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Abstract

The mining sector is recognized for its precious minerals, which are extracted from beneath the earth's surface.
Numerous industries have gained advantages by implementing automation, leading to improved management of
operations, increased safety, continuous monitoring, and greater cost-efficiency. Given the challenges faced in
underground mining, a dependable wireless communication and monitoring system is essential to improve safety and
mitigate significant hazards. The conditions in underground mines are influenced by various environmental factors such
as highly toxic gases, flammable and inflammable gases, and small dust particles. Fluctuations in the levels of hazardous
gases pose a significant concern, potentially resulting in gas explosions and harming the mine's infrastructure. At
present, most underground mines use traditional multi-gas detectors to manually check for mine gases at regular
intervals or once daily. This paper suggests a real-time safety system for industrial environments in underground mines
and it outlines the approach to implement IoT in subterranean mining environments to assess environmental variables,
the configuration of sensor installation in underground locations, gas threshold limits, and disasters in underground
mines resulting from gas explosions. The establishment of wireless message communication between two ZigBee
modules is explained in detail, and radio range tests are investigated. Wireless connection can also be set up to keep an
eye on the environmental conditions of subterranean mining levels from the surface. Additionally, wireless
communication was set up to keep an eye on the environmental conditions of a underground mine's straight and curved
tunnels.The experimental outcome suggests that ZigBee modules may successfully communicate wirelessly over
straight tunnels between 100 and 120 meters apart, with a decrease in signal intensity and loss of data packets in
underground mines' curving tubes. Furthermore, it demonstrate that the ZigBee-based system can be created is
appropriate for assessing environmental factors in both underground and open surface mines.

Keywords: ZigBee; Wireless sensor network; Metal oxide semiconductor gas sensors; Environmental parameters;
Monitoring system; Underground mine; [oT

1. Introduction

The numerous toxic gases, flammable and inflammable gases, and dust, are some of the reasons because of which
underground mine operations have always been a dangerous and hazardous environment. The techniques used to
extract various minerals, ventilation issues, roof collapses, and the usage of large machinery are the main causes of
dangers in underground mines. There are more risks and safety concerns for mine workers in deeper underground
mines. In underground coal and metal mines, safety concerns are crucial and extremely critical. All mining enterprises
should be very concerned about the safety of their employees. All types of mines increase worker safety awareness by
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implementing a number of standard safety procedures, education, and training programs.Although mine gas properties
allow it to originate from a variety of sources in underground mines, portable multi-gas detectors are currently utilised
to test environmental parameters in underground mines and the data is recorded on a shift or daily basis. An
environment that is safe and comfortable for a mine worker's body shouldn't interfere with his ability to work
efficiently. It is only feasible if the underground mine's air is identical to that on the surface (normal breathing air
contains 78% nitrogen, 21% oxygen, and 1% additional gases) [1]. The health of miners is at risk due to the poisonous
and toxic gases present in underground mines.Carbon monoxide (CO), methane (CH4), carbon dioxide (CO2), nitrogen
dioxide (NO2), and hydrogen sulphide (H2S) are the gases found in underground mines. These gases have different
effects on human health and are produced in underground mines for a variety of causes. The incomplete burning of
carbon compounds, fires, blasting, and explosions all produce Carbon monoxide , a poisonous gas. The human body's
blood's capacity to carry oxygen is diminished when CO gas is inhaled. Internal combustion engines, blasts, welding, and
odours all release nitrogen dioxide , a harmful gas. Lung infections are brought on by this gas's effects on the throat. The
breakdown of organic compounds and acid water on sulphides results in the production of H2S, a highly poisonous gas,
from strata [2].Coal mines are frequently the source of the flammable gas CH4. Strata and the breakdown of organic
materials produce it. In an underground mine, the buildup of CH4 gas causes suffocation since there is not enough
oxygen present. Explosions in the majority of mines are also caused by it. In addition to being found in the air we breathe,
CO2 gas is created by burning fossil fuels, carbon oxidation, and explosion. Additionally, the human body's blood's
capacity to carry oxygen is diminished by this gas [2- 4].The Directorate General of Mines Safety (DGMS) is an Indian
regulatory agency that has promoted the establishment of an environmental monitoring system for underground coal
mines, especially those with gassy and fiery coal seams. The circulars issued by DGMS specify the safety standards for
diesel-powered equipment used in both underground coal and metal mines. Equipment such as trucks, high-capacity
loaders/LHDs, drills, and other ancillary machinery powered by diesel, which are involved in underground operations,
pose significant health and safety hazards, including diesel fumes, noise, dust, fire, lubricants, the potential for gas
explosions, and vehicle accidents, among others. Additionally, the DGMS circular provided details on the necessary
ventilation guidelines and the acceptable limits for dangerous and flammable gases, as outlined in Table 1. CO, CO2, H2S,
NO, NOZ, and 02 are among the gases whose threshold limit values are 0.005%, 0.5%, 0.0005%, 0.0025%, 0.0005%,
and 19%, respectively. Less than 1.25% CH4 in the general body air and less than 0.75% methane in the return airways
are the safe limits for humans. When driving large vehicles powered by diesel, the CH4 gas concentration should not be
higher than 0.75%, and the engine should be turned off when it reaches this threshold [5].

