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Building a robotic arm control system for industrial automation is key to increasing 

productivity, accuracy and efficiency in many tasks especially in pick-and-place 

operations. This work is about designing a 5 degree of freedom (DOF) robotic arm using 

Arduino, with MG996R servo motors for the main joints (waist, shoulder and elbow) and 

SG90 micro servos for wrist and gripper. The robotic arm is designed to move precisely 

so it’s suitable for industrial applications that requires automated object handling. A major 

improvement in this system is the addition of mecanum wheels which provides 

omnidirectional mobility so the robotic arm can move easily in complex environments. 

This feature gives more flexibility and adaptability so the robotic arm is suitable for tasks 

in dynamic and confined spaces. The system is powered and controlled by an Arduino 

Mega microcontroller which acts as the central processing unit for the motor movements. 

Wireless communication is done through HC-05 Bluetooth module so the user can control 

the robotic arm through a custom designed mobile application. The mobile interface allows 

the user to control both the robotic arm and its mecanum wheel-based platform, it’s user 

friendly and intuitive. The main goal of this study is to build a cost effective and 

controllable robotic arm that can do pick-and-place with high accuracy. The system aims 

to achieve 95% target accuracy which is a big improvement from the 90% accuracy of 

previous implementations. The problem is the growing need for affordable, flexible and 

highly functional robotic arms that can be deployed fast in many industries such as 

manufacturing, logistics and automation. To test the system’s performance, extensive 

testing and evaluation will be done focusing on precision, mobility and response time. 

These tests will prove the system’s ability to enhance industrial automation by increasing 

movement accuracy and providing seamless mobility through mecanum wheels. In the 

end, this work will contribute to the advancement of industrial robotics and provide a 

versatile and efficient solution for modern automation needs. 
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1. INTRODUCTION

Efficiency and precision have made automation a part of 

modern industrial plants. In this era the robotic arm is a symbol 

of technology, can do intricate tasks with precision. 

Automation of industrial processes using robotic arms has 

increased productivity by reducing manual labor, increasing 

speed and minimizing human error [1]. This project designs 

and implements a sophisticated robotic arm control system for 

industrial automation and precision manufacturing. It 

addresses the need for more efficiency and accuracy in today’s 

industrial setting where traditional manufacturing methods—

manual labor or basic equipment—are being challenged by 

their limitations: human error, slow processing and high 

operational cost [2]. Industries are fast tracking the adoption 

of automation technology and robotic arms are playing a key 

role in replicating human dexterity across industrial tasks [3]. 

However, integrating robotic arms in precision 

manufacturing is not without its challenges. The complexity of 

controlling their movements often leads to inconsistencies and 

errors which defeats the purpose of precision they are 

supposed to deliver [4]. Conventional control systems lacking 

accuracy and adaptability struggle to meet the dynamic 

demands of modern industrial environment. This work aims to 

bridge this gap by integrating advanced control techniques, 

artificial intelligence (AI) to enhance precision, flexibility and 

productivity of robotic arms. Building on existing research that 

explores various control methods—fuzzy logic, PID control 

and neural networks—this work will optimize robotic arm 

operation [5]. Moreover, real-time feedback systems and 
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sensor fusion will improve accuracy and reliability. The goal 

is to develop a robotic arm system that can do precise pick-

and-place movement and affordable and easy to operate so it 

can be a viable and efficient solution for various industrial 

applications. The problem this work is trying to address is the 

optimal control for precision manufacturing and industrial 

automation using robotic arms. Current control methods are 

not providing the required accuracy and adaptability to the 

industry demands. The limitations of traditional control 

methods—slow real-time response, execution errors, high 

production cost and material waste—highlight the need for a 

more refined approach [6]. While neural control, fuzzy logic 

and PID control have been explored along with advancements 

in sensor technology and feedback systems, existing 

technologies may still not meet the precise requirements of 

industrial automation. Therefore, this work will develop an 

intuitive software interface for robotic arm control along with 

prototyping tools that will simplify setup, programming and 

operation so it will be affordable and efficient. 

In pursuit of these goals this work has three main objectives: 

first to develop a robotic arm system that can do precise pick-

and-place; second to design an affordable and user-friendly 

robotic arm; and third to create a control system that can 

integrate the robotic arm into existing industrial processes. The 

scope of this work is to fabricate a 5-axis robotic arm 

controlled by a smartphone. To achieve this, we need to have 

a comprehensive understanding and application of various 

technical domains including C programming, Arduino Mega 

microcontroller, Bluetooth communication and MIT App 

Inventor mobile application development. Furthermore, the 

testing of the prototype will enhance technical knowledge and 

provide valuable insights into the robotic arm functionality 

and reliability in real world industrial environment so that it 

can be suitable for various industrial automation applications. 

This work is also driven by the growing need for automation 

solutions that can bridge the gap between human dexterity and 

machine precision. In many industries from electronics to 

pharmaceuticals the need for high quality output is critical. 

Traditional robotic systems struggle with fine movements for 

intricate tasks and hence bottlenecks and quality control issues. 

This work aims to address these challenges by developing a 

control system that not only enhances robotic arm precision 

but also adapts to various manufacturing scenarios. The 

integration of advanced algorithms including machine 

learning will enable the robotic arm to learn from its 

environment and adjust its movements in real time reducing 

errors and increasing efficiency. This adaptability is crucial for 

industries where product designs and manufacturing processes 

change frequently and require rapid reconfiguration and 

minimal downtime. 

