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Abstract

In this paper, we present the design and implementation of a low-cost, low-power, industrial-grade sensor
node optimized for hazardous environments such as construction sites, chemical plants, and mining
operations. These sensor nodes facilitate mesh networking, offering extensive communication range and
robust data collection capabilities, essential for enhancing safety and optimizing industrial processes. Our
design focuses on creating the smallest possible sensor nodes with significant energy efficiency, reliability,
and adaptability to various industrial sensors. This paper also discusses the architecture, system
implementation, and performance evaluation of the sensor nodes in real-world applications.
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1. Introduction

The proliferation of the Internet of Things (I0T) has revolutionized the way industries operate, particularly
in hazardous environments where data plays a crucial role in ensuring safety and optimizing processes.
Wireless Sensor Networks (WSNSs) have become a key component in this transformation, enabling remote
monitoring and control through the deployment of sensor nodes that collect and transmit data. However,
the challenge lies in developing sensor nodes that are not only cost-effective and energy-efficient but also
capable of withstanding harsh industrial conditions.

This paper introduces an innovative approach to designing low-cost, low-power, industrial-grade sensor
nodes. These nodes can facilitate mesh networking, providing a large range of communication, and can
be integrated into various hazardous industries. The focus is on minimizing the size and power
consumption of the nodes while ensuring robust performance and reliability.

2. Related Work

Previous research has explored various aspects of WSNs, including their applications in industrial
monitoring, energy-efficient designs, and low-cost implementations. Studies such as those by Suthar A.
(2019) and Henkel et al. (2017) have laid the groundwork for understanding the requirements and
challenges of deploying WSNs in industrial settings.

2.1. Industrial Applications of WSNs

Wireless Sensor Networks (WSNs) have been extensively researched and implemented across various
industries due to their versatility and efficiency in monitoring and controlling industrial processes. For
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instance, WSNs are utilized in manufacturing to monitor machine conditions and predict maintenance
needs, thereby reducing downtime and improving productivity. Similarly, in agriculture, WSNs help in
monitoring soil conditions, weather, and crop health, leading to optimized irrigation and fertilization
practices.

In the context of hazardous industries such as mining, chemical plants, and construction, WSNs play a
critical role in ensuring safety and operational efficiency. In mining, for example, WSNs are used to
monitor air quality, detect hazardous gases, and track the movement of personnel and equipment. These
networks help in preventing accidents and improving the response time in case of emergencies.

2.2. Energy Efficiency and Power Management

One of the primary challenges in WSNs is energy efficiency, particularly for battery-operated nodes
deployed in remote or hazardous environments. Several studies have focused on developing low-power
microcontrollers, energy-efficient communication protocols, and energy harvesting techniques to extend
the operational life of sensor nodes.

Henkel et al. (2017) highlighted the importance of ultra-low power consumption and reliability in 10T
devices, discussing various methodologies for minimizing energy consumption without compromising
performance. Their work emphasizes the use of advanced power management techniques such as Dynamic
Voltage and Frequency Scaling (DVFS) and the integration of energy harvesting systems.

Other research has explored the use of duty-cycling mechanisms where sensor nodes switch between
active and sleep modes to conserve energy. For instance, Rahman and Jambek (2016) demonstrated the
effectiveness of low-power wireless sensor nodes using duty-cycling and efficient power management
strategies, resulting in significant energy savings and prolonged battery life.

2.3. Cost-Effective Designs

The cost of sensor nodes is a critical factor affecting the adoption of WSNs in various industries.
Researchers have aimed to reduce costs by using commercially available components and optimizing the
design and manufacturing processes.

Suthar A. (2019) designed a low-cost wireless sensor node using the ATtiny85 microcontroller and Nordic
nRF24L01+ transceiver. Their approach focused on creating a flexible and programmable node that can
interface with different sensors and transmit data efficiently. The use of widely available components and
open-source software tools such as the Arduino IDE and Eagle PCB design software contributed to
keeping the costs low.

In another study, Babusiak and Smondrk (2018) developed a low-cost, low-power sensor for WSNs
tailored for medical applications. Their design incorporated cost-effective components and achieved low
energy consumption, demonstrating the potential for scalable and affordable sensor networks.

2.4. Advances in Communication Protocols

The communication protocols used in WSNSs significantly impact their performance, reliability, and
energy efficiency. Recent advancements have focused on developing robust and energy-efficient protocols
that can support the dynamic and challenging conditions of industrial environments.