Table 1 Maximum Allowable Concentration of gases as per DGMS circular

Sr.No. | Gas Maximum Allowable Concentration
Percentage by Volume PPM

1. Carbon Dioxide 0.5 5000

2. Carbon Monoxide 0.005 50

3. Nitric Oxide (NO) 0.0025 25

4. Nitrogen Dioxide (NO2) 0.0005 5

5. Sulphur dioxide ( SO2) 0.0005 5

6. Hydrogen sulphide (H2S) | 0.0005 5

7. Aldehydes 0.001 10

The main means of communication between miners on the surface and those working underground in underground
mines is wired telephone. A number of communication technologies are being tested in phase 1 from 2022 to 2024, with
implementation in phase 2 from 2024 to 2026, according to a technology roadmap for the coal industry given by the
Ministry of Coal, Government of India. Leaky feeder systems, wireless communication systems, node-based systems,
and through-the-earth (TTE) mine communication systems are some examples of these technologies. TTE mine
communication is a radio signalling technique that relays lower-frequency signals in underground mines using mesh
network configurations, repeaters, or antennas. In a leaky feeder system, a base station or transceiver at the surface
generates radio signals using a leaky feeder cable that "leaks" radio signals to produce a continuous coverage area along
the tunnels, the technology provides a signal coverage throughout its length. Discrete antennas are linked to tiny
transceivers known as nodes in node-based systems. The miner's radio range is detected by a microprocessor-based
node, which then automatically establishes a network connection. Wi-Fi mesh network infrastructure, which includes
wireless access points and switches in underground mines, is used by wireless communication systems.Wearable wrist
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devices with Wi-Fi link to the network, transmit signals, including a miner's location, and limit miners' access to the
surface control room through tunnels. In order to improve safety and productivity in deep mines, flame safety lamps
and multi-gas detectors are used to monitor environmental parameters and identify flammable gases, oxygen, and
poisonous gases [6].