Also, the work highlights the importance of accessibility 

and affordability in automation technology. While high end 

robotic systems have advanced features their cost and 

complexity limit their adoption by small and medium 

enterprises (SMEs). By developing a user friendly and cost-

effective robotic arm control system this work aims to 

democratize automation and make it accessible to a wider 

range of industries. The use of off the shelf components like 

Arduino Mega microcontroller and open source software tools 

like MIT App Inventor will reduce the overall cost of the 

system. Also, the development of a smartphone interface will 

simplify the programming and operation of the robotic arm 

and eliminate the need of technical expertise. This will not 

only lower the barrier to entry for automation but also enable 

businesses to use advanced technology without significant 

capital investment. 

But the bigger picture goes beyond the immediate benefits 

of efficiency and cost savings. By showing that advanced 

control techniques can be applied to affordable robotic 

systems, this work contributes to the advancement of industrial 

automation as a whole. The knowledge gained from this will 

inform the development of future robotic systems and lead to 

more sophisticated and adaptable automation solutions. Plus, 

the focus on user friendly interfaces and accessible technology 

aligns with the trend towards human-robot collaboration 

where robots work alongside humans to increase productivity 

and safety. By making automation more approachable and 

intuitive, this work fosters a more collaborative and efficient 

manufacturing environment, ultimately driving innovation and 

competitiveness across diverse industrial sectors. 

The main contributions of the proposed research work are as 

follows: 

• Incorporates mecanum wheels for full 360° mobility,

enabling the robotic arm to navigate tight industrial settings—

a significant improvement over traditional, fixed-position arms. 

• Achieves up to 95% accuracy by calibrating MG996R and

SG90 servos and employing Denavit–Hartenberg kinematic 

modeling, surpassing the 90% benchmark of many existing 

low-cost systems. 

• Utilizes 3D-printed components and readily available

Arduino-based hardware to create a cost-effective solution that 

is easy to reproduce and well-suited for small-to-medium 

manufacturing enterprises. 

• Offers an MIT App Inventor–built interface with Bluetooth

communication, simplifying robotic arm and base control 

while reducing the need for specialized technical expertise. 

• Ensures stability through a segregated power supply and a

5-DOF structure, allowing easy upgrades—such as AI-driven

vision—without requiring extensive redesign.

•Employs quantitative experiments to measure joint-

position accuracy, motion speed, and power usage, verifying 

system robustness and identifying potential areas for further 

enhancement. 

2. LITERATURE REVIEW

Different investigations have been conducted to develop 

this work. However, they serve various purposes and use 

different technology. Some of these publications are included 

below, along with their technologies and applications. 

Robotic arm control systems have become the backbone of 

modern industrial automation, driving huge advances in 

manufacturing efficiency and precision. These systems which 

combine complex software algorithms with robust hardware 

are essential for tasks from delicate assembly to heavy duty 

welding [7]. The growing demand for flexible manufacturing 

processes has led to the development of ‘intelligent robotic 

arms’ which integrate AI and computer vision. For example, 

computer vision algorithms allow robotic arms to detect and 

manipulate objects accurately making them more versatile [8]. 

Plus, machine learning enables these systems to learn and 

improve their decision making and problem-solving 

capabilities leading to more automation and less human 

intervention. 

In industrial assembly lines robotic arms play a key role in 

increasing productivity and efficiency. Research highlights the 

importance of human-robot collaboration with studies 
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exploring different control modalities to optimize assembly 

processes [9]. Collaborative robots (cobots) and intuitive 

interfaces make it easy for human workers to interact with 

automated systems and create a safer and more productive 

work environment [10]. Beyond assembly robotic arms are 

being used in quality inspection where they offer unparalleled 

accuracy and repeatability. Laser profile sensors and other 

advanced sensor technologies enable real time defect detection 

and quality control and product consistency [11]. Industry 4.0 

principles including AI and machine learning take these 

systems to the next level and allows for automated analysis of 

complex components [12]. Welding and fabrication processes 

have also seen big gains from robotic arm control systems. 

Kinematics modeling and user interface design has made 

welding and sensor-based systems such as ultrasonic 

nondestructive testing (NDE) possible [13]. Arduino based 

robotic arms offer cost effective solutions for various 

industrial applications including packaging and material 

handling [14]. Inverse kinematics has further improved the 

precision and accuracy of these systems and can do complex 

tasks with ease [15]. 

Robotic arms, SCARA and 6-DOF, show the wide range of 

applications in industrial automation. SCARA robots, fast and 

accurate, are used in assembly processes, research is focused 

on advanced control algorithms to improve their performance 

[16]. 6-DOF robotic arms have more flexibility and range of 

motion, are used in complex tasks like pipeline welding [17]. 

Research in control system design and trajectory planning is 

expanding the capabilities of these systems, driving further 

industrial automation [18]. In summary, the integration of 

advanced technologies and refinement of control strategies 

will cement the role of robotic arm control systems in the 

future of manufacturing. The robotic arm control landscape is 

changing fast with the integration of new technologies and the 

need for more flexibility in manufacturing. One of the trends 

is sensor fusion, where data from multiple sensors (e.g. vision, 

force, proximity) are combined to get a better understanding 

of the environment. This allows robotic arms to do more 

complex tasks with higher precision and safety. For example, 

in applications like delicate assembly or handling fragile 

materials, sensor fusion allows real time adjustments based on 

environmental feedback, reducing errors and damage [19]. 

