurs when both links 

are fully extended: 

 

𝐷𝑚𝑎𝑥 = 𝑎2 + 𝑎3 = 205 𝑚𝑚                                         (11) 

 

If 𝐷 < 𝐷𝑚𝑖𝑛or 𝐷 > 𝐷𝑚𝑎𝑥 , the target position is considered 

unreachable, and the algorithm terminates without further 

computation. This validation step prevents invalid inverse 

trigonometric operations and avoids commanding physically 

infeasible robot configurations. 

4) Elbow Angle (𝜃3) 

The shoulder, elbow, and wrist center collectively form a 

triangle within the vertical plane. This triangle is constructed 

from the upper arm segment a₂, the forearm segment a₃, and the 

reach distance D, which together capture the geometric 

configuration of the manipulator. 

 
Figure 5. Geometric approach for determining the elbow joint angle 

 

Applying the law of cosines: 

   

cos 𝜃3 =
𝐷2 − 𝛼2

2 − 𝛼3
2

2∙ 𝛼2∙𝛼3
                                                                     (12) 

 

The elbow angle is obtained as: 

   

𝜃3 =  𝑎𝑟𝑐𝑐𝑜𝑠 
𝐷2 − 𝛼2

2 − 𝛼3
2

2∙ 𝛼2∙𝛼3
                                                            (13)  

 

The positive solution corresponds to the elbow-up 

configuration, which is selected in this implementation to 

ensure consistent motion behavior and to avoid workspace 

limitations near singular configurations. 

 

5) Shoulder Angle (𝜃2) 

The shoulder angle is determined by combining two 

geometric components. The first component represents the 

elevation angle from the shoulder to the target point: 

 

𝜙 = 𝑎𝑡𝑎𝑛2(𝑧, 𝑟)                                                                  (14) 

 

The second component accounts for the elbow geometry: 
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𝜓 =  𝑎𝑟𝑐𝑐𝑜𝑠 
𝛼2

2− 𝐷2 − 𝛼3
2

2∙ 𝛼2∙𝐷
                                                      (15) 

 

The total shoulder angle is computed as: 

 

𝜃2 = 𝜙 + 𝜓                         (16) 

 

where both angles are measured in the same rotational 

direction within the vertical plane. 

 

6) Wrist Orientation (𝜃4, 𝜃5) 

To maintain a consistent end-effector orientation suitable for 

educational and pick-and-place tasks, the wrist joints are 

configured to keep the gripper pointing vertically downward. 

The wrist roll angle is fixed as: 

 

𝜃4 = 90°                                                                             (17) 

 

The wrist pitch angle compensates for the cumulative pitch 

introduced by the shoulder and elbow joints: 

 

𝜃5 = 90° − (𝜃2 + 𝜃3)                                                        (18) 

 

This formulation ensures that the end-effector maintains a 

consistent vertical orientation across different arm 

configurations. Alternative orientation strategies can be 

implemented by modifying the constant offset term in equation 

(23). 

The complete geometric inverse kinematics algorithm 

computes all five joint angles using closed-form analytical 

expressions without iterative refinement. This deterministic 

approach results in predictable computation time within a few 

milliseconds across the entire workspace, as demonstrated in 

the experimental results section. The algorithm is implemented 

within the Python-based GUI and supports real-time operation 

on low-cost embedded hardware [29]. 

E. GUI Implementation 

The graphical user interface (GUI) is developed to provide 

an intuitive interaction layer for controlling the 5-DOF robotic 

arm control system [30]. Implemented in Python, the GUI 

serves as the primary platform for defining target end-effector 

positions in Cartesian coordinates, executing inverse 

kinematics computation, visualizing robot motion, and 

managing communication with the embedded controller [31]. 

Before inverse kinematics computation is performed, the input 

values are validated against predefined workspace limits and 

joint constraints to prevent unreachable or unsafe commands 

[32]. This design enables safe and reliable real-time operation 

while allowing users to interact with the robotic system without 

requiring low-level programming knowledge, making it 

suitable for both experimental use and educational applications 

[33]. 

Once a valid target position is entered, the GUI invokes the 

geometric inverse kinematics algorithm to compute the 

corresponding joint angles. The computed joint angles are 

displayed within the interface and transmitted to the ESP32 

microcontroller through serial communication using the UART 

protocol at a baud rate of 115200 bps. This explicit presentation 

allows users to observe the relationship between Cartesian input 

commands and joint-level motion [34]. 

