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Abstract: This paper presents the design and development of a compact, innovative, and efficient AC duct
maintenance robot, specifically tailored to navigate and inspect complex air conditioning ducts. The proposed
robot addresses the limitations of traditional maintenance methods, enhancing safety, reducing labor costs,
and improving indoor air quality. The robot's compact size and remote control functionality enable it to access
confined areas, removing pollutants, allergens, and bacteria, and ensuring cleaner air and efficient HVAC
operation. This innovative solution addresses the limitations of human inspection and cleaning, mitigating
energy waste, increased expenses, and health hazards associated with inadequate upkeep.

Index Terms - AC- Air Conditioning, HVAC System - Heating, ventilation, and Air conditioning System

INTRODUCTION

The AC Duct Cleaning Robot is an automated device designed to clean air conditioning ducts in residential,
commercial, and industrial settings. Over time, AC ducts accumulate dust, dirt, Mold, and other contaminants
that can affect air quality and system efficiency. Manual cleaning of these ducts can be labour - intensive and
sometimes difficult due to limited access and complex duct structures. The AC Duct Cleaning Robot offers
an efficient and automated solution to this problem by navigating through ducts and thoroughly cleaning them
using brushes, vacuums, and sensors. The AC duct cleaning robot is an innovative solution designed to
maintain and clean air conditioning ducts effectively. Over time, dust, dirt, and debris accumulate in air ducts,
impacting air quality and system performance. Regular duct cleaning is essential for maintaining the
efficiency of HVAC systems, and manual cleaning can be time-consuming and difficult due to the confined
and often complex structure of air ducts.

Manuval Cleaning Robot Cleaning
Time-consuming, labor: Efficient, outomated
intensive solution

Fig 1: Manual Cleaning and Robot Cleaning
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This robot is developed to provide a more efficient and automated solution to duct cleaning. It is equipped
with a cleaning mechanism that includes rotating brushes and a vacuum cleaner, alongside advanced control
systems, a robust power supply, and an efficient drive system. The robot can operate in both automatic and
manual modes, making it versatile and capable of navigating through various duct configurations.

METHODOLOGY

Rectangular air ducts are intended to be effectively and efficiently cleaned by the suggested air duct cleaning
system. Three primary parts make up the system: a dust collection device, a mobile cleaning unit, and an
observation and control device. The Mobile Cleaning Unit travels through the air ducts and cleans them, while
the Monitor and Control Device supervises and controls the cleaning procedure. The Dust Collection Device
ensures a thorough cleaning procedure by gathering particles, dirt, and pollutants. A directing mechanism that
allows the Smartphone Cleaning Unit to travel in a straight line and turn on its own at corners, visual
inspection of the innermost layer of the air duct to document the prior state, cleaning of the air duct walls and
forward blowing of dust, gathering of dust and contaminants, recording of the post-cleaning state, and removal
of the air cell are some of the system's key features. This all-inclusive method guarantees a thorough and
recorded cleaning procedure, which enhances indoor air quality, lowers energy usage, and extends the life of
HVAC systems (Heating, Ventilation and Air Conditioning System).

Robot Software and Hardware :

Applying an NRF module, our ac duct cleaning robot is a mobile device that may be remotely controlled.
With the use of a joy stick, it may travel in any direction. You may also turn the rotary brush ON and OFF.
Our AC duct cleaning robot serves as our frontend system, and we employ an embedded system for
programming. To develop an accurate database, prepackaged libraries & embedded C are employed. Our
technique's primary controller is an Arduino device, more especially an Arduino Uno modules.

Implementation :

In this project, an interactive joystick is used to control the robot's motions. The robot's four-wheeled system
allows it to navigate within the ducts. The NRF transceiver may be directed by the joystick, and the clockwise
rotating brush can be turned ON or OFF. We added a single IP camera separately with its own power source
in order to identify defects and leak The remote control sends instructions to a receiver in our gadget. The
device may move in all four directions thanks to the motor driver circuit. A unique slider movement on all
four wheels helps them overcome friction and provide a firm grip. The motors on the batteries can drive the
wheels if they are powerful enough. We use an Arduino Uno to provide wireless control over the device. On
your phone, you can even see directly what the camera sees! For optimal cleaning, the motor-driven cleaning
brush rotates in a clockwise motion. In order to aid in cleaning, we have also included a single brush at the
back of the device that moves horizontally.