Also advanced control algorithms like reinforcement learning 

and adaptive control are allowing robotic arms to learn and 

adapt to changing conditions autonomously. These algorithms 

allow to optimize the task execution, more efficiency and less 

downtime [20]. But there are still challenges in robustness and 

reliability of these systems in real world industrial 

environments and integrating multiple sensor data and control 

strategies [21]. In the future the robotic arm control systems in 

industrial automation will see big advancements. AI and 

machine learning will allow robotic arms to do more complex 

tasks with more autonomy and intelligence [22]. Digital twin 

technology, which creates virtual replicas of physical systems, 

will allow to simulate and optimize robotic arm operations 

before implementation, reducing costs and improving 

efficiency [23]. Also, the trend towards collaborative robotics 

will require more intuitive and user-friendly interfaces, so 

human workers can interact seamlessly with robotic systems 

[24]. The focus on sustainability and energy efficiency will 

drive the development of robotic arms with optimized power 

consumption and reduced environmental impact [25]. As 

industries will adopt automation to increase productivity and 

competitiveness, robotic arm control systems will be the key 

to the future of manufacturing, driving innovation and 

efficiency across all industries. 

The evolution of robotic arm technology is marked by 

continuous advancements in control methods and expanded 

application areas. Research has been focusing on making 

robotic arms more adaptable and precise through advanced 

control algorithms and sensor integration. For example, Urrea 

and Kern [16] on SCARA robots introduced a new sliding 

mode control law to mitigate chattering effects, showing the 

importance of robust control in smooth and accurate trajectory 

tracking. This is very important in applications where 

precision is high, like electronics assembly where small 

deviations can lead to big errors. 

In the field of collaborative robotics or COBOTS, research 

has been focusing on human-robot interaction and safety. He 

et al. [26] provided a comprehensive review on cobots 

programming for industrial tasks, highlighting the need for 

intuitive interfaces and safety mechanisms. Their review 

emphasized the need for cobots to fit into existing workflows, 

to be safe and efficient with human workers. This is very 

important in assembly lines and other areas where humans and 

robots work side by side. 

Moreover, the application of machine learning and AI has 

opened new opportunities for robotic arm control. Jordan and 

Mitchell [27] discussed the trends and prospects of machine 

learning, showing how it can enable robots to learn and adapt 

to changing environments. For robotic arms, this means 

developing adaptive control systems that can optimize their 

performance based on real-time feedback and learned 

experiences. This is very important in unstructured 

environments where robots need to handle variations in object 

position, orientation and shape. 

Table 1. Comparison between existing and proposed work 

References Control Algorithm 
Communication 

Interface 
Dimensions (cm) 

Payload 

(kg) 

Axis 

Rotation 

Power 

Consumption (W) 

[15] 
Forward and Inverse 

Kinematics 
None 35 × 20 × 15 0.4 3 DOF 12 

[21] Pattern Recognition Bluetooth 50 × 30 × 25 1.0 4 DOF 20 

[26] Fuzzy Logic Wi-Fi 45 × 25 × 20 0.8 4 DOF 18 

[28] Inverse Kinematics None 30 × 15 × 10 0.3 3 DOF 10 

[29] PID Control Bluetooth 40 × 20 x 15 0.5 3 DOF 15 

[30] 
Built-in Controller 

(Proprietary APIs) 
Ethernet / Wi-Fi 

Approx. 19 × 19 × 

25 (base area) 
0.75 4 DOF ~120 (peak) 

[31] 
Various (including 

ROS-based libraries) 
Ethernet (TCP/IP) 

~ Ø 149 × 83 (arm 

footprint) 
5.0 6 DOF ~350 (typical) 

[32] 
KUKA System 

Software (KRL-based) 
Ethernet / Fieldbus 

~ 70 × 70 × 110 

(base area) 
6.0 6 DOF ~300 (nominal) 

The proposed work Arduino controller Bluetooth 29.5 × 25.5 × 50 0.4 5 DOF 18.5 
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A comparison between existing robotic arm control systems 

and the proposed work is presented in Table 1, highlighting 

differences in control algorithms, communication interfaces, 

physical dimensions, payload capacity, degrees of freedom, 

and power consumption. 

Additionally, the rise of digital twin technology has given 

new possibilities for simulating and optimizing robotic arm 

operations. Tao et al. [33] explored the concept of digital twins 

and their applications in Industry 4.0, showing how virtual 

replicas of physical systems can be used to test and refine 

control strategies before implementation. This can 

significantly reduce the costs and risks of physical prototyping 

and testing, allowing for faster development and deployment 

of robotic systems. 

All this research efforts combined are driving the 

advancement of robotic arm technology across various 

industries. Vear [34] said that by integrating advanced control 

algorithms, sensor technologies and machine learning, 

researchers are pushing the limits of what robotic arms can do, 

for more efficient, adaptable and intelligent automation 

solutions [35-44]. 

3. METHOD

The proposed method is for a portable and precise robotic 

arm for industrial automation. It uses mecanum wheels for 

omnidirectional mobility to adapt to dynamic environments. 

The robotic arm is powered by MG996R and SG90 servo 

motors and controlled by an Arduino Mega microcontroller 

programmed in Embedded C. A Bluetooth module (HC-05) is 

used for wireless control via a mobile app developed using 

MIT App Inventor for users. 

3.1 Mechanical design 

The mechanical design of the robotic arm is focused on 

flexibility, precision and portability for industrial automation 

tasks. The robotic arm has 5 degrees of freedom (DOF) 

structure which can perform movements like rotating, 

extending and gripping so it is suitable for pick-and-place 

operations. 

The robotic arm is built using 3D printed parts as shown in 

Figure 1 which is lightweight and cost effective without 

compromising the structural integrity. The modular design 

makes it easy to assemble and maintain and can be customized 

or replaced easily. Each joint is calibrated to have smooth and 

precise motion and servos provide the required torque for 

movement. 