Protocols such as ZigBee, Bluetooth Low Energy (BLE), and LoRaWAN have been extensively studied
for their applicability in WSNs. Each protocol offers different advantages in terms of range, data rate, and
energy consumption. For instance, ZigBee is known for its low power consumption and mesh networking
capabilities, making it suitable for industrial applications. BLE, on the other hand, provides a higher data
rate and is ideal for short-range communication.
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2.5. Integration with Cloud and Edge Computing

The integration of WSNs with cloud and edge computing has opened new avenues for real-time data
processing and decision-making. By leveraging cloud computing, industries can store and analyse large
volumes of data collected by sensor nodes, enabling advanced analytics and machine learning applications.
Henkel et al. (2017) discussed the role of cloud and edge computing in enhancing the capabilities of 10T
devices. Their work highlights how cloud computing can offload intensive data processing tasks from
sensor nodes, thereby reducing their power consumption and extending their operational life. Additionally,
edge computing allows for real-time data processing at the edge of the network, providing faster response
times and improving the overall efficiency of industrial operations.

2.6. Sensor Node Miniaturization

Miniaturization of sensor nodes is crucial for deploying them in constrained or hazardous environments.
Advances in micro-electromechanical systems (MEMS) and nanotechnology have enabled the
development of tiny, low-power sensors that can be integrated into WSNs.

Recent studies have explored the use of MEMS sensors for various industrial applications, highlighting
their small size, low power consumption, and high sensitivity. For instance, MEMS-based accelerometers
and gyroscopes are used for monitoring vibrations and movements in machinery, providing valuable data
for predictive maintenance and fault detection.

3. System Architecture

The proposed sensor node architecture is designed to be modular, allowing for easy integration of different

types of sensors based on the specific requirements of the industrial application. This modularity ensures

that the sensor nodes can be customized for various use cases, enhancing their applicability across multiple

industries. The core components of the sensor node include:

e Microcontroller: ATtiny85 for its low power consumption and sufficient computational capability.

e Wireless Transceiver: Nordic nRF24L01+ operating in the 2.4 GHz ISM band, chosen for its low
power and high reliability.

o Power Supply: Battery-operated with options for solar energy harvesting to extend operational life.
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Figure 1: System Architecture
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3.1. Hardware Design

The hardware design focuses on minimizing size and power consumption, making the sensor nodes

suitable for deployment in constrained or harsh environments. The key aspects of the hardware design are

detailed below:

3.1.1. Microcontroller

The ATtiny85 microcontroller is selected for its ultra-low power consumption, small form factor, and

sufficient computational capabilities for handling sensor data processing and communication tasks. The

ATtiny85 features:

o 8-bit AVR RISC architecture: This provides efficient processing capabilities while keeping power
consumption low.

e Program memory: 8 KB Flash memory, suitable for storing firmware and application code.

« RAM and EEPROM: 512 bytes of SRAM and 512 bytes of EEPROM, which are adequate for the
sensor node's operations.

o Peripherals: The microcontroller includes various peripherals such as timers, ADC (Analog-to-
Digital Converter), and digital 1/0 ports, enabling integration with different sensors.

The microcontroller is programmed using the Arduino Integrated Development Environment (IDE), which

simplifies the development process and allows for easy prototyping and debugging. The Arduino IDE also

supports a wide range of libraries and tools, further facilitating the development of sensor node
applications.

3.1.2. Wireless Transceiver

The Nordic nRF24L01+ transceiver operates in the 2.4 GHz ISM band, offering several advantages for

industrial applications:

e Low power consumption: The transceiver consumes minimal power during both active and sleep
modes, making it ideal for battery-operated devices.

o High reliability: The transceiver features robust communication protocols, error correction
mechanisms, and support for multiple data rates (250 kbps, 1 Mbps, and 2 Mbps), ensuring reliable
data transmission even in noisy environments.

o Flexibility: The nRF24L01+ supports configurable output power levels and communication channels,
allowing for optimization based on the specific requirements of the deployment environment.

The transceiver is configured to operate with minimal power consumption while maintaining a strong and

reliable communication link. This involves fine-tuning the transceiver settings such as data rate, output

power, and communication channel to balance power efficiency and performance.