BLOCK DIAGRAM

e

Fig 2 . Block Diagram of Schematic of Proposed Prototype
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BLock DIAGRAM DESCRIPTION
Design and Implementation of Automated Dust Cleaning Robot

The Arduino-based dust cleaning robot is a fully automated system designed to navigate and clean multiple
environments with minimal manual intervention. This innovative robot utilizes sensor-based navigation and
follow-me features, allowing it to adapt to changing environments and efficiently clean surfaces. Additionally,
the robot can be operated manually via remote control, providing flexibility and ease of use.

The robot's cleaning mechanism consists of a vacuum cleaner and motorized cleaning brushes, ensuring
thorough dusting and removal of debris. This integrated system enables the robot to effectively clean various
surfaces, making it an ideal solution for industrial, commercial, and residential applications. To enhance its
functionality, the robot is integrated with a Raspberry Pi, enabling live video feeds, including thermal camera
feed. This feature allows operators to monitor the robot's surroundings, detect potential issues, and ensure
optimal performance. The thermal camera provides temperature monitoring, further enhancing safety and
efficiency. For seamless remote operation, the robot features web-based control and monitoring. Operators
can access the robot's status, location, and temperature via a webpage, simplifying remote control and ensuring
efficient operation.

The Compact AC duct cleaning robot is designed with Raspberry Pi and ESP32 integration, providing
additional functionality. The thermal camera monitors temperature, while ultrasonic sensors detect obstacles,
preventing collisions. RF transmitter and receiver enable remote control, and automated and manual control
modes ensure flexibility. This advanced robot navigates through complex ducts, ensuring thorough cleaning
and minimizing manual intervention. Its integrated features make it an ideal solution for various industries,
enhancing efficiency, safety, and productivity. By combining Arduino, Raspberry Pi, and ESP32
technologies, this robot showcases cutting-edge innovation in automated cleaning solutions. Its sensor-based
navigation, live video feeds, and web-based control make it a valuable asset for industries seeking efficient
and effective cleaning solutions. The integration of thermal camera and ultrasonic sensors provides enhanced
safety features, alerting operators to potential collisions and temperature fluctuations. With its robust design
and advanced features, this robot revolutionizes the cleaning industry, providing a reliable and efficient
solution for dust cleaning applications.

CLEANING MECHANISM OF THE AC DucT CLEANING RoBOT

Specialized
Suction Cleaning
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Fig 3. Cleaning Mechanism Of The Ac Duct Cleaning Robot

The AC Duct Cleaning Robot is designed to simplify and automate the process of cleaning the interior surfaces
of air ducts. In HVAC systems, regular cleaning of ducts is essential for maintaining air quality, improving
energy efficiency, and extending the life of the system. This robot employs a combination of rotating brushes
and a vacuum cleaner to remove accumulated dust, dirt, and debris from the ducts, ensuring that they remain
clean and free of blockages.

The cleaning mechanism is powered by multiple motors and controlled by an Arduino-based system. It
operates in two modes: Automatic Mode, where the robot autonomously navigates and cleans ducts, and
Manual Mode, where an operator can control its movement and cleaning functions via a remote control. This
flexibility ensures that the robot can adapt to different duct configurations and cleaning requirements, making
it a versatile solution for duct maintenance.
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COMPONENTS OF THE CLEANING MECHANISM

The AC Duct Cleaning Robot is equipped with several components that work together to clean the ducts
effectively. These components include rotating brushes, a vacuum cleaner, motors to power these elements,
and a control system that ensures everything functions smoothly.

Rotating Brushes

The robot uses three rotating brushes to clean the duct surfaces. These brushes are powered by DC gear
motors, which are designed for reliable and consistent operation over extended periods.

Bottom Brushes: Two of the rotating brushes are located at the bottom of the robot.

These brushes rotate to scrub the floor of the duct as the robot moves forward. They are positioned to cover a
wide area, ensuring that the entire floor surface of the duct is cleaned. The motors driving these brushes are
strong enough to dislodge dirt, dust, and debris that may have adhered to the duct over time.