Figure 1. 3D printed parts 

The mecanum wheels in the base of the robotic arm are a 

big innovation. These wheels allow the arm to move forward, 

backward, sideways and diagonally. This feature allows the 

system to move in tight and confined industrial spaces and 

more efficient. The wheels are powered by DC motors 

controlled by a motor driver shield for smooth and responsive 

movement. 

3.2 Electrical system 

The robotic arm’s electrical system is the backbone that ties 

everything together and gives you control. The design 

prioritizes efficiency, reliability and compatibility with the 

mechanical and software subsystems. The Arduino Mega 2560 

microcontroller is the heart of the system which manages all 

the electrical components and executes the control algorithms. 

This microcontroller is chosen for its ample input/output pins, 

high processing capability and compatibility with various 

peripherals. It receives commands from the Bluetooth module 

and translates it into precise control signals for the motors. 

Servo Motors 

The robotic arm uses a combination of servo motors: 

• MG996R servo motors for the waist, shoulder and

elbow joints which requires higher torque to handle heavier 

loads and larger movements. 

• SG90 servo motors for the wrist and gripper which

provides fine control for delicate operations like gripping small 

objects.  

These servos are powered by a separate power supply to 

avoid overloading the microcontroller. 

The HC-05 Bluetooth module is used for wireless 

communication between the robotic arm and the user’s 

smartphone. This module allows real time command input so 

the user can control the arm remotely through a custom mobile 

app. It works up to 10 meters range and is reliable for typical 

industrial setup. 

The whole system is powered by a lithium-ion battery pack, 

chosen for its high energy density and long life. The battery 

supplies power to the servo motors, DC motors and the 

Arduino Mega, so everything runs smoothly. A buck converter 

is used to regulate the voltage for sensitive components to 

prevent overvoltage or undervoltage. Figure 2 shows the 

hardware components. 

3.3 Power consumption and runtime 

During extended operation, the MG996R servo motors 

exhibited a noticeable increase in temperature. To evaluate 

thermal behavior, infrared temperature measurements were 

recorded at 5-minute intervals while the robotic arm executed 

continuous motion cycles for 30 minutes under moderate load 

conditions. The servo casing temperature gradually rose to 

approximately 55℃, particularly in the shoulder and elbow 

joints which are subjected to higher torque demands. 

Although this temperature remains within the operational 

limit of MG996R servos (typically up to 60℃), sustained 

exposure near this threshold may lead to long-term 

performance degradation or motor failure. To mitigate this, 

two preventive strategies were applied: 

1. Passive aluminum heat sinks were attached to the

servo casing to improve heat dissipation.

2. The PWM signal was software-limited to a maximum

of 70% duty cycle, which helped reduce thermal

output without sacrificing motion smoothness.
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Figure 2. Circuit diagram 

Figure 3. Block editor 

These improvements significantly reduced the peak 

operating temperature by an estimated 6–8°C in repeated tests. 

For future versions, the integration of temperature sensors and 

active thermal control systems (e.g., mini fans or thermal 

shutdown logic) is recommended for enhanced reliability. 

3.4 Programming the microcontroller 

The Arduino Mega 2560 microcontroller is programmed in 

Embedded C within the Arduino IDE. The program controls 

all the hardware, so everything communicates and executes 

commands smoothly. Key features of the microcontroller 

software are: 

• Initialization: The program initializes all the hardware

components, servo motors, motor driver shield and Bluetooth 

module. It sets the default positions of the robotic arm joints 

and establishes connection with the mobile app. 

• Command Processing: The microcontroller processes the

commands received from the Bluetooth module. The 

commands are interpreted as specific actions like moving a 

joint, rotating the base or operating the gripper. 

• Control Algorithms: The software implements control

algorithms to ensure precise movements. For example, PWM 

(Pulse Width Modulation) signals are used to control the angle 
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and speed of the servo motors and DC motors. 

3.5 Mobile application 

The mobile app developed using MIT App Inventor 

provides a user-friendly interface to control the robotic arm 

wirelessly. Key features of the app are: 

• Graphical User Interface (GUI): The app has buttons and

sliders to control the arm’s movements like adjusting joint 

angles, rotating the base and operating the gripper. 

• Bluetooth Connectivity: The app connects to the HC-05

Bluetooth module to transmit commands in real time to the 

microcontroller. 

• Preset Functions: The app has pre-programmed commands

for common tasks like picking up an object or moving the arm 

to a specific position, to make user life easier. 

In MIT App Inventor, the Blocks Editor allows users to 

design the logic of their mobile applications by connecting 

visual code blocks. Key types include Event Blocks, which 

trigger actions in response to user interactions or system events 

(e.g., sending a command when a button is clicked), and 

Control Blocks, which manage program flow through 

conditions and loops (e.g., using if...then to check Bluetooth 

connectivity before sending commands). Action Blocks 

perform specific tasks, like sending text via Bluetooth, while 

Variable Blocks store and manipulate data, such as joint angles 

or status updates. Together, these blocks create a user-friendly 

yet powerful framework for controlling the robotic arm and 

processing feedback efficiently as shown in Figure 3. 

The Bluetooth-based control interface for the robotic arm 

was developed using MIT App Inventor, offering a simple yet 

effective user interface for controlling arm movement servo 

actuation. 

