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Abstract — This paper presents the design and development
of a wireless robotic arm based on the ESP32 microcontroller,
aimed at achieving low-cost, flexible, and remote-controlled
operation. The system integrates servo motors for multi-axis
movement, sensor feedback for precision, and Wi-
Fi/Bluetooth connectivity for real-time control. The ESP32
enables seamless communication between the robotic arm
and a mobile/web interface, allowing users to perform remote
tasks such as object picking, placing, and sorting.
Experimental results demonstrate the arm's responsiveness
and accuracy, highlighting its potential for educational and
small-scale industrial applications.
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I. INTRODUCTION

A. Overview of Robotic Arms in Education and Industry:

Robotic arms are machines that can move and perform tasks
similar to a human arm. They are widely used in many fields
because they can do repetitive, precise, or dangerous tasks
efficiently.

In industry, robotic arms are used in factories to
assemble products, move heavy parts, weld materials, and
even paint cars. They help companies save time, reduce
errors, and improve safety because they can work
continuously without getting tired.

In education, robotic arms are used to help students
learn about electronics, programming, mechanics, and
automation. They allow students to build and control real-
world systems, which improves their practical knowledge and
problem-solving skills. Educational robotic arms are usually
smaller and cheaper than industrial ones, making them perfect
for labs and classrooms.

Overall, robotic arms play a big role in both learning
and working environments, and they continue to grow in
importance as technology advances.

B. Importance of Wireless and loT-Based Control:

Wireless and IoT-based control is becoming very important
in modern robotic systems, including robotic arms. Instead of
using wires to send commands, we can now control robots
using Wi-Fi or Bluetooth from a phone, tablet, or computer.
This makes the system more flexible and easier to use.

With wireless control, the robotic arm can be
operated from a distance. This is very useful in situations
where it's dangerous or difficult for a person to be near the
robot, like in hazardous environments or tight spaces.

IoT (Internet of Things) adds even more features. It
allows the robotic arm to be connected to the internet, so it
can send and receive data in real time. For example, the robot
can send information about its position or task status, and
users can give commands from anywhere in the world.

This kind of control makes robotic arms smarter,
more efficient, and easier to monitor and manage. It also
opens up new possibilities like remote monitoring,
automation, and integration with smart systems.

C. Role of ESP32 in Modern Embedded Systems:

The ESP32 is a powerful and low-cost microcontroller that is
widely used in modern embedded systems. It is popular
because it combines strong processing power with built-in
Wi-Fi and Bluetooth capabilities, making it perfect for
wireless and IoT applications.

In embedded systems, which are small computers
built into devices like robots, sensors, and appliances, the
ESP32 acts as the brain. It can read sensor data, control
motors, make decisions, and communicate with other devices
— all in one small chip.

The ESP32 is especially useful in projects like robotic arms

because:

— It can connect wirelessly to mobile apps, web servers, or
cloud platforms.

— It supports real-time control, which is important for
smooth and accurate movement.

— It is energy-efficient, which helps in battery-powered
systems.

— Itis easy to program using platforms like the C++.

Overall, the ESP32 has become a key part of modern
embedded systems due to its versatility, wireless features, and
ability to handle complex tasks in compact and affordable
designs.

D. Objectives of the Project:

The main goal of this project is to design and build a low-

cost, wireless robotic arm using the ESP32 microcontroller.

The arm should be capable of performing basic tasks such as

picking and placing objects with accuracy and ease of control.

The specific objectives of the project are:

1) To develop a robotic arm with multiple degrees of
freedom for flexible movement and task execution.

2) To use the ESP32 microcontroller for controlling the
robotic arm and enabling wireless communication via
Wi-Fi or Bluetooth.

3) To design a wireless control system (such as a mobile
app or web interface) for remote operation of the robotic
arm.

4) To implement real-time control of the robotic arm using
servo motors.

5) To evaluate the performance of the robotic arm in terms
of movement accuracy, response time, and stability.