3.1.3. Power Supply

The sensor nodes are designed to be battery-operated, with options for integrating solar energy harvesting

to extend their operational life. The primary power sources include:

e Coin cell batteries: These provide a compact and reliable power source for the sensor nodes. The
design ensures that the nodes can operate for extended periods (months to years) on a single coin cell
battery.

o Rechargeable batteries: Small rechargeable batteries, such as lithium-polymer (Li-Po) batteries, can
be used for applications requiring higher power capacity or longer operational periods between
charges.

Solar energy harvesting is incorporated to supplement the battery power, particularly in outdoor or well-

lit environments. This involves integrating small solar panels and energy management circuits to charge
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the batteries and provide continuous power to the sensor nodes.

3.2. Communication Protocol

The sensor nodes utilize a mesh networking protocol to ensure reliable and scalable communication. Mesh

networking offers several benefits for industrial applications:

e Redundancy and Reliability: In a mesh network, each node can communicate with multiple
neighbouring nodes, providing redundant communication paths. This ensures that data can still be
transmitted even if some nodes fail or face interference.

o Scalability: Mesh networks can easily scale to accommodate many nodes, making them suitable for
extensive deployments across large industrial sites.

o Self-Healing: The network can automatically reconfigure itself in response to changes in the topology,
such as node failures or additions, maintaining robust communication without manual intervention.

The nRF24L01+ transceiver supports the implementation of mesh networking protocols, with features

such as:

e Multiple data rates: This allows for optimizing the balance between power consumption and
communication performance.

e Programmable output power: Nodes can adjust their transmission power to save energy or extend
communication range as needed.

o Automatic acknowledgment and retransmission: These features ensure reliable delivery of data
packets, reducing the likelihood of data loss.

3.3. Power Management

Effective power management is crucial for extending the operational life of battery-powered sensor nodes.

The design incorporates several strategies to minimize power consumption:

3.3.1. Duty-Cycling

Duty-cycling involves alternating between active and sleep states to conserve energy. The sensor nodes

spend most of their time in a low-power sleep mode and wake up periodically to perform data acquisition

and transmission. This approach significantly reduces the average power consumption while maintaining
the necessary functionality.

e Active Mode: During active periods, the microcontroller wakes up, collects data from the sensors,
processes it, and transmits it to the network. The duration and frequency of active periods are optimized
based on the application requirements.

e Sleep Mode: In sleep mode, the microcontroller and transceiver enter a low-power state, consuming
minimal energy. The system is designed to wake up at predefined intervals or in response to specific
events, such as threshold-based sensor readings.

3.3.2. Low-Power Components

All components used in the sensor node are selected for their low power consumption characteristics. This

includes the ATtiny85 microcontroller, the nRF24L01+ transceiver, and various sensors. Additionally, the

design minimizes the use of power-hungry peripherals and includes power-saving features such as:

o Low-power sensors: Sensors with low operating currents and efficient data acquisition capabilities
are chosen to reduce the overall power consumption.

o Efficient power regulation: Power regulation circuits are designed to minimize losses and ensure that
the sensor node operates efficiently across a range of supply voltages.
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3.3.3. Energy Harvesting
To further extend the battery life, the sensor nodes incorporate energy harvesting techniques, such as
solar power. This involves integrating small solar panels and energy management circuits that can
capture and store energy from the environment. The harvested energy is used to supplement the battery
power, reducing the reliance on battery replacements and enhancing the sustainability of the
deployment.

Figure 2: System Flow

Tables
1. Component Specifications: Lists the key specifications of the microcontroller, transceiver, and
sensors used in the sensor node.

Component Specification

Microcontroller ATtiny85, 8-bit AVR, 8 KB Flash, 512 B SRAM, 512 B
EEPROM

Wireless Nordic NnRF24L01+, 2.4 GHz ISM band, multiple data rates, low

Transceiver power

Power Supply Coin cell battery, optional solar energy harvesting

Sensors Various low-power sensors (e.g., temperature, humidity, gas)

2. Power Consumption Metrics: Summarizes the power consumption during active and sleep modes
for different components.

Mode Microcontroller (pA) | Transceiver (nA) Total (nA)
Active 300 150 450
Sleep 1 1 2
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3. Energy Harvesting Efficiency: Provides data on the efficiency of the solar energy harvesting system
under different lighting conditions.

Lighting Condition | Harvested Power (mW) |Battery Life Extension (days)
Full Sunlight 50 30
Partial Sunlight 20 10
Indoor Lighting 5 2

4. Implementation

The implementation of the sensor nodes involves several key stages: developing the firmware for the
microcontroller, designing and assembling the PCB, and conducting thorough testing and calibration. Each
stage is critical to ensure that the sensor nodes perform optimally in real-world industrial environments.