Front-Side Brush: In addition to the bottom brushes, the robot has a front-side rotating brush that is
responsible for cleaning the walls and corners of the duct. This brush is powered by another DC gear motor
and rotates in such a way that it can reach areas that the bottom brushes cannot. This is particularly important
for cleaning the sides and corners of the duct, where dirt and debris often accumulate. The front-side brush
operates as the robot moves forward, scrubbing the walls as it passes by.

The rotating brushes are essential for loosening and removing dust and debris from the duct surfaces. They
provide the mechanical action needed to scrub away dirt that may have built up over time, ensuring that the
ducts are thoroughly cleaned. The rotation speed of the brushes is carefully calibrated to provide effective
cleaning without causing damage to the duct surfaces.

Navigation System of the AC Duct Cleaning Robot

Navigation System of AC Duct Cleaning Robot

Automatic Mode Manual Mode

Fig 4. Navigation System of The Ac Duct Cleaning Robot

The navigation system of the AC Duct Cleaning Robot plays a crucial role in ensuring efficient cleaning by
enabling smooth movement within the complex duct networks. It operates in two modes: Automatic Mode
and Manual Mode, offering flexibility and precision in navigating through various duct structures. This dual -
mode system allows the robot to function autonomously for general tasks and gives operators control when
more precision is required.

Automatic Mode:

In Automatic Mode, the AC Duct Cleaning Robot is designed to move and clean independently using sensor -
based navigation. It is equipped with infrared (IR) sensors and an ultrasonic sensor, which work together
to detect obstacles and ensure smooth movement within confined and often hard-to-reach spaces inside the
ducts.

The IR Sensors are located on the left, right, and front sides of the robot, allowing it to detect obstacles in
close proximity. These sensors help the robot determine if it can move in a particular direction.

The Ultrasonic Sensor, placed at the front of the robot, measures the distance between the robot and obstacles
ahead. It provides more precise distance readings, allowing the robot to make timely adjustments to avoid
collisions
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Logic of Navigation:

The robot moves forward by default and uses the ultrasonic sensor to continuously monitor for obstacles. If
an obstacle is detected within 10 cm, the robot halts and assesses its surroundings.

It first checks the left side using the IR sensor:

If the left side is clear, the robot turns left and resumes moving forward.

If the left side is blocked, it checks the right side using the right IR sensor.

If the right side is clear, the robot turns right and continues forward.

If all sides (front, left, and right) are blocked, the robot moves backward and rechecks the left side, attempting
to find a new clear path.

This automatic system ensures that the robot can navigate without human intervention, making it ideal for
cleaning long ducts where manual control is impractical. It can adjust its path dynamically to avoid obstacles,
making it highly effective for cleaning in environments with tight spaces or numerous turns. This mode also
reduces the need for constant human supervision, improving efficiency.

Manual Mode:

While Automatic Mode handles most tasks, Manual Mode gives operators full control over the robot’s
movements when greater precision is needed. This mode is particularly useful in situations where the duct
system is highly complex or when the robot encounters areas that require careful navigation.

Manual Mode utilizes a 433 MHz RF transmitter and receiver system, allowing the operator to remotely
control the robot. The remote control is user-friendly and includes six buttons for navigating the robot:
Forward: Moves the robot forward.

Backward: Moves the robot in reverse.

Left: Turns the robot left.

Right: Turns the robot right.

Additional buttons control the cleaning brushes and the vacuum cleaner.

Each button press sends signals to the robot’s Arduino microcontroller, which interprets the commands and
moves the robot accordingly. This direct control is essential when the robot needs to navigate through tight,
intricate areas or when a specific cleaning action is needed in a particular section of the duct.

Manual Mode provides flexibility, enabling the operator to intervene when the robot might face challenges
that the automatic system cannot handle efficiently. It ensures that the cleaning process can be fine-tuned,
giving the operator the ability to focus on specific areas of concern or to avoid potential hazards in the duct
system.