Robot_Arm_and_Mec

anum_Wheels_Robot.aia

Figure 4. Source code repository 

Figure 4 shows  repository contains all the necessary blocks, 

UI layout, and deployment instructions, enabling other 

developers or researchers to replicate or modify the app as 

needed. The system architecture is modular and supports 

scalability, allowing integration of multiple robotic arms 

through unique device IDs and expanded control panels. This 

provides a pathway for future development of multi-robot 

coordination, cloud-based control features, and integration 

with Industry 4.0 frameworks such as IoT dashboards or 

remote diagnostics platforms. 

3.6 Working flow 

The Development of Robotic Arm Control System for 

Industrial Automation using Arduino involves several key 

stages, from component selection and design to control and 

integration of the system. The following Figure 5 describes the 

system’s working flow, explaining how the components 

interact to achieve the system's objectives. 

The working flow is as follows: 

1) Power Supply

The system is powered by an external power supply that

provides the necessary voltage and current to the Arduino 

Mega, Bluetooth module, servo motors, and DC motors for the 

mecanum wheels. 

Figure 5. Block diagram 

2) User Input

User controls the robotic arm using a mobile app. The app

sends commands via Bluetooth to the Arduino which 

interprets the commands and controls the motors accordingly. 

3) Bluetooth Communication

HC-05 Bluetooth module establishes the wireless

connection between the mobile app and the Arduino Mega. 

App sends commands to control the movement of the robotic 

arm and mecanum wheels. 

4) Control System

Arduino Mega processes the received commands and sends

the appropriate commands to the servo motors for the robotic 

arm and DC motors for the mecanum wheels. Arduino uses a 

predefined program written in Embedded C to control the 

servos movement and arm functions. 

5) Servo Motors for Arm Movement

MG996R and SG90 servos are used to move the joints of

the robotic arm. Servos are controlled by the Arduino based on 

the user input received through the mobile app. 

6) Mecanum Wheels for Mobility

Motor control shield for the Arduino drives four DC motors

which are connected to the mecanum wheels. These wheels 

allow the arm to move in all directions and provide portability 

to the system. 

7) Task Execution

Once the system is controlled, the robotic arm can perform

pick-and-place tasks with high precision. 

3.7 Working kinematic modelling of the 5-DOF robotic 

arm using the Denavit-Hartenberg method 

Kinematic model of the 5-degree-of-freedom (DOF) robotic 

arm is defined using the Denavit-Hartenberg (D-H) 

convention which is a systematic method for representing the 

spatial relationships between consecutive links of a robotic 

manipulator. The D-H method uses 4 parameters for each joint: 

joint angle θi, link offset di, link length ai, and twist angle αi. 

These parameters describe how one coordinate frame is related 

to the next in terms of translation and rotation. The 

transformation between each consecutive joint is calculated 

using a homogeneous transformation matrix based on these 

parameters. 

The standard D-H parameter table for the 5-DOF robotic 
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arm is in Table 2. The values of θi are the joint variables that 

change during operation, while the parameters di, ai, and αi are 

constants because they are defined by the physical structure of 

the robotic arm. 

Table 2. Denavit-Hartenberg parametersfor the 5-DOF 

robotic arm 

Joint 

i 

θi 

(Variable) 

di (Link 

Offset) 

ai (Link 

length) 

αi (Twist 

Angle) 

1 θ1 d1 a1 α1 

2 θ2 d2 a2 α2 

3 θ3 d3 a3 α3 

4 θ4 d4 a4 α4 

5 θ5 d5 a5 α5 

Table 2 is the structured framework for the forward 

kinematics of the robotic arm. The transformation matrices are 

calculated from these parameters so you can calculate the 

position and orientation of the end effector relative to the base. 

3.8 Transformation matrix for each joint 

Each joint in the robotic arm is represented by a 

homogeneous transformation matrix. The general 

transformation matrix between two consecutive joints, using 

the standard D-H convention, is expressed as: 

Tᵢⁱ⁻¹ = [

𝑐𝑜𝑠 𝜃𝑖 −𝑠𝑖𝑛 𝜃𝑖𝑐𝑜𝑠 𝛼𝑖 𝑠𝑖𝑛 𝜃𝑖𝑠𝑖𝑛 𝛼𝑖 𝛼𝑖𝑐𝑜𝑠 𝜃𝑖

𝑠𝑖𝑛 𝜃𝑖 𝑐𝑜𝑠 𝜃𝑖𝑐𝑜𝑠 𝛼𝑖 −𝑐𝑜𝑠 𝜃𝑖𝑠𝑖𝑛 𝛼𝑖 𝛼𝑖𝑠𝑖𝑛 𝜃𝑖

0 𝑠𝑖𝑛 𝛼𝑖 𝑐𝑜𝑠 𝛼𝑖 𝑑𝑖

0 0 0 1

] 

This matrix defines the relative position and orientation of 

one joint to the previous one by combining rotational and 

translational transformations. By calculating the 

transformation matrices for all joints and multiplying them 

together you get the overall transformation from the base frame 

to the end effector. 

The total transformation matrix for the robotic arm is: 

T⁵₀ = T¹₀ T²₁ T³₂ T⁴₃ T⁵₄ 

where, each individual transformation matrix Tᵢⁱ⁻¹ is derived 

from the respective D-H parameters of each joint. This final 

transformation matrix gives the complete kinematic 

description of the robotic arm and the exact location and 

orientation of the end effector in 3D space. 

3.9 Inverse kinematics and trajectory analysis 

To enable the robotic arm to reach specific spatial targets 

with precision, an inverse kinematics (IK) routine was 

implemented. The IK solution calculates the required joint 

angles based on the desired end-effector coordinates. For this 

project, a simplified geometric approach was applied using the 

Jacobian Transpose method, suitable for low-degree-of-

freedom manipulators. 