The gases in the mine have varying effects on people and, if they build up to a particular threshold, can explode.
Researchers from all over the world have documented underground mine disasters brought on by gas explosions. Nine
underground mine accidents were found in an analysis of gas explosion incidents in Indian coal mines between 1989
and 1998 [7].10,056 mine workers lost their lives in 433 gas mishaps in Chinese coal mines between 1950 and 2006,
according to a statistical examination of gas explosions in these mines [8]. Illegal blasting at mines and inadequate
ventilation systems caused gas explosions and outbursts in Chinese coal mines. Between 2006 and 2010, 943 mine
worker fatalities were reported [9]. In a recent incident, the toxic carbon monoxide gas produced by burning a conveyor
belt claimed the lives of two mine workers [10]. 227 worker fatalities were reported between 2001 and 2007 as a result
of methane gas explosions in coal mines, which also caused 274 worker injuries [11].An analysis of 20 coal mine gas
explosions from 2006 to 2016 shows that 741 mine worker fatalities occurred overall [12]. An analysis of 1679 gas
mishaps in a Chinese coal mine from 2000-2015 shows that 10,541 mine workers lost their lives there [13]. 1443 mine
workers were killed in 63 large gas explosions between 2007 and 2016, according to a statistical review of coal mine
gas explosions [14]. 12,807 mine worker fatalities were reported in 2984 gas accidents that occurred in coal mines
between 2003 and 2018 [15]. Due to asphyxiation, explosions, gas blasts, and leaks, there were 287 deaths among
miners, along with 34 additional injuries occurring in the underground mine[16]. The Environmental Information
System (ENVIS) reported statistics on mining disasters, indicating that a total of 284 mine worker deaths were recorded
from gas accidents in underground mines in India. On February 16, 2022, two mine workers lost their lives due to
asphyxiation at a coal mine in Meghalaya, India[17]. A gas explosion took place on October 14, 2022 in the Amasra coal
mine located in Bartin Province, Turkey, resulting in the death of 42 people and the injury of 27 individuals. In a similar
vein, on November 25, 2021, more than 40 miners perished due to suffocation from smoke in a ventilation shaft during
the Listvyazhnaya mine disaster in Kemerovo Oblast, Russia. Another tragic event took place on December 1, 2020, in
southwestern China, where 18 miners lost their lives due to a carbon monoxide leak at a coal mine. In Colombia, an
accumulation of gas resulted in an explosion, fire, and subsequent tunnel collapse at the La Mestiza coal mine on May
30, 2022, claiming the lives of nine miners [18]. Every year, miners die in various mining accidents, especially in
underground mines compared to open-pit operations.

It is essential for underground mines to improve safety measures by implementing wireless communication and
monitoring systems to avert significant hazards [19]. To boost safety and efficiency in underground mines, wireless
networks have been employed to lower operational expenses and to create dependable wireless communication
[20,21]. A wireless sensor network (WSN) consists of sensor nodes that observe physical or environmental parameters,
and in a wireless setting, the sensor data is transmitted via other sensor nodes to a central point known as a base station
or gateway or a hub. The sensor nodes within the network utilize Industrial, Scientific, and Medical (ISM) unlicensed
radio frequency bands for their communication. The use of unlicensed frequency bands facilitates deployment in
various locations. Wireless communication technologies like Bluetooth, Wi-Fi, and ZigBee operate within a 2.4 GHz
frequency band, while other wireless technologies such as SigFox and LoRa also use unlicensed frequency bands [22].
Bluetooth and ultra-wide band wireless technologies support very short ranges of communication [23]. Wi-Fi
technology offers a reasonable communication range and higher speed but requires infrastructure for access points and
cabling. ZigBee technology provides more advantages than other wireless technologies for establishing communication
and monitoring systems in underground mines [24,25].

Currently, several companies such as, Rajant Corporation [26], Mine Site Technologies [27], CISCO [28], Carroll
Technologies Group [29], and PBE Group [30] offer technological solutions and services for environmental monitoring
systems in underground mines. The costs and reliability of each solution vary based on multiple factors, including the
technology used, the specific type and complexity of the mine, and the client's unique requirements. The document
outlines the creation of a wireless gas monitoring and communication system utilizing IoT and ZigBee technology,
detailing the process of implementation, analysis of results, and discussion regarding the implications and limitations
of this research, concluding with insights on future directions and work.

