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Abstract: The aim of this paper is to explore how robotics can be applied to
underground coal mining in order to make operations more efficient and safer with
the help of technology. It calls for the use of regulations developed by industry
bodies including the National Institute for Occupational Safety and Health
(NIOSH) and the Mine Safety and Health Administration (MSHA) to ensure that
robotics are used safely and efficiently in mining. The study also points to NIOSH
efforts to resolve health and safety issues around automation technology in the
mining industry. When high-tech robotic equipment is deployed, it demonstrates
great productivity gains and less human suffering from disease. In demonstrating
these innovations, the paper proposes that robotics must be continually innovated
to maximize extraction of resources and worker safety, positioning robots as the
new force in the coal mining industry.
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1 INTRODUCTION

In underground coal mining, robots are now a game-changer, answering long-term
safety, efficiency, and productivity issues. The use of sophisticated robotics is intended
to minimize risks from the confined space underground, where manual work, in its
conventional forms, can expose employees to toxic gases, falls, and extreme physical
challenges.

With demand for coal extending across many industries, a better extraction strategy has
never been more important. Robots and automation could maximize output because they
could work uninterrupted in environments unsuitable or unsafe for human miners. It is
intriguing to note that using robotic systems could also optimize multiple mining steps
(from exploitation to transportation), significantly decreasing downtime and enhancing
the yield (Mousavi et al., 2023).
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New technologies now have the capability to create self-driving mine trucks and robotic
arms capable of drilling, chopping, and moving bulk materials with no human
intervention (Shaffer and Stentz, 1992). They also enable data collection and processing,
which allows for real-time monitoring for better decisions and safety.

And robotization of coal mining is a chance to fill the skills shortage and job deficit
within the industry. When the older generation of miners retires, robots enable us to keep
up with operations without overreliance on humans (Evgeny and Anatol’evna, 2020).
Such automation movement is considered a necessary move towards maintaining
productivity in an era of shifting workforces and regulatory demands regarding work-
related safety (Lien, 2013).

Coal mining robotics is also fueled by the research and development in collaboration
between industry, government, and academia to improve robotic applications and to
create new solutions for the specific needs of the underground mining operations
(Xusheng, et al., 2018a). Through these developments, coal mining is now prepared to
transition into an intelligent, safer, and more effective way of working that, in turn, will
redefine productivity and worker safety standards in the industry.

2 CURRENT APPLICATIONS OF ROBOTICS IN UNDERGROUND
COAL MINING

Through safety, efficiency, and productivity, underground coal mining has become more
and more transforming into robotics. Different types of robots and their functions are
now absolutely required for the unique problem in this field.

2.1 Types of Robots Used in Underground Coal Mining

Robotic systems have been built for different needs of underground coal mining. These
are the usual robot types:

. Autonomous Mining Machines: The machines will operate without humans in
hostile conditions. The U.S. Bureau of Mines has been developing automation in
conjunction with continuous mining machines to build self-guiding and safe autonomous
machines (Welsh, 1989).

. Drilling Robots: Drilling robots help in building mine tunnels by controlling
trajectory complexity brought on by complex rocks. Such robots can change drilling
routes in real time based on the information provided by the strata below (Rathore and
Srivastav, 2018).

. Robotic Mining Equipment: Coal mine robots (CMRs) have position
technology, such as ultra-wideband (UWB) sensors. These robots are deployed for high-
accuracy localization and operation in restricted underground space (Wormald, 2014).
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. Teleoperated Robots: Remotely operated robots help inspect and maintain
things at risky sites. They make things safer because there’s no longer a direct human
presence in dangerous places (Valverde, 2024).

2.2 Examples of Robotic Functionalities

The robot capabilities of underground coal mining are different and designed for better
operation. Some notable examples include:

. Localization and Navigation: With UWB technology and inertial measurement
devices, CMRs are very precise in localizing. This permits efficient tracking in the steep
subsurface conditions by making up for the lost signals and multipath jitter (Wormald,
2014).