6) To create a cost-effective and scalable system that can be
used for educational purposes, prototyping, or small-
scale automation tasks.
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II. LITERATURE VIEW

A. Existing Robotic Arm Systems Using ESP32:

Many recent projects and prototypes have used the ESP32

microcontroller to build robotic arms, especially in the fields

of education, DIY electronics, and automation. These

systems often focus on low cost, wireless control, and IoT

integration. Below are some examples and common features

found in such systems:

1) ESP32-Based DIY Robotic Arms

Hobbyists and students often use ESP32 to control servo

motors in simple robotic arms. These systems usually have:

— 410 6 degrees of freedom

—  Wireless control using mobile apps (via Bluetooth or Wi-
Fi)

—  Control interfaces built with custom web servers

2) 1oT Robotic Arm Projects

Some systems connect the robotic arm to the internet using

the ESP32's Wi-Fi. This allows:

—  Remote control through web dashboards

— Data monitoring (e.g., arm position or task status)

— Integration with platforms like ThingSpeak or Firebase

3) Educational and Research Prototypes

Universities and tech enthusiasts often build ESP32 robotic

arms for:

— Teaching embedded systems and [oT

— Research in automation, Al, and machine vision

— Simulating industrial tasks in lab environments

B. Common Limitations Noted in Existing Systems

— Limited payload capacity due to small servo motors

— Accuracy and precision depend on motor quality

These existing systems demonstrate that ESP32 is a reliable
and affordable choice for building functional robotic arms,
but they also highlight areas that can be improved — such as
stability, real-time feedback, and advanced automation
features.

C. Wireless Control Methods (Short Version):

Wireless control allows the robotic arm to be operated
without using physical cables. The ESP32 supports two main
wireless methods:
1) Wi-Fi Control
—  Connects to a local network or the internet.
— Can be controlled through a web page, mobile app, or
cloud platforms like Firebase.
Suitable for long-range or remote control.
2) Bluetooth Control
—  Connects directly to a nearby smartphone or computer.
— Uses apps like Blynk or MIT App Inventor for sending
commands.
—  Best for short-range, easy-to-set-up communication.
Both methods make the system more flexible, user-friendly,
and ideal for IoT applications.

D. ESP32 Advantages Over Other Platforms:

— ESP32 has both Wi-Fi and Bluetooth built-in, while
boards like Arduino Uno need extra modules.

— It has a dual-core processor up to 240 MHz, much faster
than Arduino Uno’s 16 MHz.

—  ESP32 offers more RAM and flash storage, which allows
running more complex programs.
Despite its powerful features, ESP32 is very affordable
compared to Raspberry Pi or other boards.

— It supports sleep modes, making it energy-efficient for
battery-powered devices.

— It supports various interfaces like PWM, 12C, SPI, ADC,
and DAC, useful for controlling sensors and motors.

— Its wireless features and cloud compatibility make it
ideal for Internet of Things (IoT) applications.

III. SYSTEM ARCHITECTURE
A. Block Diagram:
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B. Components Used:

1) ESP32 Microcontroller

—  Acts as the brain of the system

—  Provides Wi-Fi and Bluetooth connectivity

—  Controls servo motors through PWM signals

2) Servo Motors (Base, Shoulder, Elbow, Gripper)

—  Provide movement to the robotic arm joints

—  Controlled by PWM signals from the ESP32

— Each motor is responsible for a specific joint function

3) Power Supply (5V DC)

— Powers the ESP32 and all the servo motors

—  Ensures stable voltage and current for smooth operation

4) Control Interface (Mobile App or Web Interface)

—  Used to send control commands wirelessly via Wi-Fi or
Bluetooth

—  Created using platforms like Blynk, MIT App Inventor,
or a custom web page

C. Communication Methods (Wi-Fi and Bluetooth):

The ESP32 microcontroller supports both Wi-Fi and
Bluetooth, making it perfect for wireless control of the
robotic arm. These communication methods help users
operate the system without physical cables.

D. Wi-Fi Communication

—  Connects the ESP32 to a local network or the internet.
—  Users can control the robotic arm using:

e A web interface hosted on the ESP32.

e Cloud platforms like Firebase for remote control.
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—  Suitable for long-range and real-time applications.
Example:
Control the arm from anywhere using a web browser.

E. Bluetooth Communication

— Connects the ESP32 directly to a smartphone or
computer.

—  Used for short-range control (around 10 meters).

— Commands are sent through apps made with tools like
Blynk or MIT App Inventor.

Example:

Use a mobile app to move the robotic arm nearby via

Bluetooth.

F. Choosing the Method

—  Wi-Fi is best for remote access and IoT integration.
— Bluetooth is ideal for local control without needing an
internet connection.