POWER SUPPLY AND ENERGY EFFICIENCY OF THE AC DucT CLEANING ROBOT

The power supply and energy efficiency of the AC Duct Cleaning Robot are critical to its performance, as
they ensure that the robot operates reliably and for extended periods without interruption. The robot is
designed to be energy-efficient while providing sufficient power to drive its motors, sensors, and control
systems, including the microcontroller and additional components like the Raspberry Pi.

Power Supply

The AC Duct Cleaning Robot is powered by a 12V battery, which serves as the primary source of power for
all the components. The choice of a 12V battery ensures that the robot has enough power to operate for a
reasonable period without frequent recharging. This is important for cleaning long duct systems where access
to charging points might be limited.

To accommodate the different voltage requirements of the various components, a 7805-voltage regulator
circuit is used. This circuit steps down the 12V supply to 5V, which is needed to power low-voltage
components like the Arduino microcontroller and sensors. The voltage regulator ensures that each component
receives the appropriate voltage, preventing potential damage caused by overvoltage or undervoltage
situations. The Raspberry Pi, used for video streaming, also operates on a lower voltage and benefits from
the regulated power supply.

The power distribution within the robot is designed for efficient energy management, ensuring that all
components receive adequate power while minimizing energy loss. This helps prevent overheating and
extends the operational lifespan of the electronic components.
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Energy Efficiency
Energy efficiency is a critical aspect of the robot's design. The components used are selected based on their
ability to deliver optimal performance while consuming minimal energy.

DC Gear Motors: The robot is equipped with energy-efficient DC gear motors to drive its wheels and power
the rotating cleaning brushes. These motors are designed to provide high torque at low speeds, which is
essential for navigating tight spaces within the duct system and for performing effective cleaning operations.
The motors are selected to balance power consumption with performance, ensuring that the robot can function
for extended periods without draining the battery too quickly.

Relay Modules: The robot uses relay modules to control the flow of power to its motors and vacuum cleaner.
The relays allow the Arduino to switch on or off specific components as needed, preventing unnecessary
power consumption. For example, the vacuum motor is only activated when the cleaning brushes are in use,
and the cleaning motors can be powered down when the robot is moving but not cleaning.

Automatic Mode Optimization: In automatic mode, the robot uses sensors to detect obstacles and adjust
its movement accordingly. The sensors allow the robot to avoid idle time by stopping when an obstacle is
detected and determining the best course of action. This prevents the robot from making unnecessary
movements, reducing overall energy consumption. The use of sensors also ensures that the motors only
operate when needed, which further enhances energy efficiency.

Manual Mode Efficiency: In manual mode, the robot is controlled by an operator via a remote. This mode
allows for even more precise energy management, as the operator can activate or deactivate the motors and
vacuum cleaner as needed. Power is used only when required, and components that are not in use can remain
off, conserving battery life.

Overall, the robot’s energy-efficient design ensures that it can perform duct cleaning tasks effectively while
minimizing power consumption. This extends the operational time of the robot and reduces the need for
frequent recharging, making it a practical tool for extended cleaning tasks.

DRIVE SYSTEM OF THE AC DucT CLEANING RoBOT

The drive system of the AC duct cleaning robot is responsible for the movement and navigation of the robot
within the AC ducts. It ensures smooth mobility and precise control for both autonomous and manual
operations.

Components of the Drive System:

DC Gear Motors:

The robot uses 2 DC gear motors to drive its wheels and control its movement within the duct system.
These motors provide high torque at low speeds, making them ideal for navigating through tight duct spaces
and maintaining stability while moving.

Motor Driver (L293N):

The L293N motor driver is used to control the two DC gear motors.

It allows the Arduino to manage the direction and speed of the motors, enabling the robot to move forward,
backward, left, and right.

The motor driver ensures efficient control by receiving commands from the microcontroller based on sensor
inputs (in automatic mode) or remote inputs (in manual mode).
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Movement Control:

Automatic Mode:

In automatic mode, the robot’s movement is governed by input from IR sensors and an ultrasonic sensor,
which detect obstacles and guide the robot through the ducts.

The Arduino processes sensor data to decide when to move forward, turn left or right, or reverse, based on
the detected obstacles and available space.