 
Figure 6. Graphical user interface of the 5-DOF robot arm control system 

 

Upon receiving a valid target coordinate, the system 

automatically triggers the geometric IK module to calculate the 

required joint angles. The resulting angle values are then 

displayed on the interface and forwarded to the ESP32 

microcontroller via UART serial communication at a baud rate 

of 115200 bps, allowing users to directly monitor the mapping 

between Cartesian input coordinates and the corresponding 

joint-level motion commands [35]. 

III. RESULT AND DISCUSSION 

A. Experiment Setup 

The experimental setup was created to assess the real-world 

operational performance of the designed 5-DOF arm control 

platform and validate the geometric inverse kinematics 

algorithm under actual operating conditions. Every experiment 

was carried out in a lab setting, and to guarantee mechanical 

stability while in use, the robotic arm was positioned on a base. 

 
(a) Isometric View 

 
(a) Top View 

Figure 7. Real Manipulator Robot Installed (a) Isometric View (b) Top View. 

 

The robotic platform consists of a 5-DOF actuated by servo 

motors and controlled by an ESP32 microcontroller as shown 

in figure 7. Joints 1–3 are driven by TD8120MG servo motors 

to provide sufficient torque for base rotation and main arm 

motion, while joints 4–5 utilize MG90S servo motors for wrist 

pitch and roll. All servo motors are driven using standard PWM 

signals generated by the microcontroller, enabling rotation 

within an approximate range of 180°. The system does not 

employ physical joint position sensors, aligning with the low-

cost and educational objectives of the platform. 
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Control software is executed on a host computer and 

implemented using Python, integrating the graphical user 

interface, inverse kinematics computation, forward kinematics 

validation, and serial communication within a single 

application. Communication between the host computer and the 

ESP32 microcontroller is established via UART at a baud rate 

of 115200 bps. Joint angle commands are transmitted only after 

the target position is validated to be within the reachable 

workspace. 

To evaluate system behavior systematically, representative 

test positions were selected to cover different regions of the 

workspace rather than using random sampling. These positions 

include a central home position, horizontally extended and 

contracted positions, and positions near the upper and lower 

vertical workspace limits. Experimental execution and data 

collection were automated using custom Python scripts 

integrated into the GUI, ensuring consistent testing conditions 

across all trials. 

B. Inverse Kinematics Performance 

Computational performance of the geometric IK algorithm is 

evaluated by measuring execution time during actual operation. 

The goal is to confirm that IK calculations are completed fast 

enough for real-time interactive control on low-cost embedded 

hardware. All timing measurements are taken on the host 

computer immediately before joint commands are transmitted 

to the microcontroller. 

TABLE II 

INVERSE KINEMATICS COMPUTATION PERFORMANCE 

Test Position Target Position (mm) Computation Time (ms) 

Home (0, 0, 300) 1,2 
Extended (200, 0, 250) 1,5 

Contracted (-150, 100, 200) 1,8 

Up (100, 100, 400) 2,1 
Down (150, -50, 150) 1,9 

Overall Mean  1,7 

Table II summarizes the computation time for representative 

target positions within the workspace. The results show that the 

computation time remains within a narrow range between 1,2 

ms and 2,1 ms, with an overall mean computation time of 1,7 

ms. This indicates deterministic behavior of the geometric 

inverse kinematics algorithm, as the computation is based on 

closed-form analytical expressions rather than iterative 

numerical convergence. 

Slight variations in computation time are observed across 

different target positions. The up position exhibits the longest 

computation time due to additional trigonometric evaluations 

and reachability validation checks required when operating near 

the vertical workspace limit. However, the observed variation 

remains small and does not affect the real-time responsiveness 

of the system. 

Unlike iterative inverse kinematics methods that require 

repeated updates until convergence, the geometric approach 

employed in this study computes joint angles in a single pass. 

As a result, the computation time remains predictable and 

suitable for real-time educational robotic applications. 

C. Position Accuracy Analysis  

Position accuracy is evaluated to assess how closely the 

robotic arm reaches the desired target positions within the 

workspace. Five representative target positions are selected to 

cover central, extended, contracted, upper, and lower regions of 

the workspace. Each target position is tested five times under 

identical conditions to evaluate repeatability. Position error is 

computed as the straight-line spatial deviation between the 

specified target coordinates and the end-effector position 

obtained via forward kinematics verification. 

