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Abstract—This paper presents the design and partial 

implementation of a smart recycling system aimed at automatic 

classification and sorting of plastic waste. The system is based on 

an STM32 microcontroller and combines a proximity sensor for 

object detection with a multispectral sensor for material analysis. 

A functional prototype was developed using Proximity Click and 

Spectral 3 Click modules, where reflected light measurements are 

processed in real time using a FreeRTOS based software 

architecture. A simple threshold-based classification algorithm is 

applied to distinguish between clean plastic and plastic with labels. 

Experimental testing on a set of plastic samples demonstrated that 

the system can identify differences in spectral response and 

perform basic sorting. However, limitations related to 

environmental conditions and classification accuracy were 

observed. The proposed solution represents a low-cost and 

modular approach suitable for embedded applications and serves 

as a basis for further improvement using advanced classification 

methods. 
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1) INTRODUCTION

One of today's most critical environmental problems is plastic 

waste. And while recycling has a significant contribution to 

making plastic less so, there’s still much to be done to 

systematically sort plastics. What happens, in particular, is that 

the “clean” plastic and plastic that are labeled or with other 

materials end up in the same recycling stream meaning recycled 

is not as good as it could (which in some cases requires an extra 

layer of processing). This is in line with the notion of Industry 

4.0, the automation of processes in which sensors and embedded 

systems are used and data collection for surveillance and 

optimization is realized [7]. Intelligent recycling technology 

based on IoT enables automatic identification and segregation 

of materials and it decreases work dependency and increases 

reliability. 

This paper aims to discuss the design process and 

implementation of the smart recycling system using STM32 

microcontroller [1] and multispectral measurements [3]. The 

system employs a proximity sensor for object detection, a 

multispectral sensor for surface analysis, real-time data 

processing, and actuator control for sorting. In contrast to more 

purely conceptual implementations, this work introduces a 

working prototype, which is suitable for practical evaluation of 

system behavior and limitations. 

2) SYSTEM OVERVIEW AND ARCHITECTURE

    The smart recycling system is based on the sensing, control 

and actuation subsystems. Its primary purpose is the automatic 

recognition of the plastic item, identification of whether it could 

be contaminated, and sorting into the correct containers. A. 

Sensing Subsystem. The sensing subsystem comprises two 

modules: 

A. Sensing Subsystem

The sensing subsystem consists of two modules: 

1. Proximity module – the module senses the presence of an

object and starts the measurement. The module helps to

curtail unnecessary measurements and to increase the

system efficiency [2], [4].

2. Multispectral module – determines that reflected light from

plastic surface can be measured, so that the materials can

be analyzed and distinguished between clean plastic as well

as plastic with labels [3], [5].

Both sensors are connected to a shared I2C communication bus. 

B. Control Subsystem

The control subsystem consists of an STM32 microcontroller
[1] that carries out the following functions:sensor data
acquisition

• measurement processing

• classification decision

• actuator control

This software has been implemented as a real-time system 
using FreeRTOS [6]. The features of this system split them up 
into a collection of separate tasks. 
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C. Actuation Subsystem

The microcontroller now controls an actuator based on

classification results, directing the object physically into 

suitable containers. 

D. System Workflow

The operation of the system can be defined by the following: 

1. Object detection

2. Multispectral measurement

3. Data analysis and classification

4. Sorting by causing the actuator to fire

3) HARDWARE DESIGN

The hardware realization of the smart recycling node includes 

an STM32 development board as the central control unit and 

two sensor nodes for object detection, multispectral analysis.  

The system is modular by design, to replace or expand the 

components of the system easily. 

A. STM32 platform

The STM32 microcontroller [1] is responsible for:

• communication (I2C, UART, GPIO)

• processing of sensor data

• classification decision

• actuator control

• real-time task scheduling using FreeRTOS

B. Proximity click

The Proximity Click module integrates the infrared emitter
and photodiode with the VCNL4010 sensor [2] to detect the 
presence of an object. If something is detected, it creates a signal 
and contacts the microcontroller through I2C [4]. 

C. Spectral 3 click

The Spectral 3 Click component is based on the AS7263

sensor [3], which is responsible for a six-channel multispectral 

reflection measurement of light. These measurements constitute 

a spectral signature of material and enable differentiation 

between clean plastic and plastic with labels.  

UART and I2C communication are supported in the module 

in question but here only the I2C communication is used where 

data can be retrieved from the real world. 

D. Sorting actuator

According to the classification, the STM32 produces a

control signal to physically lead the object in the correct 

direction. 

4) SOFTWARE DESIGN AND REAL-TIME CONTROL

The system is made a real-time app for the purpose of 

guaranteeing the accurate execution of the measurement process. 

All Proximity and Spectral sensors are based on a shared I2C 

communication bus, hence proper synchronization is needed to 

avoid access conflicts and avoid problems with communication 

stability. 

A. Task Organization Using FreeRTOS

Task organization using FreeRTOS. FreeRTOS allows
system function to be separated into logical units, leading to 
more efficient organization of the system and easier future 
expansion [6]. This project has the following task structure 
implemented: 

• Detection task – periodically looking at the data
collected from the Proximity sensor to check whether or
not an object is present.

• Measurement task –  triggered after detection and
performs multispectral sensor readings.

• Classification task – based on measured spectral values
the classification decision is calculated.

• Actuator control task – sends control signals to the
actuator based on classification result.

Task-based architecture helps in system modularity and 

guarantees each functional block acts independently from one 

another, yet co-locates with each other, although in different 

parts, inside real-time systems. 