. Automation of Mining Operations: With the use of intelligent sensors and self-
directing navigation systems, mining machines can handle high-level tasks with low
human presence. Whether it is material movement, mining, or site surveying, which are
all performed under close surveillance of safety requirements (Welsh, 1989).

. Data Collection and Analysis: Robotics usually come with a variety of sensors
(e.g., sonar, laser rangers) that help collect data in real-time. This assists with monitoring
structure health and efficiency as well as decision-making due to greater insight into
underground conditions (Duddu, 2024).

. Safety Enhancements: When robotics are employed to perform dangerous tasks
like mining coal and inspecting machinery, the human worker’s exposure to the
environment is dramatically reduced and safety is increased (Welsh, 1989).

3 IMPLEMENTING ROBOTICS IN UNDERGROUND COAL MINING:
STEPS TO ENHANCE EFFICIENCY AND SAFETY

The introduction of robots into subsurface coal mining is part of a complex solution to
improve efficiency and safety in a very dangerous industry. We describe below the
essential steps of this implementation process.

. Assessment of Current Mining Operations: Before applying robotic systems, an
analysis of the existing mining process is necessary. These include a review of the
technology, safety, and operating problems at the current levels of underground coal
mining. Figuring out what the requirements and constraints of the existing processes are
will guide the development of suitable robots (Wang et al., 2014).

. Selection of Appropriate Robotic Systems: The next step is to choose the right
robotic technologies to meet the needs identified. Robotics of all kinds could be used:
self-driving cars to move the material, robot drills, and drones for surveillance and
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monitoring. These should be chosen on the basis of capability, interoperability with other
machinery, and ability to boost productivity and security (Kolapo, 2024).

. Design and Testing of Robotic Solutions: After robotic systems are chosen, the
prototyping and design process takes place. This includes software and hardware design
and sensors and control systems integration that are required to operate in the mining
area on a real-time basis. It is essential to test these systems under virtual conditions
thoroughly to be sure that they are safe and reliable (Kolapo et al., 2024). Also, it is
during this testing phase to adjust it iteratively on the feedback of performance.

. Integration with Mining Operations: The integration of robotic systems into
existing mining operations must be managed carefully. This means integrating robots
with humans and older machines. This fusion can also include upgrades to the existing
infrastructure and a new protocol for operation to enable cooperation between robots and
human workers (T.E. et al., 2018).

. Workforce Training and Change Management: The adoption of robotics
requires the employee to be trained in how to adapt to the new technology. They are
trained to run the robot systems, know what they can and cannot do, and to follow the
new safety regulations. Change management methodologies must be applied to manage
any hesitance and promote knowledge of the benefits of robotics for improving safety
and effectiveness (Li et al., 2019).

. Continuous Monitoring and Evaluation: Once robot systems are placed in place,
their performance needs to be continuously monitored and evaluated. This step involves
collecting information on the efficiency, accidents, and overall performance of the robot
systems. Mining operations can then evaluate these data and decide what needs
improvement or system changes (Trevelyan et al., 2016).

. Safety Considerations: Robotics will make underground coal mining much safer
by taking on the dangerous tasks and leaving workers less exposed to risk. Safety features
such as emergency braking, collision avoidance, remote control, and so on should be part
of any robot design (Gaokgorwe, 2023). But also, safety training for humans on the
interaction and operation of robots should be provided.

. Feedback Loop for Continuous Improvement: Creating a feedback loop for all
engineers, operators, and safety staff to continue improving is possible through a
feedback loop. With periodic review and update according to operations experience and
technological advancement, mining operations will remain safe and successful (Du et
al., 2023).
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4 KEY INDUSTRIAL STANDARDS FOR ROBOTICS IN
UNDERGROUND COAL MINING

There are many regulations governing the underground coal mining robots to make sure
that they work safely and effectively. Organizations like the NIOSH, the MSHA, and the
International Organization for Standardization (ISO) have issued regulations regarding
robotics.

4.1

NIOSH Standards

NIOSH has also undertaken research programs on the health and safety of automation
and robotics in mining operations. Key points include:

4.2

Automation and Robotics Research: NIOSH's research is focused on the
detection and prevention of health and safety risks associated with mining
automation technologies.