2. Proposed Real-Time Industrial Smart Safety System in Underground Mines

The proposed system is designed for deployment in an underground mine in India, where mining operations have
reached a depth of approximately 832 meters below the surface. A general overview of an underground mine in India
and the design of level 26 illustrates the positions of the ZigBee gateway/sensor controller, sensors, repeaters, and
control room located on the surface. The implementation of an [oT-enabled ZigBee gateway smart safety environmental

2290



World Journal of Advanced Engineering Technology and Sciences, 2025, 15(02), 2288-2299

monitoring system in underground mines can improve safety measures and enhance operational efficiency in mining
activities. A conventional industrial monitoring system is utilized to observe environmental parameters in the
underground mine using a hybrid strategy. A variety of sensors, including those for CO2, CO, 02, H2S, CH4, as well as
temperature and humidity sensors, can be installed at the mining site to evaluate the ambient conditions. The data
collected can be transmitted to an [oT server through either a ZigBee gateway or a wireless communication method.

The proposed configuration can be divided into 3 components:

e Surface control room
¢ Sensor controller/loT-enabled ZigBee gateway
e Sensors with their associated units

The surface control room manages the environmental data collected from various sensors via the ZigBee gateway. The
programmable loT-enabled ZigBee gateway/sensor controller acts as a remote station underground, facilitating real-
time monitoring of environmental conditions and sending data to the surface control room via an Ethernet cable and
repeater device. Industrial sensors monitor environmental factors and transmit the information to the control room in
real time through the sensor controller or ZigBee gateway, enabling immediate data display or analysis to prevent
dangerous situations at the underground site. The smart safety system may also include an alert mechanism that quickly
notifies miners and managers of any hazardous or emergency circumstances. A ZigBee gateway can be configured to
take required actions when the monitored parameter values exceed their preset limits. The environmental data stored
on a cloud platform can be accessed by the supervisor or relevant personnel from the mining office for analysis to reduce
risks. This strategy can greatly improve operational efficiency and productivity in mining operations, reduce downtime,
and ensure compliance with safety standards. Additionally, the system can be enhanced by providing guidance and
assistance to miners during emergencies, such as recommending the safest evacuation paths. Implementing an [oT-
enabled smart safety monitoring system in underground mines can significantly strengthen safety protocols, increase
productivity, and maintain compliance with safety regulations.

2.1. The Architecture of Underground Mine IoT (UMIoT)
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Figure 1 Architecture of UMIoT (Underground Mine [oT) System

The UMIoT framework details how environmental data is collected and sent from the underground mine to the
surface.This framework consists of three layers: perception and input, network, and application, as depicted in Fig.
1[31]. This three-layer model acts as a guideline for creating and developing standardized industrial IoT systems for
underground mining. The perception and input layer is tasked with collecting data from various sensors and sending it
to the network layer. The network layer subsequently transmits the received sensor data to the application layer
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through a communication medium that can be either wireless, wired, or both. The application layer serves as the
interface between users and applications. Data analysis from underground mining sites and forecasting of
environmental parameters are conducted locally at the surface.

Sensors used in underground mines are divided into two categories: those that gauge environmental physical quantities
and convert them into electrical signals for further processing to be sent to the upper layer, and those that connect with
a microcontroller unit for data processing. A typical illustration of sensor placements in the walls of underground mine
tunnels, along with some sensors attached to mine workers and equipment, is shown in Fig. 2[31]. To monitor
environmental factors in underground mines, sensors for measuring gas, dust, temperature, humidity, health, position,
and proximity detection are installed to ensure worker safety at the site. Various industries utilize different methods
for measuring these parameters in underground mining settings, including multi-gas detectors, hybrid communication
approaches (both wired and wireless), and fully wireless communication.
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Figure 2 Common perspective of the setup of sensors within an underground mine passage

e Handheld portable multi-gas detectors: These are instruments employed by mine supervisors to monitor
environmental parameters once per shift. It is expensive to equip every mine worker with these devices, and
they do not perform any analysis on the collected data [32].

e Hybrid communication: In advanced automated mines, there exists a real-time wireless monitoring system that
collects data on environmental parameters from underground mines. These systems employ both wired and
wireless communication methods, relying on complete cable installations or portable devices used on-site. The
constantly changing working conditions underground can result in cable damage, higher fault rates, and
maintenance difficulties, among other issues [33, 34].

e  Wireless communication technology: Technologies like Wi-Fi, ZigBee, or LoRa-based Wireless Sensor Networks
(WSNs), along with IoT-enabled Low-power Wide Area Network (LoRaWAN) real-time systems, are used to
monitor environmental parameters in underground mines, improving the safety, the efficiency, and the
productivity [17-39].