A 2-link planar approximation was used to derive joint 

angles for the shoulder and elbow axes. The equations below 

describe the trigonometric relationship between the end-

effector position and link angles: 

𝜃2 = 𝑐𝑜𝑠−1 (
𝑥2+𝑦2−𝐿1

2−𝐿2
2

2𝐿1𝐿2
) 

𝜃1 = 𝑡𝑎𝑛−1 − (
𝑦

𝑥
) − 𝑡𝑎𝑛1 (

𝐿2sin (𝜃2)

𝐿1+𝐿2cos (𝜃2)
) 

where: 

• x,y = Desired end-effector position in 2D plane

• L1, L2 = Lengths of the shoulder and elbow links

• θ1 = Shoulder joint angle

• θ2 = Elbow joint angle

This method was integrated into the control logic via

Arduino and used to test various end-effector targets. 

Table 3. Inverse kinematics test 

Target Position (x, 

y, z) in cm 

Calculated Angles 

(θ₁, θ₂, θ₃) in 

degrees 

Actual Position 

Error (mm) 

(10, 0, 10) (35°, 42°, 5°) 3.2 mm 

(10, 10, 10) (45°, 30°, 10°) 4.5 mm 

(5, 5, 15) (25°, 40°, 20°) 2.8 mm 

Table 3 shows the angles were computed using real-time 

trigonometric functions, then mapped to the corresponding 

PWM signal to control servo rotation. Deviations were mainly 

due to servo backlash, mechanical tolerances, and floating-

point limitations in microcontroller computation. 

3.10 Bluetooth latency testing and its impact 

To evaluate the responsiveness of the system’s wireless 

control, a latency test was conducted using the HC-05 

Bluetooth module and summarized in the Table 4 below. A 

total of 50 command transmissions were issued from the 

mobile app to the Arduino-based control system, consisting of 

repeated ON/OFF toggles for the servo activation signal. 

Timestamp logging was used on both the sender (mobile) and 

receiver (microcontroller) ends to measure the delay. 

Table 4. Bluetooth latency test 

Command Batch Average Value 

(ms) 

Maximum Delay 

(ms) 

1-10 265 280 

11-20 270 290 

21-30 272 310 

31-40 269 280 

41-50 268 295 

The average latency across all tests was 270 ms, with a peak 

delay recorded at 310 ms. This level of delay is within 

acceptable limits for low- and medium-speed industrial 

applications where precise timing is not mission-critical. 

However, in high-speed or time-sensitive operations, such 

latency could introduce cumulative delays and potential 

misalignment. 

4. RESULTS AND DISCUSSION

The design and development of the robotic arm went 

through several stages, starting with 3D modeling in 

SolidWorks to create a detailed and precise structure. The 

robotic arm consists of five degrees of freedom (DOF), 

including the waist, shoulder, elbow, wrist pitch, and wrist roll, 

allowing for a wide range of movement. The MG996R servo 

motors were chosen for the waist, shoulder, and elbow due to 
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their high torque, while SG90 servo motors were used for the 

wrist pitch, wrist roll, and gripper, where smaller and more 

precise movements are required. Once the 3D-printed 

components were fabricated using STL files, they were 

carefully assembled to form the final prototype, as shown in 

Figure 6. 

Figure 6. Arm design in isometric view 

To enhance mobility, the robotic arm is mounted on a 

mecanum wheel platform, which enables omnidirectional 

movement. The four mecanum wheels are powered by DC 

motors, which are controlled using a motor control shield 

mounted directly onto the Arduino Mega. The use of mecanum 

wheels provides greater flexibility in movement, allowing the 

robot to navigate in any direction, including forward, 

backward, sideways, and even diagonal motions, making it 

suitable for tasks in confined spaces. Figure 7 shows the real 

view of completed prototype. 

Figure 7. Prototype real view 

To ensure stable power distribution, the system uses five Li-

ion batteries, divided into two separate power circuits. Two 

batteries are connected in series to provide a voltage range of 

7.4V–8.4V, which is regulated to 5V via a buck converter to 

power the Arduino Mega. This stable voltage supply ensures 

the microcontroller functions reliably without voltage drops. 

The remaining three batteries, connected in series, provide a 

total voltage of 11.1V–12.6V, which is also stepped down to 

5V using another buck converter to power the servo motors. 

From the Figure 8, this separation of power prevents voltage 

fluctuations and current spikes that could interfere with the 

Arduino’s operation, ensuring consistent and precise 

movements of the robotic arm. The buck converters were 

carefully selected based on the system’s voltage and current 

requirements to optimize overall performance. 

Figure 8. Buck converter connection 

Wireless control of the robotic arm is enabled through the 

HC-05 Bluetooth module, which establishes communication 

between the Arduino Mega and a mobile application 

developed using MIT App Inventor. Figure 9 refers the HC-05 

module is connected to the Arduino Mega with appropriate 

power and signal connections, including a voltage divider to 

step down the Arduino’s 5V logic to the 3.3V logic level 

required by the Bluetooth module. This ensures stable and 

reliable data transmission. 

Figure 9. Arduino connection 

Additionally, thermal performance of the MG996R servos 

was evaluated using an infrared thermometer. After 30 

minutes of continuous operation, servo casing temperatures 

reached an average of 55℃. To mitigate thermal stress during 

prolonged use, passive aluminum heat sinks were installed, 

and a 70% PWM duty cycle limit was applied in the code to 

prevent overheating. 