4.1. Firmware Development

Firmware development is a crucial step in the implementation process, as it determines how the sensor

nodes will function, collect data, and communicate within the network. The ATtiny85 microcontroller is

selected for its balance of low power consumption and sufficient processing power. The development of
the firmware includes several key tasks:

4.1.1. Low-Power Operation

The ATtiny85 is programmed to operate in various low-power modes to maximize battery life. The

firmware ensures that the microcontroller remains in sleep mode for most of the time and only wakes up

periodically to perform its tasks. This duty-cycling approach significantly reduces power consumption.

o Sleep Mode: The microcontroller and transceiver enter a low-power state, consuming minimal energy.
Wake-up intervals are carefully calibrated based on the specific requirements of the industrial
application.

o Active Mode: During active periods, the microcontroller collects data from the connected sensors,
processes the data, and transmits it using the nRF24L.01+ transceiver. The firmware includes routines
for efficient data acquisition and minimal processing time to reduce the duration of active periods.

4.1.2. Sensor Data Acquisition and Processing

The firmware includes drivers and routines for interfacing with various sensors. These routines handle the

initialization of the sensors, data reading, and any necessary data processing or conversion.

« Initialization: The firmware initializes the sensors during the startup sequence, configuring them for
optimal operation.

o Data Reading: Sensor data is periodically read and processed. This involves converting raw sensor
readings into meaningful data formats, such as temperature in degrees Celsius or gas concentration in
parts per million.

o Data Processing: Simple processing tasks, such as averaging multiple readings to reduce noise or
applying calibration factors, are performed on the microcontroller.

4.1.3. Wireless Communication

The firmware manages wireless communication using the nRF24LO01+ transceiver. This includes

establishing connections, sending and receiving data packets, and handling communication protocols.

« Connection Establishment: The firmware initializes the transceiver and establishes connections with
neighbouring nodes or the central gateway.

IJFMR240424089 Volume 6, Issue 4, July-August 2024 7



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

o Data Transmission: Sensor data is formatted into packets and transmitted over the network. The
firmware includes error-checking mechanisms to ensure reliable data transmission.

o Acknowledgment and Retransmission: The firmware handles acknowledgment packets from the
receiver and manages retransmissions if packets are not acknowledged, ensuring data integrity.

4.2. PCB Design and Assembly

The design and assembly of the PCB are critical for ensuring that the sensor nodes are compact, robust,

and efficient. The process involves several steps:

4.2.1. PCB Layout Design

The PCB layout is designed using Autodesk Eagle, focusing on minimizing size and optimizing power

management. The layout includes:

o Component Placement: Strategic placement of the microcontroller, transceiver, sensors, and power
supply components to minimize trace lengths and reduce power losses.

o Power Traces: Thick traces for power lines to handle current requirements and reduce voltage drops.

« Signal Traces: Optimized routing of signal traces to minimize interference and noise.

4.2.2. PCB Fabrication

Once the layout design is finalized, the PCB is fabricated. This involves:

o Manufacturing: The design files are sent to a PCB manufacturer, where the boards are produced using
precise manufacturing techniques.

e Quality Control: Each PCB is inspected for manufacturing defects, such as short circuits or
incomplete traces.

4.2.3. Component Assembly

The fabricated PCBs are populated with components through a combination of manual soldering and

automated assembly processes.

o Soldering: Components are soldered onto the PCB, ensuring solid electrical connections and
mechanical stability.

e Testing: Each assembled PCB undergoes initial testing to verify that all components are correctly
placed and functioning.

4.3. Testing and Calibration

Testing and calibration are essential to ensure that the sensor nodes operate accurately and reliably in real-

world conditions. This stage involves several key activities:

4.3.1. Controlled Environment Testing

The sensor nodes are tested in a controlled environment to measure their performance under known

conditions. This includes:

e Power Consumption Testing: Measuring the power consumption in different modes (active, sleep)
to ensure that the nodes meet the designed energy efficiency targets.

« Communication Range Testing: Testing the communication range and reliability in various
environments to verify that the nodes can maintain robust connections.

4.3.2. Sensor Calibration

Calibration ensures that the sensors provide accurate readings. This involves:

o Baseline Calibration: Sensors are exposed to known reference conditions, and the firmware is
adjusted to correct any deviations.