TABLE III 

POSITION ACCURACY TEST – HOME POSITION 

Test 

No 

Target Position 

(mm) 

Actual Position 

(mm) 

Total Error 

(mm) 

1 (0, 0, 300) (-0.8, 1.2, 298.5) 2,09 
2 (0, 0, 300) (0.5, -0.9, 299.2) 1,27 

3 (0, 0, 300) (-1.1, 0.7, 297.8) 2,54 

4 (0, 0, 300) (0.3, 1.5, 298.9) 1,89 
5 (0, 0, 300) (-0.6, -0.8, 299.4) 1,16 

Mean   1,79 

Table III presents the position accuracy results for the home 

position located near the center of the workspace. The mean 

positioning error of 1.79 mm indicates stable performance 

under nominal joint configurations. Although the target 

position is (0, 0, 300) mm, slight deviations are observed in the 

X and Y directions. These offsets are attributed to mechanical 

backlash, servo deadband, and structural compliance inherent 

to low-cost servo-driven robotic arms. The relatively low 

standard deviation of 0,58 mm demonstrates good repeatability 

across trials. 

TABLE IV 

POSITION ACCURACY TEST – EXTENDED POSITION 

Test 

No 

Target Position 

(mm) 

Actual Position 

(mm) 

Total Error 

(mm) 

1 (200, 0, 250) (198.2, 1.2, 248.7) 2,52 

2 (200, 0, 250) (199.1, -0.8, 249.5) 1,30 

3 (200, 0, 250) (197.5, 0.6, 248.2) 3,13 

4 (200, 0, 250) (198.7, -1.1, 249.1) 1,88 

5 (200, 0, 250) (199.3, 0.9, 248.8) 1,67 
Mean   2,10 

Table IV shows the accuracy results for the extended position 

near the maximum horizontal reach. The mean error increases 

to 2,10 mm compared to the home position, reflecting higher 

geometric sensitivity when the arm operates at extended 

configurations. In this region, small joint angle deviations result 

in amplified Cartesian errors. Nevertheless, the error values 

remain consistent across trials, indicating stable inverse 

kinematics execution near workspace boundaries. 

TABLE V 

POSITION ACCURACY TEST – CONTRACTED POSITION 

Test 

No 

Target Position 

(mm) 

Actual Position 

(mm) 

Total Error 

(mm) 

1 (-150, 100, 200) (-148.3, 98.5, 198.2) 2,89 

2 (-150, 100, 200) (-149.2, 99.3, 199.1) 1,39 

3 (-150, 100, 200) (-149.2, 99.3, 199.1) 3,81 

4 (-150, 100, 200) (-147.8, 98.1, 197.5) 1,86 

5 (-150, 100, 200) (-148.9, 99.2, 198.7) 1,48 
Mean   2,29 

The contracted position results in Table V correspond to 
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configurations closer to the base. A mean error of 2,29 mm is 

observed, slightly higher than the extended position. This 

behavior is associated with increased joint coupling effects and 

sensitivity of planar joint interactions in compact 

configurations. Despite these effects, the observed errors 

remain within an acceptable range for educational applications. 

TABLE VI 

POSITION ACCURACY TEST – UP POSITION 

Test 

No 

Target Position 

(mm) 

Actual Position 

(mm) 

Total Error 

(mm) 

1 (100, 100, 400) (98.1, 98.7, 397.2) 3,61 

2 (100, 100, 400) (99.2, 99.1, 398.5) 1,90 

3 (100, 100, 400) (97.5, 98.3, 396.8) 4,36 

4 (100, 100, 400) (98.8, 98.9, 397.9) 2,63 

5 (100, 100, 400) (99.3, 99.5, 398.1) 2,08 
Mean   2,92 

Table VI presents the accuracy results for the up position 

near the upper vertical limit of the workspace. The mean error 

increases to 2,92 mm, with a maximum inaccuracy of 4,36 mm. 

This rise is expected when the robotic arm operates near its 

upper vertical reach limit, where mechanical constraints and 

cumulative joint angle effects become more pronounced. The 

results indicate consistent behavior across repeated trials, with 

no indication of instability in the inverse kinematics. 