IV. MECHANICAL DESIGN

A. Number of Degrees of Freedom (DOF):

In robotics, Degrees of Freedom (DOF) refer to the number
of independent movements a robotic arm can make. Each
joint or axis that can move in a different direction adds one
degree of freedom.
1) In Your Robotic Arm:
You are using 4 servo motors, so your robotic arm has 4
Degrees of Freedom (4 DOF):
1) Base Rotation —allows the arm to turn left and right
2) Shoulder Movement — moves the arm up and down
3) Elbow Movement — bends and extends the arm
4) Gripper Movement — opens and closes the gripper to

pick or hold objects
2) Why DOF Matters:
— More DOF = more flexibility and complex

movements.
— 4 DOEF is suitable for basic tasks like object picking,
sorting, and placing.

B. Arm structure (materials used):

The structure of the robotic arm is the physical frame that
holds all the components together and allows movement
through joints. For this project, lightweight and affordable
materials were selected to ensure easy assembly and reliable
performance.

C. Materials Used.:

1) Acrylic Sheets / Plastic Components
— Commonly used for robotic arms due to being
lightweight and easy to cut
— Provides a clean and professional look
—  Suitable for small loads
2) Servo Brackets and Mounts
— Made of plastic or metal
— Used to hold the servo motors in place and connect
them to the arm joints
3) Metal Screws and Nuts
—  Used to fix components securely
— Provide structural strength and allow adjustable
assembly

Wrist Servo(Joint 3)

Elbow Servo
(Joint 2)

W, Hand Servo T

Gripper Servo

Shoulder Servo
N\ " Uoint 1)

- Base
s Servo

D. Assembly Process of Robotic Arm Using ESP32:

The assembly process involves mechanical integration,
electronic connections, and software programming:

1) Mechanical Assembly:

Robotic arm components, including joints, links, and the
gripper, are assembled with servomotors mounted at each
joint to enable movement.

2) Electronic Integration:

The ESP32 microcontroller is connected to motor drivers that
control the servomotors. Power supply and sensors (if any)
are wired to ensure proper operation and feedback.

E. Software Programming:

The ESP32 is programmed to generate PWM signals to
control motor positions and execute desired motion
sequences.

F. Testing and Calibration:

The fully assembled arm undergoes power-on testing and
calibration to ensure smooth movement and accurate
positioning.

This systematic assembly ensures reliable operation of the
ESP32-based robotic arm.

G. ESP32 Firmware for Robotic Arm:

The ESP32 firmware, developed in C++, controls servo
motors via PWM signals to drive the robotic arm’s joints. It
leverages the ESP32’s built-in Wi-Fi and Bluetooth for
wireless communication, enabling remote operation and real-
time command execution. Sensor data is processed to
enhance precision and safety, making the system responsive
and adaptable for various tasks.

H. Motor control (PWM for servos):

Servo motors in the robotic arm are controlled using Pulse
Width Modulation (PWM) signals generated by the ESP32.
The PWM signal’s duty cycle determines the servo shaft
position by varying the pulse width typically between 1 ms
(0°) and 2 ms (180°) within a 20 ms period. The ESP32’s
hardware timers produce precise PWM signals on designated
GPIO pins, enabling accurate and smooth joint movement
essential for multi-axis control of the robotic arm.

I Wireless Command Reception and Execution:

The ESP32 receives control commands wirelessly via its
integrated Wi-Fi or Bluetooth modules. Commands sent from
a remote device—such as a smartphone or computer—are
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received using standard communication protocols (e.g.,
TCP/IP for Wi-Fi or Serial over Bluetooth). Upon reception,
the firmware parses these commands and translates them into
corresponding PWM signals to control the servo motors,
enabling real-time and precise movement of the robotic arm
based on user input.

J. Interface (web app):

A 19216841
Hash Include Electronics
Robot Arm Control
Gripper:

Elbow:

Shoulder:

Base:

Record: "

Play: J

V. TESTING AND RESULTS

A. Accuracy of Movements:

The robotic arm achieves accurate movements through
precise PWM control of servo motors and sensor feedback.
Calibration ensures consistent joint positioning, while real-
time command execution minimizes delay, enabling reliable
and repeatable operations.

B. Response Time in Wireless Control:

The ESP32 provides low-latency wireless control, with
typical response times ranging from 20 to 100 milliseconds.
This ensures near real-time execution of commands, allowing
smooth and responsive operation of the robotic arm.