IJFMR240424089 Volume 6, Issue 4, July-August 2024 8



https://www.ijfmr.com/

~ Y International Journal for Multidisciplinary Research (IJFMR)

i

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

o Field Calibration: Sensors are tested in real-world conditions, and additional calibration adjustments
are made to account for environmental factors.

4.3.3. Performance Validation

The final step in the implementation process is validating the overall performance of the sensor nodes.

This includes:

o Data Accuracy: Verifying that the sensor data is accurate and reliable compared to calibrated
instruments.

« Network Reliability: Ensuring that the mesh network operates reliably, with all nodes successfully
transmitting and receiving data.

e Long-Term Testing: Deploying the sensor nodes in real-world environments for extended periods to
monitor their performance over time and identify any potential issues.

Online Dashboard

w
"§eel

"

e BT
Seroxm k-eiio,éwm ¥

Figure 4: Node PCB Design & Gateway Circuitry
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Tables
1. Firmware Features: Lists the key features and functionalities implemented in the firmware for the
sensor nodes.

Feature Description

Implements sleep modes and duty-cycling to conserve

Low-Power Operation
energy

Sensor Data Acquisition Drivers and routines for interfacing with various sensors

Data Processing Converts and processes raw sensor data

Manages data transmission and reception using
nRF24L01+

Error Handling Includes error-checking and retransmission mechanisms

Wireless Communication

2. PCB Component Placement: Details the placement of key components on the PCB layout.

Component Location on PCB Description
ATtiny85 Centre Manages data acquisition and
Microcontroller processing
RF24L01+ . . o
n Top Right Handles wireless communication

Transceiver

Includes battery holder and

Power Suppl Bott L
ower supply ottom regulation circuitry

Sensors Varies Placement depends on sensor type
3. Testing Metrics: Summarizes the key metrics measured during testing and calibration.
Test Metric Measurement Method Expected Result
. . Ultra-low power in sleep and active
Power Consumption |[Mustimeter/Power Analyzer P P
modes
Communication . Reliable transmission over specified
Range Testing .
Range distances
Comparison with Reference . . . :
Data Accuracy P High correlation with reference readings
Instruments
Network Reliability ||Continuous Operation Testing Stable network with minimal packet loss

5. Performance Evaluation

The performance of the sensor nodes is evaluated based on several criteria, including power consumption,
communication range, data accuracy, and reliability in harsh conditions. This comprehensive evaluation
ensures that the nodes meet the required standards for deployment in industrial environments.

5.1. Power Consumption

Power consumption is a critical factor in the performance of sensor nodes, especially in battery-operated
systems. The evaluation of power consumption involves measuring the current draw during different
operational modes, including active data acquisition, transmission, and sleep modes.
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5.1.1. Measurement Methodology

The power consumption of the sensor nodes is measured using precise current measurement tools such as

digital mustimeters and power analysers. The measurements are taken under controlled conditions to

ensure accuracy and repeatability. The nodes are tested in various operational states to understand their
power profiles.

e Active Mode: The sensor nodes are powered on, and the microcontroller is set to acquire data from
the sensors and transmit it via the wireless transceiver. The current draw is recorded during these
activities.

o Sleep Mode: The nodes enter a low-power sleep state, with the microcontroller and transceiver
consuming minimal energy. The current draw is measured to evaluate the effectiveness of the power-
saving mechanisms.

5.1.2. Results

The power consumption measurements show that the sensor nodes exhibit ultra-low power consumption

in sleep mode, ensuring extended battery life. During active mode, the power consumption increases but

remains within acceptable limits for efficient operation. The duty-cycling approach effectively balances
power usage and performance.

Operational Mode Current Draw (HA) Power Consumption (mW)
Active Mode 450 1.485
Sleep Mode 2 0.0066

These results demonstrate that the sensor nodes can operate for extended periods on a single battery,
making them suitable for long-term deployments in industrial environments.

5.2. Communication Range

The communication range of the sensor nodes is a vital performance metric, as it determines the network's

coverage and reliability. The nRF24L01+ transceiver is evaluated for its ability to maintain robust

communication links over various distances and conditions.