Proximity Detection Technologies: NIOSH suggests proximity detectors in
order to maintain the safety of mobile robots in the underground (NIOSH,
2019).

MSHA Standards

The MSHA enforces standards crucial to the mining robotics’ safety. Important rulings
include:

4.3

Proximity Detection Systems: MSHA mandated in 2015 that continuous mining
machines with proximity detectors meet performance criteria (Mine Safety and
Health Administration, 2015). These controls are essential to avoid miners and
machinery accidents.

Training Requirements: MSHA’s law requires miners who work on or near
automation equipment to be trained in the safety procedures associated with
these systems. Including in case of emergencies and knowing the technical
details of proximity detection (MSHA Safety Services, 2023).

ISO Standards

ISO has produced some very relevant standards for the safety and operation of automated
machinery in mining;:

ISO 17757: 1t covers safety standards for autonomous and semi-autonomous
earthmoving and mining machines. It defines safety standards for machines and
systems related to them, including hardware and software (ISO, 2019).

ISO 10218-1 and ISO 10218-2: These specifications stipulate fundamental
safety requirements for industrial robots and specify protective precautions for
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their safe integration and operation (ISO, 2011a; ISO, 2011b). They focus on
risk reduction approaches and are common globally, in the United States as
ANSI/RIA R15.06.

4.4 American National Standards Institute (ANSI) Standards
The ANSI offers standards for mining industrial robots in the form of standards like:

e ANSI/RIA R15.06-2012: This is the standard specifying safety for the
manufacture, installation, and use of industrial robots and systems, and in other
words, is a must-have standard for mining robotics in order to ensure the safety
of workers (ANSI, 2012).

e Technical Reports: ANSI also has technical reports, which provide information
on specific topics about industrial robots such as risk analysis, protecting
processes, and cooperative robot safety (Occupational Safety and Health
Administration (OSHA), n.d.).

5 COMPANIES EMPLOYING ROBOTICS IN UNDERGROUND COAL
MINING

Using robotics to mine coal underground has a lot of advantages for both efficiency and
safety. Following is a detailed list of ten companies utilizing robotic technologies in this
niche, highlighting the specific innovations they employ.

5.1 Komatsu

Komatsu is the world’s leader in robot coal mining and their automated systems that
maximize safety and efficiency. Their Longwall Command and Control solution lets
mining machines be remotely managed without personnel having to face the elements
(Valverde, 2024). This technology makes operations more stable and reduces human
exposure to hazardous environments. And the AFC Faceboss RS20s control system
(launched in August 2022) that will provide safety and operational synergy for longwall
coal production (Duddu, 2024).

5.2 Sandvik

Sandvik has set the standard for mining automation with its AutoMine® platform for
autonomous, remotely operated mining machines. The system enables the operator to
control several machines remotely for a lot more safety and efficacy (Sandvik AB,
2024a). And, Sandvik's recent acquisition of Universal Field Robots (UFR), which adds
automation solutions for various types of equipment (Sandvik AB, 2024b; Stutt, 2024).
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5.3 Caterpillar

Caterpillar’s robotic solutions converge on automation for safety and productivity. Their
underground mining robots allow them to work from afar, keeping the operations within
sight (Duddu, 2024). Trucks and drilling rigs driven by robots eliminate human presence
in risky places (Allawadhi, 2024).

5.4 China Energy Investment

China Energy Investment applies autonomous technologies to mining to increase
productivity and safety. They use their systems for automated haulage and drilling to
reduce both time and injuries. The automation of robots decreases operational costs and
working conditions (Duddu, 2024).

5.5 Tian Di Science & Technology

Tian Di Science & Technology develops intelligent mining solutions such as coal
production automation. Their robots control and observe mining activities to eliminate
accidents in tight spaces. Such technologies also automate processes and increase
recovery rates by maximizing extraction of resources (Duddu, 2024).

5.6  Shanxi Tiandial Mining Machinery

Shanxi Tiandial Mining Machinery has rolled out automation systems for optimal
performance in underground coal mining. Their robots have automated drilling tools,
which make it less painful for employees and safer (Duddu, 2024). The addition of
robotics also ensured drilling more accurately with less waste.

