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Abstract—Efficient waste management is a cornerstone
of environmental sustainability. This paper presents an
advanced automated robotic waste sorting system that
leverages a PIC (Peripheral Interface Controller)
microcontroller, a suite of sensors, and a robotic arm to
classify and sort waste into three distinct categories:
organic, recyclable, and non-recyclable. The system
integrates ultrasonic, passive infrared (PIR), and
capacitive sensors to accurately identify waste types,
which are then processed by the robotic arm for precise
placement into designated bins. A conveyor belt system,
spanning 60 cm, ensures seamless waste transportation.
The proposed system has been rigorously tested for
accuracy, efficiency, and response time, demonstrating
superior sorting precision compared to conventional
manual methods. This study highlights the potential of
sensor-based robotic systems in revolutionizing waste
management practices.
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I. INTRODUCTION

With the exponential rise in global waste generation,
the need for efficient and automated waste
management systems has become more pressing
than ever. Traditional manual segregation methods
are not only labor-intensive but also prone to errors,
leading to inefficient recycling and increased
landfill waste. This study introduces an intelligent
waste classification system that combines sensor
technology with robotic automation to address these
challenges. By integrating a PIC microcontroller
with ultrasonic, PIR, and capacitive sensors, the
system achieves real-time waste identification and
sorting, significantly reducing human intervention
and improving overall efficiency.

The proposed system is designed to operate in real-
time, making it suitable for both small-scale and
industrial waste management applications. The use

of a robotic arm ensures precise handling and
placement of waste materials, while the conveyor
system facilitates continuous waste flow. This paper
discusses the system design, implementation, and
experimental results, highlighting its potential to
transform waste management practices.

Il. LITERATURE SURVEY

Over the past decade, researchers have explored
multiple methodologies to automate the process of
waste segregation, aiming to reduce human
effort,  increase  efficiency, and promote
sustainability. Prominent among these are machine
learning, image processing, and sensor-based
systems, each offering specific advantages and
limitations depending on deployment scenarios.

Machine learning-based waste sorting systems
typically utilize algorithms such as convolutional
neural networks (CNNs) and support vector
machines (SVMs) to classify waste types including
plastic, metal, and organic matter. While these
techniques demonstrate impressive accuracy in
controlled environments, their applicability in real-
time scenarios is limited due to the computational
power required for inference and dependence on
large training datasets. Moreover, lighting
variations and visual obstructions further reduce the
accuracy of image-based systems in real-world
conditions [1], [2].

In contrast, sensor-based sorting systems are
becoming increasingly popular for their simplicity,
cost-effectiveness, and real-time processing
capabilities. These systems eliminate the need for
high-resolution image processing by using sensors
to detect the physical or material properties of waste
items. For example, ultrasonic sensors are widely
used for measuring the distance of objects, allowing
robotic systems to determine when and where to
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pick up the waste [3]. Passive Infrared (PIR)
sensors, on the other hand, can identify the presence
of organic waste based on heat emission, making
them suitable for bio-degradable materials [4].
Capacitive sensors distinguish between metallic and
non- metallic items by detecting changes in
dielectric properties, thus enhancing classification
accuracy without heavy computation [5].

Recent studies have also focused on hybrid models
that combine Al techniques with sensor-based
inputs, attempting to leverage the best of both
approaches. These hybrid systems can improve
classification accuracy by fusing data from multiple
sensors and decision layers. However, they often
introduce integration complexity and higher energy
demands, making them less ideal for low-power or
portable applications [2], [6].

Drawing inspiration from these findings, the current
project proposes a multi-sensor-based robotic arm
system for waste segregation. The ultrasonic sensor
provides distance measurement for triggering the
robotic arm, the PIR sensor assists in detecting
biodegradable waste, and the capacitive sensor
ensures material type identification. This
configuration enables the robotic system to
autonomously segregate waste into predefined
categories with high efficiency and low latency,
ensuring scalability and real- world feasibility [3],

[4], [5].
I1I. METHODOLOGY
SYSTEM DESIGN AND IMPLEMENTATION

The proposed automated waste sorting system

comprises the following key components:

1. Microcontroller: A PIC microcontroller serves
as the central control unit, processing sensor
data and coordinating the operation of the
robotic arm and conveyor system.

2. Sensors:

Ultrasonic  Sensor: Detects the presence of

waste and measures its distance from the sensor.

Passive Infrared (PIR) Sensor: Identifies

motion and distinguishes organic waste based on

thermal signatures.

Capacitive Sensor: Differentiates between metal

and non- metal objects by measuring changes in

capacitance.

3. Conveyor Belt: A 60 cm long conveyor belt

transports waste materials to the robotic arm for
sorting.

4. Robotic Arm: Equipped with a gripper, the
robotic arm picks up waste items and places
them into one of three designated bins based on
sensor data.

5. Power Supply: A regulated DC power
source ensures smooth and uninterrupted
system operation.

The waste classification process is modeled

using the following sensor response functions:

1. Ultrasonic Distance Measurement:

d=v-t2d=2v-t
where dd is the distance, vv is the speed of sound,
and tt is the time delay.