5.2.1. Testing Environments

The communication range is tested in different environments to assess the impact of physical obstructions,

interference, and environmental factors. The environments include:

e Open Field: An unobstructed outdoor area to measure the maximum communication range under ideal
conditions.

e Industrial Site: A typical industrial environment with machinery, metal structures, and potential
sources of interference.

e Indoor Space: A controlled indoor environment with walls and obstacles to simulate real-world
deployment scenarios.

5.2.2. Results

The communication range tests reveal that the sensor nodes maintain reliable communication links over

significant distances. In an open field, the nodes achieve the maximum range specified by the transceiver's

datasheet. In industrial and indoor environments, the range decreases due to obstructions and interference

but remains sufficient for most industrial applications.
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Environment Maximum Range (meters)
Open Field 100
Industrial Site 60
Indoor Space 40

These results indicate that the sensor nodes can provide reliable communication in various industrial
settings, ensuring robust data transmission.

5.3. Data Accuracy and Reliability

The accuracy and reliability of the sensor data are crucial for effective monitoring and decision-making in

industrial applications. The performance evaluation includes verifying the accuracy of the sensor readings

and testing the network’s reliability under challenging conditions.

5.3.1. Data Accuracy

The sensor nodes' data accuracy is evaluated by comparing their readings with those from calibrated

reference instruments. The sensors are exposed to known reference conditions, and their outputs are

recorded and analysed.

e Temperature Sensors: Compared with a calibrated digital thermometer.

e Humidity Sensors: Compared with a hygrometer.

o Gas Sensors: Compared with standard gas concentration meters.

5.3.2. Reliability Testing

The reliability of the mesh networking protocol is tested by introducing obstacles and interference within

the communication range. The tests include:

e Obstruction Test: Placing physical barriers between sensor nodes to simulate real-world conditions.

o Interference Test: Introducing sources of electromagnetic interference (EMI) to assess the network's
resilience.

5.3.3. Results

The data accuracy tests show that the sensor nodes provide readings with high accuracy, closely matching

the reference instruments. The calibration procedures ensure that the nodes deliver reliable data for

industrial monitoring.

Sensor Type Accuracy (compared to reference)
Temperature +0.5°C
Humidity +2% RH
Gas Concentration +5%

The reliability tests demonstrate that the mesh networking protocol maintains stable communication even
in the presence of obstructions and interference. The network adapts to changing conditions, ensuring
continuous data transmission.

Test Type Success Rate (%)
Obstruction Test 95
Interference Test 90

These results confirm that the sensor nodes can deliver accurate and reliable data in challenging industrial
environments, making them suitable for a wide range of applications.
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Tables
1. Power Consumption Metrics: Lists the current draw and power consumption during active and sleep
modes.

Operational Mode Current Draw (pA) Power Consumption (mW)
Active Mode 450 1.485
Sleep Mode 2 0.0066

2. Communication Range Results: Details the maximum communication range in different
environments.

Environment Maximum Range (meters)
Open Field 100
Industrial Site 60
Indoor Space 40
3. Data Accuracy Metrics: Provides the accuracy of sensor readings compared to reference instruments.
Sensor Type Accuracy (compared to reference)
Temperature +0.5°C
Humidity +2% RH
Gas Concentration 5%

4. Reliability Test Results: Summarizes the success rates of the obstruction and interference tests.

Test Type Success Rate (%0)
Obstruction Test 95
Interference Test 90

By elaborating on the power consumption, communication range, and data accuracy and reliability
evaluations, this section provides a comprehensive understanding of the sensor nodes' performance. The
detailed descriptions, figures, and tables illustrate the sensor nodes' capabilities and suitability for
deployment in hazardous industrial environments.

6. Application in Hazardous Industries

The sensor nodes are deployed in real-world scenarios to monitor environmental conditions and equipment
health in hazardous industries. Case studies in construction sites, chemical plants, and mining operations
highlight the benefits of using these sensor nodes for improving safety and optimizing processes. These
deployments demonstrate the practical applications and advantages of the sensor nodes in challenging
industrial environments.

6.1. Construction Sites

In construction sites, the sensor nodes play a critical role in monitoring structural integrity, environmental
conditions, and worker safety parameters. The deployment of sensor nodes in construction sites offers
several advantages:

6.1.1. Structural Integrity Monitoring

The sensor nodes are equipped with accelerometers and strain gauges to monitor the structural integrity
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of buildings and infrastructure. These sensors detect vibrations, tilts, and stress in structural elements,

providing real-time data that can be used to assess the stability and safety of the structures.

o Crack Detection: The sensors can detect the formation and propagation of cracks in concrete and steel
structures, allowing for early intervention and repair.

e Load Monitoring: Sensor nodes measure the load and pressure on structural components, ensuring
they are within safe limits and preventing potential failures.