B. I2C Bus Synchronization

Since the sensors are using one I2C bus, the communication

channel is a shared resource. To enable reliable operation of the 

communication channel, access to the sensor subsystem is 

synchronized using a mutex mechanism. It ensures that a single 

task can interact with the I2C bus at any time and avoids: 

• communication errors on the bus

• loss of ACK signals

• inconsistent or corrupted sensor readings

In this way, mutual exclusion leads to stable and predictable 

communication between the microcontroller and sensors, 

relevant in real-time system reliability. 
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C. System Flow Description

The overall workflow of the smart recycling system is presented 

in Fig. 1. 

Fig. 1. System flow of the smart recycling system 

The system is in use in a cyclic way and can be defined in this 

sequence of operations: 

1. Idle state – waiting for object detection

2. Proximity sensor detects the object

3. Multispectral sensor performs measurement (6

channels)

4. Measured values are processed

5. Classification is performed (clean or contaminated

plastic)

6. Actuator is activated to redirect the object

7. System logs the event and returns to idle state

This flow ensures continuous operation of the system and 

enables real-time response to incoming objects. 

5) CLASSIFICATION AND SORTING LOGIC

In this study an easy-to-use classification logic was adopted 

that can be done in real-time at the microcontroller level. The 

multispectral sensor also gives six measurement values that 

represent reflected light from the surface of the materials. A 

measurement vector is obtained and compared with clean plastic 

reference characteristics based on these values. It is also fast 

(and can be quickly processed), suitable for embedded systems 

with limited computing resources. 

A. Threshold and Score-Based Approach

The classification process is implemented through the

following steps: 

• Normalization of measured values – to reduce the

influence of measurement scale and external factors

• Calculation of deviation score – the measured vector

is compared with a reference vector representing clean

plastic

• Threshold comparison – the calculated deviation is

compared with a predefined threshold

If the calculated score exceeds the defined threshold, the 

object is classified as contaminated plastic. Otherwise, it is 

classified as clean plastic. 

This approach is suitable for implementation on 

microcontrollers because it does not require complex models or 

high computational power. In addition, the threshold value can 

be experimentally calibrated based on a set of sample 

measurements, which allows adaptation of the system to 

different materials and conditions. 

B. Sorting Mechanism

The classification result is directly mapped to actuator control: 

• Clean plastic – redirected to the recycling container

• Contaminated plastic – redirected to a separate

container for further processing

This direct mapping enables fast system response and simplifies 

the control logic, which is important for real-time application 

C. Practical Considerations and Limitations

Practical considerations and limitations. Although the logic 

for implementing classification is simple, its logic was enough 

to prove the feasibility of the system. That being said, testing 

made it clear that: 

• measurement values may vary due to ambient light

conditions

• material variations can influence classification

accuracy

• fixed threshold values may not be optimal for all

scenarios

Despite these limitations, the proposed approach provides a 

reliable and efficient baseline solution. It also represents a solid 

foundation for future improvements, such as the integration of 

machine learning algorithms or adaptive classification methods. 

6) DEMONSTRATION SCENARIO AND EVALUATION PLAN

The emphasis of the demonstration scenario is on 

demonstrating the operation of the smart recycling node and 

evaluating performance of the smart recycling node in an 

experimental scenario and evaluation using defined metrics.  

A working prototype of the system was designed and tested 

so as to validate the total measurement and sorting of the data. 

A. Operating Scenario

The system operation was tested through the following 

sequence: 

1) A plastic object is placed in front of the proximity

sensor

2) The Proximity module detects the object and triggers

measurement

3) The STM32 activates the multispectral sensor and

reads six measurement channels

4) The software module processes the data and performs

classification
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5) The STM32 controls the actuator and redirects the

object accordingly

6) The system logs the event, including time and

classification result, and returns to the idle state

This scenario confirms that the system can operate continuously 

and respond to object input in real time. 

B. Evaluation Plan

In order to evaluate system performance, the following metrics 

were considered: 

• Classification accuracy – percentage of correctly

identified clean and contaminated plastic samples

• Processing time per object – total time from detection

to completion of sorting

• I2C communication reliability – number of

communication errors and stability of sensor readings

during repeated measurements, ensured through

FreeRTOS synchronization

• Mechanical reliability – percentage of successful

sorting operations without actuator malfunction

These results showed that the system was able to perform basic 

classification and sorting tasks, but its performance depends on 

environmental conditions as well as system calibration settings. 

C. Graphic design

Fig. 2 illustrates the operational flowchart of the proposed smart 

recycling system. 

Fig. 2. Flowchart of the smart recycling system operation 

Table 1 summarizes the main hardware and software 

components used in the proposed system and their roles. 

Table 1 System Components and Their Role 

Fig. 3 presents the block diagram of the smart recycling system 

architecture.  

Fig. 3. Block diagram of the smart recycling system 

7) CONCLUSION

This paper describes the architecture of a smart recycling 

node utilizing an STM32 microcontroller along with a 

proximity sensor and a multispectral sensor. The system is 

capable of autonomous operation such as object detection, 

multispectral measurement of reflected light, data processing, 

classification decision-making, and actuator control for physical 

waste separation. With FreeRTOS, tasks can be organized in 

real time alongside synchronized access to the shared I2C bus, 

resulting in a stable system design. 

Within the framework of Industry 4.0, such a system 

represents a step toward the automation of processes that have 

traditionally relied on manual and subjective decisions. In 

combination with sensor-based analysis and embedded control, 

the system acts as an intelligent unit capable of continuous 

operation, eliminating human error and subjectivity in the 

sorting process. In addition, the solution also offers industrial 

value by enabling modular upgrades and easy integration into 

recycling lines, along with the capability of data collection for 

monitoring and process optimization. 
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