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Abstract— The development and implementation of a smart retail shelf system that aims to
transform inventory management and consumer analytics is the topic of this paper. The
proposed system is based on different sensors including weight sensors, infrared (IR) sensors
and ultrasonic sensors, which are able to monitor various types of products in real time. They
are then integrated with a NodeMCU and Arduino Uno, which processes the data and send
alerts if stock levels fall below a set threshold. By automating inventory management, manual
labor and errors are reduced in this setup. For mass sold items, the weight sensors were used,
IR sensors for individual shelf items, and ultrasonic sensors for stacked products. Different
scenarios were tested on the system and it was proved to be reliable and accurate in
maintaining optimal stock levels. The smart retail shelf system is discussed with regard to its
methodology, results, and implications with regards to its potential to increase operational
efficiency and customer satisfaction in the retail industry.

Index Terms — Inventory management, loT, NodeMCU, retail technology, sensors, smart retail
shelf.

1. INTRODUCTION

Efficient inventory management is a critical aspect of retail operations, directly influencing profitability and
customer satisfaction. Traditional methods of inventory tracking, which often rely on manual processes, are
time-consuming and susceptible to human error. As the retail industry becomes increasingly competitive, there is
a growing need for automated systems that can provide real-time inventory data and consumer insights, thereby
optimizing stock levels and improving the shopping experience. Research in the field of smart retail solutions
has made significant strides in recent years. Numerous studies have explored the use of various sensors and [oT
devices to automate inventory management. For example, weight sensors have been used to track stock levels in
supermarkets, while RFID technology has been employed to monitor inventory in warehouses. Additionally,
advancements in machine learning and data analytics have enabled more sophisticated consumer behavior
analysis. Despite these developments, challenges such as sensor accuracy, data integration, and cost-
effectiveness remain. This research addresses the gaps identified in previous studies by developing a
comprehensive smart retail shelf system that leverages weight, IR, and ultrasonic sensors for different types of
products. Unlike existing solutions that often focus on a single sensor type or application, our system integrates
multiple sensors to provide a versatile and accurate inventory management solution. By incorporating a Node
MCU for data processing and alert management, the system not only ensures timely stock replenishment but also
enables connectivity with other applications in the future. This novel approach enhances the functionality and
applicability of smart retail technology, offering a robust solution to common inventory management challenges.
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II. METHODOLOGY/ EXPERIMENTAL

The methodology section outlines the detailed steps and components involved in developing the smart retail
shelf system. This includes selecting the appropriate sensors, setting up the NodeMCU and Arduino Uno boards,
integrating the sensors with the microcontrollers, and configuring the system to monitor inventory and trigger
alerts.

A. Materials/Components

Weight Sensor (Load Cell with HX711 Amplifier)
» Used for products sold by weight (e.g., fruits, vegetables).
» Measures the mass of products and sends data to the Node MCU.

Infrared (IR) Sensor
» Suitable for detecting singular shelf items (e.g., electronics, packaged goods).
» Detects the presence or absence of an item based on IR light reflection.

Ultrasonic Sensor (HC-SR04)
» Ideal for stacked products (e.g., books, clothing).
» Measures the distance to the top of the stacked products to determine stock levels.

NodeMCU/Arduino Uno
» Acts as the central processing unit for collecting and analyzing sensor data.
» Runs the software to process sensor inputs, trigger alerts, and store data.

Power Supply
» Provides necessary power to the NodeMCU and sensors.

Alert System
» Includes LEDs or buzzers to alarm when inventory is low.

B. System Design and Integration
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Figure 1. System Architecture

C. Implementation

Setting Up the NodeM CU and Arduino Uno Boards
» Install Arduino IDE for programming the microcontrollers.
»  Set up libraries for sensor interfacing, such as:

e HX?711 Library (for Weight Sensor).

e  GPIO Library (for sensor pin configurations).
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Connecting the Sensors

Weight Sensor Setup
» Connect the Load Cell to the HX711 Amplifier Module.
» Connect the HX711 module to the Arduino Uno.
»  Write a script using the HX711 library to:
e Read weight data from the sensor.
e Convert the raw data into meaningful weight values.

Infrared (IR) Sensor Setup
» Connect the IR Sensor to the appropriate pins on the Arduino Uno.
»  Write a script to:

e Read the digital signal from the IR sensor.

e Detect the presence or absence of an item.

Ultrasonic Sensor Setup
» Connect the HC-SR04 Ultrasonic Sensor to the NodeMCU.
»  Write a script to:
e Measure the time taken for the ultrasonic pulse to return.
e C(Calculate the distance based on the time of flight.
e Infer the stock level based on measured distance.

Threshold Setup

» Define thresholds for each sensor to trigger inventory alerts:

» Weight Sensor: Set a minimum weight threshold to detect low stock for products sold by mass.

» IR Sensor: Set a condition to detect the absence of an item on the shelf.

» Ultrasonic Sensor: Set a minimum distance threshold to identify a reduction in stacked product levels.

Data Processing and Alerts
»  Write a script to continuously read data from all sensors.
» Compare the sensor data against the predefined thresholds.
» If data falls below the threshold, trigger an alert system:
e Activate LED indicators or buzzers to notify low stock levels.

D. Theory

Weight Sensors
Load cells convert the weight of an item into an electrical signal, which is amplified by the HX711 module and
read by the Arduino Uno. When the mass falls below a threshold, it indicates low stock.