5.7 Deere & Co

Deere & Co. has developed robot technologies for safer and more productive mining.
They have solutions such as self-driving vehicles that eliminate the human workers in
the underground environments (Duddu, 2024). These technologies add safety ratings to
the overall mining performance and also improve efficiency (Allawadhi, 2024).

5.8 Famur Group

Famur Group is a mining equipment company, and they have developed robotic
solutions to ensure safer and more efficient coal mining operations. They provide
automated coal handling and logistic systems to reduce risk from the conveyor system
(Duddu, 2024). Their systems make the environment safer to operate by eliminating
manual operations (Allawadhi, 2024).

5.9 Shanghai Chuangli Group

Shanghai Chuangli Group manufactures robots for underground coal mining. Their
automation ensures that the hazards of manual labor in a dangerous environment are
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minimized and the accuracy of mining increased (Duddu, 2024). This attention to safety
means higher production rates and healthy workers (Allawadhi, 2024).

5.10 UFR

UFR is an autonomous mining solution that was acquired by Sandvik for surface and
underground mining. Their interoperable systems interface with any kind of mining
equipment to allow an entirely automated mining operation, which is safe and efficient.
The combination is said to be efficient and expands the power of current mining systems
(Stutt, 2024).

6 LITERATURE REVIEW ON APPLICATIONS OF ROBOTICS IN
UNDERGROUND COAL MINING FOR ENHANCING EFFICIENCY
AND SAFETY

The number of articles covered in this review for the applications of robotics in
underground coal mining for enhancing efficiency and safety are shown in Figure 1 from
2015 through 2024.
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Figure 1 Articles reviewed (2015-2024) for applications of robotics in underground
coal mining for enhancing efficiency and safety

Table 1 below shows a quantitative distribution by publisher of the number of articles
related to robotics in underground coal mining for enhancing efficiency and safety.
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Table 1 Number of articles from different publishers reviewed for robotics in
underground coal mining for enhancing efficiency and safety

Publisher Number of Articles Reviewed
IEEE 12

MDPI

Springer

EDP Sciences

IOP Publishing

Australian Centre for Geomechanics (ACG)

Elsevier

Wiley

Advanced Information Systems

Advances in Geo-Energy Research (AGER)
AGU

Association for Computing Machinery
Canadian Science Publishing

Clausius Scientific Press (CSP)

IAARC

JAICT

ISPRS

Sage Journals

Scientific Research

SPIE

SSRG International Journals

SSUGT

Taylor & Francis

The Southern African Institute of Mining and
Metallurgy

Universitas Mercu Buana 1
Total 58
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6.1 Robotics in Underground Coal Mining: Technological Innovations for
Enhanced Safety and Operational Efficiency (2015-2020)

Prashanth and Lelinadevi (2015) worked on a wireless robot with a mixed-signal
processor (MSP430) to guide and scan for poisonous gases in coal mines without human
supervision, addressing safety issues like obstacle avoidance, poisonous gas detection,
and extremely low power consumption (compared with previous systems based on the
8052 microcontroller and ZigBee). Marshall et al. (2016) provided a general overview
of mining robotics, writing about how the industry has integrated robots in all areas of
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mining operations (such as excavation, hauling, and mapping). They focused on
improvements in autonomous tramming, real-time fleet control, and mapping, such as
simultaneous localization and mapping (SLAM), that could improve productivity and
flexibility in shifting mine landscapes. Ledange and Mathurkar (2016) demonstrated an
underground mine wireless monitoring and safety solution based on ZigBee
communication that monitored ambient conditions, such as temperature, humidity, and
toxic gases, in real time. Their construction was built to be cheap and minimally human,
with the robot bringing safety by sending real-time data to a control room.