To continually evaluate environmental factors, a reliable and cost-effective real-time monitoring system is required in
underground mines. This need arises from the fact that underground mining activities pose greater risks to the health
and safety of workers, particularly since these mines often use diesel-powered machinery and extend to greater depths.
Ensuring worker safety in mining is of utmost importance, as exposure to harmful gases, dust, carbon dioxide, and
nitrogen can result in chronic health issues. Furthermore, interactions with diesel-operated vehicles increase the risk
of cancer and cardiopulmonary diseases [40]. To improve safety protocols, it is vital to monitor toxic gas levels and keep
them within safe limits in real-time, which requires low-power wireless communication technologies [41]. Considering
the unpredictable layout of underground mines, communication can be challenging due to their ever-changing nature,
curves, and intersections. An effective communication system is essential for disseminating information about
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environmental conditions, tracking worker locations, and indicating safe and hazardous areas. The implementation of
automation can enhance worker health and safety by establishing a dependable and resilient communication
infrastructure.

3. Creation of a Wireless Gas Monitoring and Communication System based on ZigBee technology
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Figure 3 The system architecture features an Arduino and ESP32 serving as a development platform for monitoring
environmental factors in underground mines, utilizing machine learning (ML) for predicting environmental
parameters

Wireless communication plays a vital role in underground mining for safety reasons, as it enables miners to maintain
contact with one another and with those on the surface, which is essential during emergencies. The implementation of
wireless communication systems at mine locations enhances coordination among miners and surface personnel, boosts
efficiency, and minimizes accident risks [2]. It also delivers real-time information, including environmental data and
production updates, which aids in enhancing decision-making and overall management of the mine. Installing wired
communication systems in underground mines is costly and challenging. On the other hand, wireless systems are
generally more economical and simpler to set up, resulting in cost savings for mines and enhancing their financial
performance. The Internet of Things (IoT) with ZigBee is particularly important in underground mines, as it contributes
to improved safety and efficiency in mining activities [42-44]. ZigBee is a low-power, low-data rate wireless
communication technology that is well-suited for underground mine environments, where power sources and
connectivity may be limited. The system incorporates various sensors into development boards within an underground
mine, and ZigBee facilitates the real-time monitoring of environmental factors such as gas levels, temperature, and
humidity to avert accidents or significant dangers and enhance working conditions for miners [44]. Furthermore,
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ZigBee-based systems boost the efficiency of mining operations by enabling remote monitoring and management of
equipment, which can decrease downtime and maintenance expenses while increasing the overall productivity of the
mine. In summary, utilizing [oT alongside ZigBee in underground mining offers numerous advantages that can enhance
safety, efficiency, and productivity.The fundamental structure of the suggested Internet of Things (I0T) system, using
ZigBee technology for governing environmental conditions in underground mines, is illustrated in Fig. 3. The primary
aim of the system involves collecting data from multiple sources, transmitting this data via wireless communication,
and processing the information with a machine learning algorithm for environmental parameter analysis and
forecasting [46].