IR Sensors
These sensors emit infrared light and measure its reflection. When an item is present, the IR light is reflected
back to the sensor, generating a signal. Absence of a reflection indicates the item is out of stock.

Ultrasonic Sensors

These sensors emit ultrasonic waves and measure the time taken for the waves to return after rebounding on an
object. The distance is calculated based on the time of flight. A shorter distance than expected indicates a
decrease in stock levels.

E. Implementation

Hardware Assembly
» Assemble and connect the sensors to the microcontrollers.
> Ensure proper power supply and secure connections to prevent any data loss.

Software Development
» Develop the scripts for reading sensor data, processing it, and signalling.

Testing
» Test each sensor individually to ensure accurate readings.
» Test the integrated system under various scenarios to ensure reliable operation and timely alerts.
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Figure 2. Ultrasonic Sensor Assembly Figure 3. Weight Sensor Assembly

Deployment
» Deploy the system in a retail environment.
»  Monitor performance and make necessary adjustments to improve accuracy and reliability.

III. RESULTS AND DISCUSSIONS

The results obtained from the implementation and testing of the system are as follows, including sensor
accuracy, response times, system reliability, and the quality of data collected for consumer analytics.

A. Sensor Accuracy and Response Times

Weight Sensor (Load Cell with HX711 Amplifier)

» Calibration and Testing: The load cell was calibrated using known weights to ensure accuracy. The
calibration process involved recording the raw sensor data for various known weights and calculating a
calibration factor.

» Accuracy: The weight sensor demonstrated an accuracy of £1 gram for weights up to 5 kg. This level of
precision is sufficient for retail applications involving small to medium-sized products.

» Response Time: The sensor provided real-time updates with a response time of approximately 100
milliseconds. This rapid response ensures timely detection of stock changes.

Infrared (IR) Sensor

» Detection Capability: The IR sensor was tested with various shelf items to determine its detection reliability.
It successfully detected the presence or absence of items with an accuracy of 99%.

» Range and Sensitivity: The effective range of the IR sensor was found to be up to 30 cm. The sensitivity was
adjusted to minimize false positives and negatives, ensuring reliable item detection.

» Response Time: The sensor's response time was nearly instantaneous (less than 10 milliseconds), providing
immediate feedback on item presence.

Figure 4. IR Sensor — Product in place Figure 5. IR Sensor — product not stocked

Ultrasonic Sensor (HC-SR04)

» Distance Measurement: The ultrasonic sensor was tested to measure the height of stacked products. It
accurately measured distances within the range of 2 cm to 300 cm, giving an accuracy of £0.3 cm.

» Stock Level Detection: The sensor effectively identified changes in stack height, indicating stock depletion
or replenishment.
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» Response Time: The response time for the ultrasonic sensor was approximately 60 milliseconds, allowing
for real-time monitoring of stock levels.

TABLE I. OVERALL SYSTEM PERFORMANCE

Parameter Weight Sensor IR Sensor Ultrasonic Sensor
Accuracy 99.5% 99.5% 99.2%

Response Time (ms) 100 10 60

Power Consumption (W) 0.5 0.3 0.7

The overall accuracy of the system across all sensors was recorded as 99.4%, ensuring reliable and real-time
inventory management.

IV. FUTURE SCOPE

The smart retail shelf system holds significant potential for further enhancement and expansion. Future

developments could focus on the following areas:

» Predictive Analytics: Develop advanced predictive models using machine learning algorithms to forecast
inventory needs based on historical data. These models can anticipate stock depletion and recommend
optimal restocking times, which will enable predictive stock replenishment, reducing stockouts and
overstock by an estimated 20%.

» Integration with Other IoT Devices: Enhance the system by integrating additional IoT devices such as RFID
tags, smart cameras, and environmental sensors. This can provide a more comprehensive view of inventory
and store conditions, enabling better decision-making. Integrating environmental sensors (e.g., temperature,
humidity) will further optimize conditions for perishable products.

» Cloud Connectivity: Implement cloud-based data storage and processing to handle larger datasets and enable
remote monitoring and management. This will allow store managers to access real-time data and insights
from anywhere, ensuring more flexible and responsive operations.

» Real-time App Feature: Develop a mobile application for store managers to monitor inventory levels in real-
time. The app can provide alerts, display dashboards, and offer detailed reports, facilitating better inventory
control and management on the go.

» Cost Optimization: Research cost-effective alternatives for existing sensors while maintaining performance.
This will make the system accessible to small and medium-sized retailers.

By integrating these advancements, the system can achieve higher operational efficiency, reduce losses due to

mismanagement, and improve customer satisfaction.

V. CONCLUSION

The proposed smart retail shelf system successfully addresses the challenges of traditional inventory
management through an innovative integration of weight sensors, IR sensors, and ultrasonic sensors. The results
demonstrate a high level of accuracy (99.4%) and quick response times across all sensor types, ensuring real-
time inventory updates and minimizing manual labor.

Key highlights include
» Accurate detection of stock levels for products of varying types (by weight, single items, and stacked
goods).

» Enhanced operational efficiency through automated alerts for stock replenishment.

» Cost-effective implementation suitable for various retail environments.

Future enhancements such as predictive analytics, cloud connectivity, and mobile app integration will further
improve the system's functionality and scalability. This smart retail shelf provides a robust, reliable, and scalable
solution that has the potential to revolutionize inventory management in the retail industry.
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