Ruiz-del-Solar et al. (2017) focused on advancing robotics for Chile’s mining industry,
emphasizing the automation of mining vehicles to build trust with local stakeholders,
thereby enabling safer, more efficient operations. By contrast, Nikitenko et al. (2017)
built robotic complexes designed to harvest minerals from steep coal seams and ore beds
by taking away man-intensive labor in hazardous environments via unmanned machines.
They showed how robots could adapt to dangerous, complex geological landscapes,
increasing underground protection. Hargrave et al. (2017) focused on an infrastructure
radar localization system for longwall coal mining. This system placed equipment in the
right position with no additional infrastructure, which minimized workers’ risks in
underground spaces.

Jalas et al. (2018) proposed an information modeling (IM) framework for an
underground laboratory to test and perform efficient use of automated machines used in
tunnel construction and coal mining. They showed how IM can help with data
management, collaboration, and testing in mining automation and robotics. Meanwhile,
Xusheng et al. (2018b) looked at wireless communication requirements for coal mine
rescue robots, describing electromagnetic wave propagation in rough underground
environments. Their results, based on numerical simulations, showed how
environmental factors like dust density and wall roughness affect signal attenuation,
essential for robotic communication and operation in coal mines. Inozemtsev et al.
(2018) went the safety route with an automated roof-distortion monitor for underground
mines. They worked around the drawbacks of traditional monitoring and developed a
sensor-based, data-led approach to constantly monitoring roof integrity in order to avoid
accidents by detecting danger early.

Meshcheryakov and Meshcheryakov (2018) created an Automated Monitoring and
Positioning System (AMPS) for coal mining excavators focused on angular orientation
and operation times that allowed for control and operational management in open-cast
mines. The industrial trial of the system showed that it worked, albeit at considerable
expense and in complexity. Chakravorty (2019) analyzed the contribution of
underground robots to mine safety by opening potentially dangerous or flooded sites to
exploration and delivering real-time safety warnings, thus minimizing miners’ exposure
to risks. The results suggested that operational safety and efficiency would significantly
improve, as robots could be more agile and precise, adding tools to the miners’ arsenal.
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Sakthi et al. (2019) developed an adaptive admittance control system for LHD’s (load
haul dumpers) in underground mining that automated the bucket control module to
reduce the load time. They installed an autonomous loading controller (ALC) and put it
through its paces in a simulation, confirming the system’s capacity to respond
dynamically to the mining environment, increasing productivity and safety.

Jones et al. (2019) explored the Hovermap autonomous drone, mainly for underground
mine safety through remote inspection and data collection in dangerous areas. This drone
deployed 3D SLAM that was able to operate in GPS-barred environments and glean
ultra-high-resolution data to inform safety and efficiency enhancements, particularly by
recognizing the behavior of rock masses and boosting production estimates. Meanwhile,
Menendez et al. (2019) created the uSLAM autonomous underground robot solution
based on ground-penetrating radar (GPR) and odometry. This technique applied a Rao-
Blackwellized Particle Filter to make trajectory-based 3D occupancy grid maps to aid in
navigation and hazard scanning for robots within deep subterranean environments.
Klimov (2019) was devoted to electro-hydraulic shield support control systems for
longwall mining. His studies looked at pressure distribution and the effect of longwall
advance speed on shield load handling, with the goal of designing a shield to reduce
safety risks and maximize coal extraction efficiency.

Wenjuan et al. (2019) compared the pose estimation of a boom-style roadheader using
infrared LEDs and a monocular vision system to get accurate cutting-path localization
even under low illumination and dusty conditions. This vision-based method (with a 16-
point infrared target and P4P-based estimation) was very accurate, estimating to within
0.03 pixels, demonstrating that it is applicable for operational use in underground coal
mining. Tauger et al. (2020) focused on creating a remote-control robot complex that
would allow them to operate the mining at the surface, exposing human workers as little
as possible to risk. This system used automated control using telemetry for both safety
and operational efficiencies, enabling operators to remotely control equipment, and the
research fitted into a global automation drive in mining. Kharlampenkov et al. (2020)
studied the effects of labor productivity in coal mining by using a multiplicative model
of the impact of automation and technology. It pointed out productivity gains from
robotic systems, open-pit mining having better returns than underground mining, and
looking ahead to the benefits of further technological innovations such as the ‘Smart
Mine’ programs.