6.1.2. Environmental Monitoring

The sensor nodes monitor various environmental parameters such as temperature, humidity, dust levels,

and noise. This data is crucial for maintaining a safe and comfortable working environment for

construction workers.

o Dust and Air Quality: Sensors detect dust particles and monitor air quality, ensuring that workers are
not exposed to harmful conditions. Real-time alerts can be generated when air quality deteriorates,
prompting immediate corrective actions.

e Temperature and Humidity: Monitoring temperature and humidity helps in maintaining optimal
conditions for materials and worker safety. For instance, extreme temperatures can affect concrete
curing processes and worker health.

6.1.3. Worker Safety

Sensor nodes track the movements and locations of workers, enhancing safety and efficiency on

construction sites. Wearable sensor nodes can monitor vital signs and detect falls or other accidents.

o Fall Detection: Accelerometers in wearable sensor nodes can detect falls and trigger immediate alerts
to supervisors, enabling quick response and assistance.

« Geofencing: The nodes can create virtual boundaries around hazardous areas, alerting workers if they
enter restricted zones.

6.2. Chemical Plants

In chemical plants, the sensor nodes are deployed to detect gas leaks, monitor temperature and humidity

levels, and ensure the safe operation of machinery. The real-time data collected by these nodes enables

quick response to potential hazards and optimizes plant operations.

6.2.1. Gas Leak Detection

The sensor nodes are equipped with gas sensors to detect the presence of hazardous gases such as methane,

carbon monoxide, and hydrogen sulphide. Early detection of gas leaks is critical for preventing accidents

and ensuring worker safety.

« Continuous Monitoring: The nodes continuously monitor gas concentrations and trigger alarms when
levels exceed safe thresholds. This allows for immediate evacuation and leak mitigation.

o Data Logging: Historical data on gas concentrations is logged and analysed to identify patterns and
prevent future leaks.

6.2.2. Environmental Monitoring

Temperature and humidity sensors in the nodes ensure that environmental conditions are maintained

within safe and optimal ranges. This is particularly important in chemical plants where certain reactions

and processes are temperature sensitive.

e Temperature Control: Monitoring temperature helps in controlling exothermic and endothermic
reactions, preventing overheating and ensuring process efficiency.
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o Humidity Control: Maintaining appropriate humidity levels prevents moisture-related issues such as
corrosion and degradation of chemicals.

6.2.3. Machinery Health Monitoring

The sensor nodes are used to monitor the health of machinery and equipment, reducing downtime and

improving operational efficiency.

e Vibration Analysis: Accelerometers detect unusual vibrations in machinery, indicating potential
mechanical issues. Predictive maintenance can be scheduled to prevent breakdowns.

e« Thermal Monitoring: Infrared sensors measure the temperature of machinery components,
identifying overheating issues before they lead to equipment failure.

6.3. Mining Operations

In mining operations, the sensor nodes are used to monitor air quality, machinery health, and worker

movements. The robust communication network ensures reliable data transmission even in underground

environments, enhancing safety and efficiency.

6.3.1. Air Quality Monitoring

The sensor nodes measure concentrations of hazardous gases and particulate matter in underground mines,

ensuring a safe working environment.

o Gas Detection: Sensors detect gases such as methane, carbon monoxide, and radon, which are
common hazards in mining operations. Real-time monitoring and alerts prevent exposure to dangerous
levels.

« Dust Monitoring: Particulate sensors measure dust levels, protecting workers from respiratory issues
and maintaining compliance with safety regulations.

6.3.2. Machinery Health Monitoring

The nodes monitor the condition of mining equipment, ensuring reliable operation and reducing

maintenance costs.

« Vibration Monitoring: Accelerometers detect abnormal vibrations in mining machinery, indicating
potential mechanical failures. Early detection allows for timely maintenance and prevents costly
downtime.

e Thermal Monitoring: Temperature sensors measure the heat generated by machinery, identifying
overheating components and preventing equipment damage.

6.3.3. Worker Safety and Tracking

Wearable sensor nodes enhance worker safety by monitoring their location and health status.

e Location Tracking: GPS-enabled sensor nodes track the real-time location of workers, ensuring they
remain within safe zones and can be quickly located in case of emergencies.