The temperature values in the Table 5 were obtained using 

a non-contact infrared thermometer aimed directly at the outer 

casing of the MG996R servo motors. The robotic arm was 

operated continuously for 30 minutes while executing 

repetitive pick-and-place motions with a simulated load of 

approximately 50% of the rated torque applied on the elbow 

and shoulder joints. These joints were selected due to their 

higher actuation frequency and load bearing compared to other 
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segments. The recorded data indicates a steady increase in 

temperature over time, stabilizing around 55℃. 

Table 5. Thermal analysis of MG996R Servo temperature 

over time 

Time (minutes) Temperature (℃) 

0 28 

5 37 

10 44 

15 49 

20 52 

25 54 

30 55 

The mobile application provides an intuitive and user-

friendly interface, allowing users to control both the mecanum 

wheels and the robotic arm’s joints in real time. Figure 10 

refers the mecanum wheel control interface features 

directional buttons for precise navigation, enabling 

movements in all possible directions, including rotational 

movements for on-the-spot. The robotic arm control interface 

includes labelled buttons corresponding to each joint 

movement which are waist, shoulder, elbow, wrist pitch, wrist 

roll, and gripper for allowing users to execute precise 

adjustments. Each joint has two buttons for forward and 

backward movement, and a speed control slider to adjust the 

servo speed, very useful for tasks that require delicate handling 

or precise positioning.  

Figure 10. Controlling mecanum wheels movement 

The second display (Figure 11) is the servo arm control 

section where you can adjust the angles of the robotic arm’s 

joints using sliders or buttons. This controls the waist, shoulder, 

elbow, wrist roll, wrist pitch and gripper, so you can control 

the arm for tasks like pick-and-place. The app gives you real 

time feedback of the arm’s current positions so you can be 

accurate in your execution. Together these two sections of the 

app give you control of both the arm’s movement and the 

platform’s mobility so you can be efficient in industrial 

automation tasks.  

Figure 11. Controlling arm movement 

4.1 Analysis 

Data was collected by testing the robotic arm control system 

in terms of joint movement accuracy. The goal was to compare 

the achieved joint positions of the robotic arm with the 

expected values to validate the movement. Predefined angles 

for each joint (waist, shoulder, elbow, wrist roll, wrist pitch 

and gripper) were programmed and the actual angles were 

measured using a protractor or encoder. Table 6 shows the 

percentage error for each joint was then calculated to assess 

the arm’s movement.  

Table 6. Calculated error for each joint 

Joint Expected 

Angle (°) 

Measured Angle 

(°) 

Error 

(%) 

Waist 180 176 2.22% 

Shoulder 150 143 4.44% 

Elbow 180 168 6.67% 

Wrist Roll 180 177 1.39% 

Wrist Pitch 180 178 1.11% 

Gripper 110 104 5.00% 

The graph in Figure 12 shows the expected and measured 

angles of each joint in the robotic arm, waist, shoulder, elbow, 

wrist roll, wrist pitch and gripper. The bars represent the 

programmed (expected) angles and the actual (measured) 

angles achieved during testing. The differences in these values 

indicate minor errors, with the largest error observed at the 

elbow joint (6.67%) and the smallest at the wrist pitch (1.11%). 

Overall, the robotic arm demonstrated an accuracy of 94.67%, 

which is very close to the work’s goal of achieving a 95% 

accuracy rate, validating its precision in joint movements. 
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Figure 12. Accuracy of joint movements 

Figure 13. Speed and movability of mecanum wheels 

The objective of this test was to evaluate the speed and 

turning capabilities of the mecanum wheels for multi-

directional movement. Table 7 refers that the robot was tested 

over a 2-meter straight path and a 2-meter diagonal path, and 

the time taken for each movement was recorded. 

Table 7. Mecanum wheels capability measurement 

Movement Type Time Taken (s) Speed (m/s) 

Straight 4.2 0.48 

Diagonal 5.5 0.36 

4.1.1 Dynamic accuracy testing 

In addition to static positioning accuracy, dynamic 

movement tests were performed. The end-effector was 

programmed to follow a square trajectory at moderate speed. 

Deviations were observed using visual tracking, showing a 

repeatability range of ±3 mm, indicating good dynamic 

precision. 

Table 8 shows test revealed that the robotic arm maintained 

a repeatability range of approximately ±3 mm, which is 

acceptable for mid-level industrial automation applications. 

This confirms that the system retains good path-following 

accuracy even under dynamic conditions. The small deviations 

were primarily attributed to servo backlash, minor structural 

vibration, and latency from the wireless control system. 

Table 8. Dynamic accuracy testing 

Point in Path Target 

Position 

(mm) 

Actual 

Position 

(mm) 

Deviation 

(mm) 

Point A (0, 0) (0, 2) 2 

Point B (100, 0) (98, 1) 2.24 

Point C (100, 100) (97, 101) 3.16 

Point D (0, 100) (1, 98) 2.82 

Back to A (0, 0) (1, -1) 1.41 

Figure 13 showed that the straight movement was the fastest, 

with a speed of 0.48 m/s, as the robot completed the path in 

4.2 seconds. The diagonal movement was slightly slower at 

0.36 m/s, taking 5.5 seconds to cover the same distance. The 

reduced speed in diagonal motion is due to the complexity of 

multi directional movement. Overall, these results show that 

the mecanum wheels provide smooth and efficient movement 

with optimal performance in straight line movement. This 

makes them suitable for industrial applications that require 
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flexible and precise navigation. 

4.1.2 Mobility stability 

To evaluate the practical applicability of the mobile robotic 

arm in realistic industrial environments, additional mobility 

tests were conducted on uneven plywood surfaces and vinyl 

floors with slight oil residue. These conditions simulate typical 

factory floor scenarios where cleanliness and levelness cannot 

always be guaranteed. 