6.2 Advancements in Autonomous and Intelligent Robotics for Underground
Coal Mining: Enhancing Safety, Efficiency, and Operational Control (2020-
2022)

Mansouri et al. (2020) explored Deep learning autonomous navigation of Micro Aerial
Vehicles (MAVs) in black mines by implementing a convolutional neural network
(CNN) to steer the MAV and predict collisions, which enabled higher inspection and
mining safety. By contrast, Woolmer et al. (2020) evaluated drone LiDAR in the
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Olympic Dam Mine with Emesent’s Hovermap to provide enhanced data collection and
safety by reducing worker exposure to dangerous areas. This experiment demonstrated
how long it takes and how high the volume of data can be achieved through progressively
better training, showing how drones could potentially compete with traditional surveys
in terms of accuracy and safety. Valuev and Volkova (2020) focused on the intelligent
automation of unmanned coal mining, connecting neural networks for machine
positioning, and designing intelligent control systems for unmanned mining. Their
approach was to focus on regulating the fluctuating operating modes of mining machines
to maximize machine agility and minimize human interference.

Protsenko et al. (2020) compared RRT-based pathfinding approaches (RRT, RRT-
Connect, and RRT*) in difficult-to-reach underground spaces, such as mines. They
found that RRT was best suited for optimal pathfinding, but RRT-Connect was best
suited for rapid pathfinding tasks, making it important to choose algorithms in
accordance with the actual work needs. Paredes and Fleming-Muoz (2021), on the other
hand, analyzed the socio-economic impact of automation in mining and how increased
robotics might boost efficiency, but they also caused serious concern over the
displacement of jobs and the increasing inequality of workers’ incomes. Their mixed-
methods study revealed that lower-skilled occupations were more likely to be automated,
while high-skilled ones could be boosted in wages, implying that robotics could have an
uneven impact. Zheng et al. (2021) went technology-driven by combining LiDAR with
an inertial navigation system (INS) to increase the positioning accuracy of longwall
shearers. Their simulations showed that positioning errors were notably lower than
traditional methods, and this helped automate and reduce risk in mining operations.

In their paper, Long Ma and Qing Chen (2021) studied underground charging safety of
power batteries in CMRs by considering the energy exchange system and safety of
flameproof chambers. They designed a detection experimental platform to check safety
precautions while charging, resulting in a theoretical and experimental basis for better
safety measures in deep, potentially explosive subterranean spaces. Instead, spearing et
al. (2021) launched the SHURM (Safe Highwall Underground Remote Mining)
approach that focuses on independent mining with continuous miners for operational
reliability and safety. Their approach involved backfilling to avoid surface subsidence,
and they demonstrated that a high rate of stable unsupported spans was possible when
mined, offering a vast increase in extraction rates and environmental benefits compared
with conventional methods. Meanwhile, Matloob et al. (2021) studied Artificial
Intelligence (AI) or Machine learning based risk analysis in the coal mining industry.
They reviewed statistics to find out which risks were most common and leveraged Al
systems to enable real-time monitoring and predictive analysis, thereby increasing both
efficiency and safety.

Su et al. (2021) focused on designing a self-learning path planner for the mining robots
via stereo vision. These experiments enabled unmanned excavators to drive themselves
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through challenging quarry conditions, accurately identifying hazards and finding routes
that would minimize energy and safety. Simulated using ROS and Gazebo, the research
validated that the system worked effectively and had better performance during mining
operations. The paper by Thivyabrabha et al. (2022) introduced an Internet of Things
(IoT)-enabled robot that monitors mines for gases such as methane and carbon
monoxide. This robot not only detected the threat from the environment but also assisted
in rescue missions by providing real-time information via a web browser so that faster
emergency response could occur. Its study revealed the potential to substantially improve
miner safety through working under risky conditions without any humans present.
Kumar et al. (2022) built a network of loT-based safety monitors and warning systems
in coal mines with multiple sensors to measure temperature, pressure, and gas levels,
thus meeting the need for early warning technologies in coal mines. Their system
prevented accidents by continuously monitoring the conditions and giving prompt
warnings to miners and officials.