TABLE VII 

POSITION ACCURACY TEST – DOWN POSITION 

Test 

No 

Target Position 

(mm) 

Actual Position 

(mm) 

Total Error 

(mm) 

1 (150, -50, 150) (148.6, -49.2, 148.4) 2,09 

2 (150, -50, 150) (148.5, -49.1, 148.2) 1,90 

3 (150, -50, 150) (146.9, -47.8, 146.8) 4,36 

4 (150, -50, 150) (148.2, -48.7, 147.9) 2,63 

5 (150, -50, 150) (149.1, -49.5, 148.6) 2,08 
Mean   2,92 

The down position accuracy results are shown in Table VII. 

Among all evaluated configurations, this position produced the 

largest positioning error, registering an average offset of 2,92 

mm and a worst-case error of 4,91 mm. This degraded accuracy 

is attributed to greater servo torque requirements, the influence 

of gravity, and heightened geometric sensitivity when operating 

near the lower workspace boundary. This configuration 

represents the worst-case positioning system performance. 

TABLE VIII 

POSITION ACCURACY TEST PERFORMANCE SUMMARY 

Position 
Mean 

Error(mm) 

Max Error  

(mm) 

Std. Dev 

(mm) 

Home 1,79 2,54 0,58 

Extended 2,10 3,13 0,69 
Contracted 2,29 3,81 0,93 

Up 2,92 4,36 0,96 

Down 2,92 4,91 1,25 
Overall 

Mean 

2,46 4,91 0,88 

Table VIII summarizes the positioning accuracy results 

across all tested positions. The overall positioning accuracy 

results are summarized in Table VIII, producing an overall 

average error of 2,46 mm with a positional standard deviation 

of 0,88 mm throughout the evaluated workspace points. The 

increase in error observed near the workspace boundaries is 

consistent with the inherent kinematic behavior of serial 

manipulators and does not indicate instability in the inverse 

kinematics formulation. 

D. Discussion  

The experimental results demonstrate that the proposed 5-

DOF robotic arm control system achieves consistent 

positioning behavior across different regions of the workspace. 

The observed positioning accuracy varies depending on the 

robot configuration, with smaller errors near the center of the 

workspace and larger errors near workspace boundaries. This 

trend is consistent with the kinematic characteristics of serial 

manipulators, where geometric sensitivity increases as the arm 

operates closer to its reach limits. 

The inverse kinematics performance results indicate that the 

geometric inverse kinematics approach provides deterministic 

and predictable computation time. The computation time 

remains within a narrow range for all tested positions, 

confirming that the closed-form analytical solution is suitable 

for real-time operation. Slight increases in computation time at 

vertical workspace extremes are attributed to additional 

validation and trigonometric evaluations, rather than instability 

or inefficiency in the algorithm itself. 

Position accuracy analysis reveals that the maximum 

positioning error occurs at the lower workspace boundary, 

where the combined effects of gravitational loading, servo 

resolution, mechanical backlash, and geometric sensitivity are 

most pronounced. The presence of small lateral offsets at the 

home position further highlights the influence of mechanical 

compliance and servo deadband inherent to low-cost servo-

driven robotic arms. These effects are expected in educational 

robotic platforms and do not indicate deficiencies in the inverse 

kinematics formulation. 

Overall, the results confirm that the proposed system is well 

suited for educational robotics applications, where algorithm 

transparency, real-time responsiveness, and affordability are 

prioritized over high-precision industrial performance. While 

the system does not employ sensor-based closed-loop control, 

the achieved accuracy and stability are sufficient for kinematic 

demonstrations, laboratory experiments, and light manipulation 

tasks. Future improvements may include the integration of joint 

angle feedback sensors and enhanced calibration procedures to 

further improve positioning accuracy. 

IV. CONCLUSION 

This study presents the design and evaluation of a 5-DOF 

robotic arm control system based on geometric inverse 

kinematics and a Python-based graphical user interface. The 

system integrates computation, serial communication, and real-

time visualization within a modular and user-friendly 

framework. Experimental findings show stable positioning 

performance across different workspace regions, achieving an 

average IK computation time of 1,7 ms alongside a mean end-

effector positioning error of 2,46 mm. Although sensor-based 

closed-loop control is not implemented, the achieved 

performance is adequate for educational robotics and 

laboratory-scale manipulation using low-cost hardware. Future 

improvements might include the addition of joint feedback 
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sensors and enhanced calibration methods to increase 

positioning accuracy and system robustness. 
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