« Vital Sign Monitoring: Wearable nodes monitor vital signs such as heart rate and body temperature,
providing early warnings of health issues and enabling prompt medical assistance.

Tables
1. Construction Site Monitoring: Summarizes the key parameters monitored by the sensor nodes and
their benefits.

Parameter Monitoring Technique Benefits

Structural Integrity Accelerometers, Strain Gauges |Early detection of structural issues
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Parameter Monitoring Technique Benefits

Environmental Conditions|Temperature, Humidity Sensors|/Optimal working environment

Worker Safety Wearable Sensors Real-time tracking and fall detection

2. Chemical Plant Monitoring: Details the parameters monitored in chemical plants and the associated
benefits.

Parameter Monitoring Technique Benefits
Gas Leaks Gas Sensors Early detection and mitigation of leaks
Environmental Temperature, Humidity .

. Control of critical process parameters
Conditions Sensors

. I Predictive maintenance and reduced
Machinery Health Vibration, Infrared Sensors

downtime

3. Mining Operations Monitoring: Lists the parameters monitored in mining operations and their
benefits.

Parameter Monitoring Technique Benefits

Air Quality Gas, Dust Sensors Safe working environment

Machinery Health||Vibration, Temperature Sensors||Preventive maintenance and reliability

Worker Safety  |Wearable Sensors Real-time tracking and health monitoring

By elaborating on the deployment of sensor nodes in construction sites, chemical plants, and mining
operations, this section provides a comprehensive understanding of the practical applications and benefits
of the sensor nodes in hazardous industries. The detailed descriptions, figures, and tables illustrate how
these nodes enhance safety, optimize processes, and improve operational efficiency in challenging
environments.

7. Conclusion and Future Work

The development of low-cost, low-power sensor nodes with mesh networking capabilities represents a
significant advancement for industrial monitoring in hazardous environments. These sensor nodes offer a
versatile, scalable, and energy-efficient solution for monitoring a wide range of environmental and
operational parameters, enhancing safety and optimizing processes in industries such as construction,
chemical plants, and mining operations.

The successful deployment and performance evaluation of these sensor nodes demonstrate their potential
to transform industrial monitoring by providing real-time data, ensuring reliable communication, and
maintaining long operational lifetimes through efficient power management. The modular design allows
for easy integration of various sensors, making the nodes adaptable to different industrial applications.
While the current implementation of sensor nodes shows promising results, there are several areas for
future improvement and development:

7.1. Enhancing Energy Harvesting Capabilities
To further extend the operational life of the sensor nodes, future work will focus on enhancing energy
harvesting capabilities. This includes integrating more efficient solar panels, exploring other energy
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harvesting methods such as vibration and thermal energy, and developing advanced power management
circuits to optimize the use of harvested energy.

7.2. Improving Communication Protocol Robustness

Enhancing the robustness of the communication protocol will ensure even greater reliability in harsh

industrial environments. Future improvements may include:

o Adaptive Communication Protocols: Developing protocols that can dynamically adjust to changing
environmental conditions and interference levels.

e Error Correction Techniques: Implementing advanced error correction techniques to minimize data
loss and improve transmission reliability.

o Security Enhancements: Adding security features to protect data integrity and prevent unauthorized
access.

7.3. Expanding Sensor Integration

Expanding the range of sensors that can be integrated into the nodes will make them even more versatile

and useful for a broader range of applications. Future work will explore:

e Advanced Sensors: Integrating advanced sensors such as gas chromatography sensors for more
detailed chemical analysis, or high-precision accelerometers for structural health monitoring.

e Modular Sensor Interfaces: Developing modular interfaces that allow for easy swapping and addition
of new sensors without extensive reprogramming.

7.4. Long-Term Field Testing

Conducting long-term field testing in various industrial environments will provide valuable data on the
durability and reliability of the sensor nodes over extended periods. This will help identify potential areas
for improvement and validate the nodes' performance in real-world conditions.

7.5. Integration with Industrial IoT Platforms

Integrating the sensor nodes with existing industrial 10T platforms will enhance their functionality and
usability. This includes developing APIs and software tools that allow seamless integration with cloud-
based analytics platforms, enterprise resource planning (ERP) systems, and other industrial software.

By addressing these areas, the future development of sensor nodes will continue to push the boundaries of
industrial monitoring technology, making industrial processes safer, more efficient, and more intelligent.
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