Manual Mode:

In manual mode, the robot’s movement is controlled via a 433 MHz RF remote. The remote provides
directional control (forward, backward, left, right), allowing the operator to steer the robot with precision.
The drive system responds instantly to the remote commands, ensuring smooth and responsive manual
navigation.

Efficiency:

The use of DC gear motors provides a balance between power and energy efficiency, ensuring that the robot
can move effectively while conserving battery life.

The L293N motor driver offers precise control over motor speed and direction, optimizing movement for
both short-distance adjustments and long stretches within the duct system.

SOFTWARE AND PROGRAMMING OF THE AC DucT CLEANING ROBOT

The software and programming architecture of the AC duct cleaning robot integrates both Arduino and
Raspberry Pi platforms to control and manage its various functionalities. The system uses different
development environments for coding and execution, ensuring smooth operation, sensor data processing, and
robot control in both automatic and manual modes.

Programming Environments:
Thonny IDE (Raspberry Pi):

The robot’s Raspberry Pi is programmed using Thonny IDE, a Python-based development environment.
Thonny is used for integrating additional features like camera streaming and thermal detection.

The Raspberry Pi handles higher-level processing, such as live video streaming from a webcam and thermal
camera data, which is displayed on a web interface.

Arduino IDE (Arduino Microcontroller):

The Arduino IDE is used to program the Arduino microcontroller, which controls the core functions of the
robot such as movement, cleaning operations, and sensor data processing.

The Arduino code manages motor control, sensor input interpretation (IR and ultrasonic sensors), and
automatic or manual mode operation.

Robot Operating System (Software Control):
The robot has two primary modes of operation: automatic mode and manual mode.

Automatic Mode:

The Arduino microcontroller reads input from the IR sensors (left, right) and ultrasonic sensor (front) to
navigate and clean the ducts without human intervention.

Based on sensor data, the robot decides whether to move forward, turn left or right, or reverse if obstacles are
detected. The logic is programmed to ensure efficient movement through the duct system, avoiding obstacles
and ensuring thorough cleaning.

Manual Mode:
In manual mode, the robot is controlled using a 433 MHz RF remote, allowing the user to move the robot
forward, backward, left, or right, and operate the cleaning brushes and vacuum system.
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Sensor Data Processing:

IR Sensors and Ultrasonic Sensor:

In automatic mode, sensor data is continuously processed by the Arduino. The IR sensors detect obstacles
on the left and right, while the ultrasonic sensor monitors the distance to objects in front of the robot.

Based on sensor input, the Arduino decides how the robot should navigate. If an obstacle is detected within a
predefined distance (below 10 cm), the robot adjusts its movement (left, right, or backward) to avoid it.

Thermal Camera (Raspberry Pi):

The thermal camera integrated into the system is connected to the Raspberry Pi. It processes thermal images
in real-time, detecting heat sources or temperature changes within the duct.

The data from the thermal camera is processed using Python scripts on the Raspberry Pi and displayed on a
webpage alongside the live webcam feed. This allows users to monitor the duct conditions visually and
thermally.

. Web Interface:

The Raspberry Pi streams live video from the webcam and displays thermal camera data in both automatic
and manual modes. A simple Python-based web server (using Flask or similar frameworks) is used to host
the interface.

Users can monitor the robot’s status, view live video from both the normal and thermal cameras, and remotely
check on cleaning progress.

Integration:

The Arduino and Raspberry Pi communicate efficiently, with the Arduino handling the core robotic
functions (navigation, cleaning) and the Raspberry Pi managing the advanced features (camera feeds, thermal
imaging).

This division of tasks ensures smooth and real-time processing for all components of the AC duct cleaning
robot.

ADVANTAGES

The design of the compact AC duct maintenance robot offers numerous benefits, including:

1. Improved indoor air quality through efficient cleaning and debris removal, reducing dust circulation and
contamination.

2. Enhanced HVAC system efficiency is achieved through optimized duct cleaning and inspection, resulting
in reduced energy consumption and costs.

3. The robot's automated maintenance and inspection capabilities minimize manual labor, reducing
maintenance costs and the risk of injury to workers.

4. Advanced issue detection and prevention are enabled through real-time monitoring and detection of leaks,
blockages, and contamination.