2. Capacitive Sensor Response:

C=¢-AdC=dec-A
where CC is the capacitance, €e is the permittivity,
AA is the area, and dd is the distance.

3. PIR Sensor Response:

The PIR sensor detects infrared radiation emitted by

objects. The output voltage VPIRVPIR is

proportional to the temperature difference between

the object and the background:
VPIR=k-ATVPIR=k-AT

where kk is the sensor sensitivity and ATAT is the

temperature difference.

4,  Sorting Decision Function:
The sorting decision SS is a function of the sensor
inputs:

S=f(U,P,C)S=f(U,P,C)
where UU is the ultrasonic input, PP is the PIR
sensor response, and CC is the capacitive sensor
output.

5. Conveyor Belt Speed Control:
The speed vv of the conveyor belt is controlled to
ensure smooth waste transportation:

v=dtv=td
where dd is the distance traveled by the waste item
and tt is the time taken.

6. System Efficiency:

The overall efficiency nn of the system is given by:
n=Number of correctly sorted items Total number
of itemsx100%mn=Total number of items Number of
correctly sorted itemsx100%
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7. Error Rate Calculation:

The error rate EE is calculated as:

E=Number of incorrectly sorted items Total number
of itemsx100%E=Total number of items Number of
incorrectly sorted itemsx100%

8. Power Consumption:
The power consumption PP of the system is given
by:
P=V:IP=V:I
where VV is the voltage and Il is the current.

9. Response Time:

The response time TT of the system is the time

taken from waste detection to sorting:

T=tdetection+tprocessing+tsortingT=tdetection+tpro
cessing+tsorting

where tdetectiontdetection is the time taken for

waste detection, tprocessingtprocessing is the time

taken for data processing, and tsortingtsorting is the

time taken for sorting.

IV. EXPERIMENTAL ANALYSIS AND
RESULTS

The performance of the proposed system was
evaluated based on several key metrics, including
sorting accuracy, processing time, and error rate.
The results are summarized below:

Sorting Accuracy: The system achieved an
impressive 98% accuracy on test samples,
outperforming both manual sorting and image
processing-based methods.

Processing Time: The average processing time per
waste item was 2.3 seconds, significantly faster than
manual sorting (5 seconds) and image processing-
based systems (3.5 seconds).

Error Rate: The system exhibited a low error rate of
2%, primarily due to occasional sensor misreads.

Efficiency: Overall system efficiency improved by
30% compared to manual sorting methods.

TABLE I. Analysis Table of the proposed system

METHOD ACCUR | PROCESS | ERRO
ACY INGTIME | R
(secs) RATE
Manual Sorting 85% 5 10%
Processing- 92% 35 5%
Based Sorting

Proposed 98% 2.3 2%
Sensor-Based
System

The datasets generated and analyzed during this
study are available from the corresponding author
upon reasonable request

(@) (b)

Fig. (a)Top view of the system, (b) Side view of the
system.

The proposed automated waste sorting system
represents a significant advancement in waste
management technology. By combining sensor-
based waste identification with robotic automation,
the system offers a practical and efficient solution for
waste segregation. The high sorting accuracy, low
error rate, and fast processing time make it suitable
for a wide range of applications, from household
waste management to industrial recycling facilities.

Future enhancements to the system could include
the integration of Al-based material classification
algorithms, which would further improve sorting
accuracy and enable the system to handle a wider
variety of waste materials. Additionally, the
implementation of real-time loT monitoring could
provide valuable insights into system performance
and facilitate remote control and optimization.

The automated waste sorting system presented in
this paper demonstrates the potential of sensor-
based robotic systems to revolutionize waste
management practices. By leveraging the strengths
of ultrasonic, PIR, and capacitive sensors, the
system achieves high sorting accuracy and
efficiency, significantly reducing the reliance on
manual labour and minimizing errors. The proposed
system offers a scalable and cost-effective solution
for  waste  segregation,  contributing to
environmental  sustainability —and  promoting
recycling efforts.

Future research should focus on integrating
advanced Al and loT technologies to further
enhance system performance and expand its
applicability. With continued innovation, automated
waste sorting systems have the potential to play a
pivotal role in addressing the global waste
management crisis.
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V. FUTURE DEPLOYMENT

The proposed system lays the foundation for future
advancements in automated waste management.
Potential areas for further research and development
include:

. Al-Based Material Classification: Integrating

machine learning algorithms to enhance the
system's ability to classify complex waste
materials.

10T Integration: Implementing loT-enabled
sensors and communication modules for real-
time monitoring and remote control.

Scalability: Designing modular systems that can
be easily scaled for larger waste management
facilities.

Energy Efficiency: Optimizing the power
consumption of the system to reduce operational
costs and environmental impact.

Human-Robot Collaboration: Exploring
collaborative systems where humans and robots
work together to improve sorting efficiency and
accuracy.

By addressing these areas, future iterations of the
system can further enhance its performance and
applicability, contributing to a more sustainable and
efficient waste management ecosystem.
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