The sensing units consist of sensors interfaced with Arduino UNO development boards at the transmitter end and ESP32
boards at the receiver end. The sensor node gathers environmental data at the mine location and relays it to the base
station or local database using ZigBee communication modules. The Wi-Fi-enabled ESP32 board sends data to a cloud
database, allowing for the storage and monitoring of real-time information from anywhere at any time. Details regarding
each component of the proposed IoT configuration will be elaborated on in the subsequent sections. Various factors like
signal strength degradation, multi-path fading, noise, and the architecture of underground mine tunnels influence the
constraints of the suggested loT-based wireless communication system. The layout of tunnels within underground
mines, including cross-cuts and the application of roof support systems, leads to increased attenuation of radio
frequencies, thereby enhancing path loss. Furthermore, the distance between the sender and receiver impacts signal
strength, as reflective mechanisms underground contribute to greater path loss. Additionally, the existence of mining
equipment, vehicles, and other reflective surfaces causes variations and fading in the signal strength. The noise arising
from mining operations and vehicles within the tunnels also affects signal quality, diminishing the communication
range. Choosing the appropriate operating frequency is challenging for signal transmission in underground mine
tunnels due to several elements, including the inclination of side walls, curves, cross-cuts, and the ever-evolving
structure of the mine. The communication system must be engineered to endure the harsh conditions found in
underground mines, such as elevated temperatures, high humidity, gas concentrations, and the risk of explosions and
dust. Moreover, the dynamic nature of mineral extraction processes in underground mines complicates the
communication system's ability to ensure complete mine coverage and effectively monitor environmental parameters
as the area of signal coverage expands.

The architecture of the created system is composed of ZigBee transceiver modules, an Arduino microcontroller board,
and different sensors designed to measure environmental parameters, as illustrated in Fig. 4.
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Figure 4 Framework of the developed ZigBee-based system

The schematic diagram illustrating the transmitter and receiver ZigBee modules is presented in Fig. 5a and 5b. The
transmitter section of the ZigBee includes a microcontroller that is integrated with metal oxide semiconductor gas
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sensors like the MQ-8, MQ-9, MQ-135, and DHT-11. On the other hand, the receiver section comprises a microcontroller,
a ZigBee module, a display unit, and a buzzer to provide an early warning when the gas concentration surpasses the
threshold limit value [47].
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3.1. Establishment of Wireless Communication among ZigBee modules

To enable wireless communication between ZigBee radio modules, the initial step involves setting up the ZigBee
modules with the XCTU software application and conducting text communication between the transmitter and receiver
modules to confirm the wireless connection.

3.1.1. Setting up a ZigBee device with the XCTU software application.

The ZigBee radio module which can be utilized for experimentation is of the XBee Pro S2C type. To begin using ZigBee
for the first time, it is necessary to update the firmware by connecting the ZigBee module to a laptop and employing the
XCTU software application to configure and setup the ZigBee device for reliable wireless communication [48]. The
default ZigBee device selected is a “ZIGBEE TH Reg function,” and updating the firmware in XCTU is required. To
facilitate communication between two ZigBee modules, one should be set to router mode while the other is configured
in coordinator mode, ensuring that both ZigBee devices share the same PAN ID, such as “1234,” and then update the
relevant field.

3.1.2. Configuration of ZigBee Coordinator .

To set up ZigBee as a coordinator, perform the following steps.

e Assign the “PAN ID” as “1234” and save the changes.

¢ Leave the “JV Channel Verification” option unchanged for the coordinator and stick with the default setting of
“Disabled [0]”.

e Activate the “CE Coordinator Enable” setting by selecting “Enabled [1]”, allowing the ZigBee to function as a
coordinator, and update the field.

¢ Change the value in the “NI Node Identifier” field to “Coordinator” as illustrated in Fig. 5.

¢ Choose the “AP API Enable” field and set it to “API enabled [1]”, then save the changes.

3.1.3. Confguration of ZigBee router

To set up ZigBee as a coordinator, carry out the following steps.

e Configure the “ID PAN ID” to “1234” and refresh the field.