In "Autonomous Docking Using Learning-Based Scene Segmentation in Underground
Mine Environments," Rajvanshi et al. (2022) built a vision-based autonomous docking
solution for coal mine shuttle buses that uses an optimized RGBD camera to scan for
obstructions in GPS-delimited environments. It showed better worker safety by
eliminating risks arising from manual tasks, with the autonomous system able to
recognize continuous miners and prepared safe routes with encouraging findings in
controlled and experimental experiments. Conversely, Trybala et al. (2022) used a multi-
sensor wheeled robot to 3D map mine tunnels and focused on sensor alignment to
achieve navigation under GNSS-denied conditions. Their work was able to establish a
robust calibration process that resulted in zero mean reprojection errors and very small
uncertainties in extrinsic parameter calculations, suggesting the potential for increased
productivity through precise mapping. Tishchenko and Vanag (2022) analyzed the
broader potential of robots in solid mineral mining, finding particular areas of
automation: excavation, drilling, and explosives processing. Their research revealed the
need for proven robotics technology and predicted impacts on mining design and safety
regulations, requiring both academia and industry to collaborate to solve the problems
of robotics in mining.

Min et al. (2022) focused on the design of a hydraulic manipulator arm for an automatic
bottom-laying robot, with a specific focus on how to minimize human exposure to unsafe
environments through automation and fast module laying. The study described the
robot’s incorporated design, powered by explosion-proof diesel, and noted its capability
for fine work essential to work in the subterranean. These findings showed significant
enhancement in bottom-laying efficiency and hence coal mine safety. In contrast, Guo
et al. (2022) addressed the requirement of a high-speed control system in coal mine
inspection robots that were able to take over manual inspections. Their research showed
that the currently available control systems were not real-time, so they proposed a new
system with QT and RT-Thread. This experiment verified that the new control system
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dramatically improved the robot’s real-time performance, stability, and simultaneous
task execution required for effective mining under dynamic mining conditions.
Castellanos-Ardila et al. (2022) focused on the safe application of autonomous and semi-
autonomous machines (ASAMs) in subsurface mining. They devised techniques like the
Operational Design Domain (ODD-UM) and System-theoretic Process Analysis (STPA)
for addressing safety issues in the environment of ASAMs interacting with manually
operated machines. The result offered a conceptual approach to make integration safe
and thus drive efficiency and safety.

Wang et al. (2022) developed a collaborative control technique for an Excavation
Support Robot (ESR) that facilitated much better positioning and posture corrections
while mining. They used a mathematical formula incorporating the kinematic properties
of the ESR and a sliding mode control algorithm to produce spectacular simulation
results with position shifts under 0.10 m and posture changes that had a coordination
error of -0.03 m. In a related article, Nanadrekar et al. (2022) described the introduction
of robots to mining with Lidar sensors for self-driving vehicles and data acquisition in
real time, resulting in enhanced safety in extreme conditions. They noted that the use of
autonomous mobile robots (AMRs) for surveying abandoned mines marked an
automated move, one that created efficiency gains and potentially saw robots take over
humans’ roles in mining. Meanwhile, Xue et al. (2022) focused on an advanced mapping
approach using the LeGO-LOAM-SM algorithm with sophisticated loopback detection
algorithms to increase environment perception in the idiosyncratic environments of
underground mines. Their results showed a mapping accuracy of 0.0l m and an
impressive reduction in data storage needs, thereby optimizing the performance of
unmanned vehicles.

6.3 Advancements in Robotics and Automation for Enhanced Safety and
Efficiency in Underground Coal Mining (2022-2024)

Dabek et al. (2022) focused to automate a detection method of overheated idlers on belt
conveyors with unmanned ground vehicles (UGVs) equipped with RGB and infrared
imaging. They found that the detection algorithm was promising but was delayed in
detection and refractory to temperature fluctuations and needed to be refined for
environment-appropriate use. In contrast, Zhu et al. (2022) developed a better SLAM
algorithm, which combined visual and inertial units for mobile robot navigation in coal
mine tunnels. They showed that the technique had good localization and mapping
performance under low illumination and uneven terrain, which is a successful way of
autonomous navigation in rough terrain. Chenglin (2023) aimed instead at developing a
robot arm with several applications for the repair of roads in confined space. It confirmed
the mechanical arm’s structural integrity using finite element analysis and identified
design flaws for achieving better stability.