5. Efficient cleaning and debris removal are ensured by the robot's precision-crafted design and advanced
suction and filtration systems.

6. The eco-friendly design minimizes chemical usage and waste generation, aligning with environmental
sustainability goals.

7. Optimized navigation and energy consumption are achieved through the robot's advanced navigation
system.

8. Valuable insights into duct performance are provided through real-time monitoring and data analytics.

9. Increased productivity is achieved through automated maintenance and inspection.
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10. Enhanced system reliability and efficiency are ensured through proactive maintenance and repair.
11. Reduced downtime and emergency repairs minimize disruptions to operations.
12. Improved worker safety eliminates the risk of duct-related accidents.
13. Extended maintenance intervals reduce maintenance costs.
14. The robot's compact size enables easy navigation through narrow and intricate ducts.

15. Advanced sensors and cameras facilitate real-time monitoring.

APPLICATIONS
The proposed system can be employed at variety of applications such as :

Industrial Applications:

1. The compact AC duct maintenance robot is ideal for maintaining HVAC systems in industrial facilities,
such as factories, warehouses, and power plants.

2. It can be used for routine cleaning and inspection of ducts in chemical plants, oil refineries, and other
process industries.

3. The robot's compact design enables navigation through narrow ducts in aerospace and defense industries.

Commercial Applications:

1. The robot is suitable for maintaining HVAC systems in office buildings, shopping malls, and retail stores.
2. It can be used in hospitals and healthcare facilities to ensure clean air circulation and prevent contamination.
3. Hotels, resorts, and restaurants can utilize the robot to maintain indoor air quality.

Residential Applications:

1. Homeowners can use the compact AC duct maintenance robot to improve indoor air quality and reduce
energy consumption.

2. The robot is ideal for maintaining HVAC systems in apartments, condominiums, and residential complexes.
Infrastructure Applications:

1. The robot can be used for maintenance of HVAC systems in airports, train stations, and public
transportation hubs.

2. It is suitable for maintaining ducts in government buildings, schools, and universities.

3. Municipalities can utilize the robot for maintaining HVAC systems in public facilities.

Specialized Applications:

1. The compact AC duct maintenance robot can be used in cleanrooms, laboratories, and research facilities.
2. Itis ideal for maintaining HVAC systems in data centers, server rooms, and IT facilities.

3. The robot can be used in marine vessels, cruise ships, and offshore platforms.
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o Emergency Response Applications:

1. The robot can be deployed in emergency response situations, such as natural disasters or industrial
accidents.

2. It can help assess and repair damaged HVAC systems.

e Maintenance and Inspection Applications:
1. The robot can perform routine maintenance tasks, such as cleaning and inspection.
2. It can detect leaks, blockages, and contamination.

3. The robot can provide real-time monitoring and data analytics.

o Energy Efficiency Applications:
1. The robot can optimize HVAC system performance.
2. It can reduce energy consumption.

3. The robot can help extend the lifespan of HVAC components.

« Environmental Applications:
1. The robot can reduce chemical usage and waste generation.
2. It can minimize carbon footprint.

3. The robot promotes sustainable maintenance practices.

X1, RESuLT

Fig 5. Top View of AC Duct Cleaning Robot
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Fig 7. Side View of Manual Controller of AC Duct Cleaning Robot

XIV. CONCLUSION

In conclusion, the AC Duct Cleaning Robot represents a significant advancement in automated cleaning
technology for air ducts. It integrates efficient cleaning mechanisms, advanced sensors, and robust control
systems to ensure thorough cleaning while minimizing manual effort. This innovative solution boasts
impressive features, including dual operational modes that offer both automatic and manual control for
flexibility in various cleaning scenarios, as well as energy efficiency through optimized power management
for reduced energy consumption during operation. Additionally, the robot utilizes ultrasonic and IR sensors for
precise navigation and obstacle avoidance, and its robust design ensures durability and effectiveness in
different duct conditions. Ultimately, the AC Duct Cleaning Robot enhances the performance of HVAC
systems by ensuring cleaner air circulation, thereby improving air quality. Overall, this innovative solution not
only improves air quality but also contributes to the longevity of HVAC systems, showcasing the potential of
automation in enhancing maintenance tasks.
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