¢ Leave the “JV Channel Verification” unchanged for the coordinator, sticking with the default setting of “Disabled
[0].”

e Activate the “Coordinator Enable” option by selecting “Enabled [1],
coordinator and then saving the changes.

e Modify the "NI Node Identifier" field to “Coordinator”.

e Choose the “API Enable” field and set it to “API enabled [1],” then update the field.

”

allowing ZigBee to function as a

Both ZigBee modules have been configured for coordinator and router modes. Once the module configurations are
successfully completed, select the coordinator ZigBee, then click the “Switch to console working mode” icon located in
the upper right corner. The console mode enables message exchange between the two ZigBee modules, ensuring they
can communicate wirelessly. To transmit a message from the ZigBee router to the ZigBee coordinator in both directions,
follow the same procedure and configure the router with the MAC address of the coordinator. Now we can execute the
Designed ZigBee-Based Wireless Communication System in Subterranean Mining Operations.

4. Implications and Limitations of the Research

The prototype ZigBee-based system employs XBee Pro S2C radio frequency wireless communication modules to ensure
dependable communication.This system boasts several benefits, including cost-effectiveness, low power consumption,
compact module and sensor size, and the capability to form a mesh network.It is designed to fit within a handheld
enclosure, making it easy to deploy in a mining environment for transmitting data from underground levels to the
surface by positioning signal boosters at regular intervals. The exchange of information between ZigBee modules is
more rapid, allowing for quicker alerts to mine workers if environmental conditions surpass the threshold limits during
an emergency.The underground system has been equipped with gas and temperature-humidity sensors to monitor
substances like carbon monoxide, hydrogen, and air quality.Any increase in these gases beyond the threshold limits can
be promptly detected by the proposed system in real time.Such hazardous conditions within the underground workings
will trigger immediate alerts to mine personnel, allowing for effective preventive measures to reduce risks and enhance
safety in underground mines.However, this system does have limitations, such as a decrease in radio signal strength in
non-line of sight situations, potential sensor damage requiring preheating before site deployment, and
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communicationfailures in extreme weather conditions with poor temperature and humidity.For optimal functioning,
the system needs a rechargeable external power supply for both the transmitter and receiver units.An Arduino
development board is utilized for both the transmitter and receiver of the ZigBee-based system, which lacks Wi-Fi
capability, thus limiting its ability to send data to a cloud server.Nevertheless, the transmitter portion of the system can
function as a portable multi-gas detector for individual mine workers.It also has the potential to track the location of
mine workers and detect additional toxic gases by integrating more gas sensors into the existing setup.Furthermore, an
ultrasonic sensor can be added to measure the distance to nearby objects.

5. Conclusions and Future Work

The wireless monitoring system based on ZigBee technology has been created to assess environmental conditions in
both open and underground mining sites. This system is portable, dependable, and sturdy, making it suitable for
tracking gas concentration and additional metrics, including temperature and humidity, within underground mines. It
employs open-source technologies alongside affordable sensors and wireless communication modules to improve
safety, streamline operational management, and boost productivity by mitigating significant risks. In this research,
wireless communication was successfully established between two ZigBee modules, demonstrating their effectiveness
for wireless monitoring and communication within underground mining environments. Using ZigBee reliable
communication can be achieved from underground mine levels to the surface at distances of up to 60 m, with direct
tunnel communication reaching between 100 m to 120 m, and 60 m to 70 m in curvy tunnels, albeit with some data
packet loss. The system developed is advantageous for real-time monitoring of environmental parameters, providing
quicker alerts to mine workers when levels exceed safety thresholds. The ZigBee-based system can be further improved
by integrating the Internet of Things (I0T) at the receiving end of the ZigBee transceiver module, which would facilitate
data collection from the transmitter and upload it to a cloud platform like ThingSpeak or BlynkloT situated on the
surface. The data gathered from underground can be analyzed in real time by mine supervisors in the office, allowing
for immediate action to address any detected gases and prevent accidents or hazardous situations within the mine. This
innovative product serves to enhance safety in underground mining operations on a real-time basis and is a cost-
efficient solution.
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