The robot was commanded to perform forward and diagonal 

movements using the mecanum wheel drive system as shown 

in Table 9 below. On uneven plywood, the system exhibited 

stable traversal with minor vibrations, but no significant 

deviation in heading or speed was observed. However, on 

slightly oily vinyl, moderate slippage occurred, particularly 

during lateral or diagonal motion. Despite this, the robot was 

able to maintain its intended trajectory and recover smoothly 

from the slip without correction feedback mechanisms. 

Table 9. Mobility analysis on non-ideal surfaces 

Surface 

Type 

Movement 

Direction 

Stability 

Observed 

Slippage 

Noted 

Speed 

Reduction 

(%) 

Vinyl 

(Oily) 
Sideways 

Reduced 

stability 
Moderate 20% 

Uneven 

Plywood 
Forward 

Stable 

with 

bounce 

None 15% 

These results indicate that the robotic base maintains 

functional stability across varying surface textures and minor 

surface contaminants. For long-term deployment, the 

integration of wheel feedback sensors or adaptive traction 

control algorithms is recommended to enhance mobility and 

compensate for unpredictable surface conditions. 

4.2 Discussion 

The development and testing of the Robotic Arm Control 

System for Industrial Automation showed promising results in 

terms of accuracy and mobility. The final prototype achieved 

93% movement precision, close to the 95% target set at the 

beginning of this work. While these results show the overall 

design works, there were still minor deviations in joint 

positions. The deviations are mainly due to mechanical 

tolerances such as small misalignments in 3D printed parts and 

servo motor calibration issues, especially the variable torque 

and slight angular offsets in MG996R and SG90 motors. 

Future work will focus on fine tuning servo parameters and 

exploring higher quality or closed loop servos to reduce these 

errors further. 

Beyond accuracy, the mecanum wheels were the enabler of 

omnidirectional mobility. Unlike traditional wheeled bases 

that only allow linear or pivot turning, mecanum wheels allow 

to move in forward, backward, lateral or diagonal directions. 

This gives a much wider range of industrial applications 

especially in dynamic or congested production floors by 

reducing the time spent repositioning the robotic arm. The 

increased flexibility also means reduced labour cost and 

increased throughput in tasks such as part retrieval, materials 

sorting or assembly line support. 

Another important aspect was the wireless control via the 

HC-05 Bluetooth module which was stable in transmitting 

commands between the Arduino Mega and the custom mobile 

application. The system had minimal latency so the robotic 

arm could be manipulated in near real time. This is important 

in industrial settings where operators need to adjust the arm 

position or react to unexpected events on the production floor. 

The Bluetooth setup is also low barrier to entry; SMEs can 

implement the system without needing specialized networking 

infrastructure. However, there were some limitations noticed 

during prolonged use. Minor heating in the servo motors 

indicated stress from repeated movement under load, so future 

iterations might include heat dissipation mechanisms (e.g. 

small heat sinks or fans) or servos designed for long duty cycle. 

Also, there were some delays in the control loop which might 

be due to multiple servo commands or variable data 

throughput in the Bluetooth channel. Addressing these through 

scheduling algorithms and refining the communication 

protocol can improve the system responsiveness. 

In summary, the results show that the proposed robotic arm 

is suitable for industrial applications that require precision and 

mobility. By using easily available hardware components, 

robust microcontroller programming and a user-friendly 

mobile interface, this work opens up the possibility of 

widespread adoption of low-cost robotic solutions. Future 

work can consider adding machine vision, adaptive control 

algorithms or sensor fusion to increase reliability and 

autonomy. The achievements so far provide a good foundation 

for further research into efficient, flexible and affordable 

robotic systems for modern manufacturing. 

5. CONCLUSIONS

The developed Arduino-based mobile robotic arm with 

omnidirectional mobility successfully demonstrated the ability 

to perform pick-and-place operations with a high degree of 

flexibility and control. The integration of MG996R and SG90 

servos enabled a 5-degree-of-freedom motion profile, while 

mecanum wheels ensured maneuverability across multiple 

directions. The Bluetooth-controlled mobile app offered a 

low-cost and user-friendly method for remote control. 

The robotic system achieved an overall positioning 

accuracy of approximately 93% during physical testing, 

validating its potential for medium-precision industrial 

automation tasks. The system also exhibited good repeatability 

and stability during dynamic operations and various surface 

mobility tests. 

6. LIMITATION AND FUTURE WORKS

The current robotic arm system shows good results but also 

has limitations, minor positional inaccuracies (93% precision 

vs 95%), occasional control delays and servo motor 

overheating when operated for long hours. Additionally, the 

system has a limited payload capacity of 0.4 kg, which restricts 

its use to lightweight manipulation tasks. This limitation 

makes the system unsuitable for heavy-duty industrial 

applications. 

To overcome these challenges, future work will focus on 

adding advanced control strategies like adaptive and 

reinforcement learning to improve accuracy and 

responsiveness. Computer vision and sensor fusion will be 

added to enable real time object detection and better 

manipulation, developing a digital twin will allow simulation, 

optimization and iterative system improvement. A significant 
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improvement will be the use of closed-loop high-performance 

servo or stepper motors to support both precision and heavier 

payloads. Further, mechanical redesign using lightweight but 

strong materials such as carbon fiber can optimize the structure 

without increasing weight, allowing improved load handling 

and energy efficiency. 

Lastly, full integration with the Industry 4.0 framework via 

cloud-based control, data analytics, and remote monitoring 

will enable scalable, intelligent, and autonomous operation 

across various industrial environments. 
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