C. Load Capacity:

The load capacity of the robotic arm is determined by the
torque ratings of the servo motors, the arm’s structural
strength, and joint configuration. In this design, using
standard hobby-grade servo motors (e.g., MG995 or SG90),
the arm can lift and manipulate loads ranging from 200 to 500
grams effectively. Overloading beyond this range may lead
to reduced accuracy, mechanical strain, or motor overheating.
For higher capacity, stronger servos and reinforced materials
would be required.

D. Range and Stability of Communication:

The ESP32 offers reliable wireless communication with a
typical Wi-Fi range of up to 30 meters indoors and Bluetooth
range of around 10 meters, depending on environmental

conditions. Stability is maintained through robust protocols
like TCP/IP (for Wi-Fi) and Bluetooth Serial, ensuring
consistent data transmission. Signal strength and
responsiveness remain stable within the effective range,
enabling smooth remote operation of the robotic arm without
significant delays or interruptions.

VI. DISCUSSION:

A. Comparison with Wired and Other ESP32-Based Robotic
Arms:

Compared to wired robotic arms, the ESP32-based wireless
arm offers greater mobility and flexibility, eliminating
physical cable constraints. While wired systems typically
offer slightly lower latency and higher reliability, the
ESP32’s Wi-Fi and Bluetooth capabilities provide sufficient
responsiveness (~20—100 ms) for most real-time applications.
In comparison with other ESP32-based robotic arms, this
design emphasizes a low-cost, modular structure and sensor
integration for feedback, which enhances precision and
adaptability. It also features a user-friendly wireless control
interface, making it suitable for educational and light-duty
industrial tasks.

B. Limitations and Challenges:

The robotic arm design, while cost-effective and functional,

faced several limitations:

— Limited Load Capacity: Due to the use of low-torque
hobby servos, the arm can only handle lightweight
objects (200-500 grams).

— Wireless Latency: Wi-Fi/Bluetooth communication
introduces slight delays, which may affect time-critical
operations.

— Power Constraints: Simultaneous actuation of multiple
servos can lead to voltage drops, requiring careful power
management.

— Mechanical Precision: 3D-printed or lightweight
materials may introduce flexibility or alignment issues,
affecting repeatability.

— Limited Degrees of Freedom: Basic configurations
restrict complex motion paths, limiting use in advanced
applications.

Addressing these challenges requires stronger
actuators, better structural design, and optimized control
algorithms.

C. Possible Improvements.

— Enhanced Actuators: Use high-torque servos or stepper
motors to increase load capacity and precision.

— Improved Structural Materials: Incorporate stronger,
lightweight materials (e.g., aluminium alloys or carbon
fiber) for better rigidity and durability.

— Advanced Control Algorithms: Implement inverse
kinematics and sensor fusion for smoother and more
accurate motion control.

— Power Management: Design a dedicated power supply
with voltage regulation to support multiple motors
simultaneously.

— Extended Wireless Range: Integrate advanced
communication modules or mesh networking to increase
range and reduce latency.
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— Feedback Systems: Add encoders or IMUs for enhanced
position and orientation feedback to improve accuracy.

VII. CONCLUSION & FUTURE WORK

A. Summary of Achievements

The project successfully designed and developed a wireless
robotic arm controlled by the ESP32 microcontroller. It
demonstrated effective multi-axis movement using servo
motors, enabled real-time remote operation via Wi-Fi and
Bluetooth, and incorporated sensor feedback for improved
precision. The system achieved responsive and accurate
control suitable for educational and small-scale industrial
applications, validating the feasibility of a low-cost, flexible
robotic arm solution.

B. Future Feature Enhancements

Planned improvements include integrating voice control for
hands-free operation using speech recognition modules
connected to the ESP32. Additionally, adding a camera vision
system will enable object detection and environment
awareness, facilitating more autonomous tasks. Incorporating
machine learning-based control algorithms can enhance
motion planning and adaptability, allowing the robotic arm to
learn and optimize its actions over time for complex and
dynamic applications.

C. Scalability for Industrial Use

While the current ESP32-based robotic arm is optimized for
educational and small-scale tasks, its modular design allows
for scalability. Upgrading to industrial-grade actuators,
reinforced structural materials, and more robust
communication protocols can extend its application to
heavier loads and complex operations. Integration with
advanced sensors and real-time control systems will further
enhance reliability and precision, making it suitable for
automated manufacturing and assembly lines.
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