Aboelezz et al. (2023) focused on a fully safe drone propulsion system designed for the
very unique dangers of underground coal mining. Their work exposed the challenges of
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meeting the stringent safety standards set by the MSHA and used computer modeling
and experiments to overcome issues such as heat and airflow optimization to develop a
more cost-effective drone that can ensure better mining safety. Guo (2023), by contrast,
showed a smart cover robot with a novel cover-support system and pedrail that could
move along any surface. The work involved testing the robot’s moving parts and adding
safety measures like gas identification to show that the robot could sustain safe operating
pressures and stay safe while excavating coal. Ren et al. (2023) reported on a fully
automated mine for very fine coal seams using sophisticated automation methods, such
as automatic coal cutting and central control. The study was a comparative analysis and
showed much efficiency and safety improvements over conventional techniques,
especially when the working conditions are difficult.

Koval et al. (2023) worked on navigation for aerial robotic workers in challenging
underground mine conditions. Their research had focused on the importance of human
workers being picked up by drones, and therefore safety is one of the main consequences
of their junction and human detection systems. The research concluded that it would help
make coal mine operations safer and more efficient when successfully implemented. In
contrast, Cheng et al. (2023) proposed an eye-directed drill pipe delivery automation for
horizontal directional drilling rigs. Their work showed that, through the use of a 2D
vision sensor and monocular vision, the robot’s accuracy and reduced labor time were
used in positioning drill pipes, making human errors and drilling operations safer. The
CDC (2023) report gave a more general overview of robotics and intelligent mining
technology, recommending that when combined, the robots and smart mining
technologies not only reduced workplace accidents but also made operations more
efficient through the automation of risky tasks. This was a review of technologies as well
as case studies that demonstrated the benefits of robotics in mining, both in terms of
safety and productivity.

The paper by Castellanos Ardila et al. (2023) focused on the integration of autonomous
dump trucks in mixed traffic scenarios within underground mines. Its study was designed
to establish operational safety through a method of argumentation that employed System
of Systems (SoS) and STPA. Its conclusion was that an adequate safety case would make
it easier for autonomous technologies to be accepted in the mining industry, so that more
production could be generated while preserving safety. Jimsé-Jounela and Baiden
(2023), by contrast, considered more broadly the use of robotics and automation in
mining and mineral processing and the enabling effect of Industry 4.0 on operational
efficiency. They found that the need for teleoperation and cloud IloT platforms made
data collection and decisions more responsive and safer and improved the efficiency of
grinding and flotation operations. He et al. (2023) reported on new technologies and
machinery to address risks in deep mining, especially rockbursts and gas bursts. It was a
matter of collaborating across international boundaries on research that was necessary to
create sophisticated safety systems and innovations in mining.
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Leclerc et al. (2023) developed a tethered drone specifically for underground stop
inspections called the NetherDrone. They worked to bypass the constraints of existing
drones by using custom-designed ducted propulsion and a continuous power and
communication tether, and their field tests showed they could make close-up lidar scans
and sightings inside mine stops. Ayeisha and Anggoro (2024) looked more generally at
the impact of digitalization in the coal mining industry at PT. X. Their study was
conducted through interviews with executives to emphasize the need to integrate cutting-
edge technology like automation, IoT, and drones to increase efficiency and address
issues like high cost and reluctance by employees. They advised extensive training and
communication to make the switch to automated systems. Fan (2024), by contrast, was
more interested in the automated mining of hard-to-mine coal seams, with robotics
assisting in the operation of automated machinery and fine-tuned control. He showed
that such technologies could significantly reduce pollutant emissions and operations
costs, all of which is beneficial for sustainable coal mining.

The study by Marathe et al. (2024) built a surveillance robot that would detect and track
conditions in the field, greatly reducing the danger of gas leaks and earthquakes through
wireless sensor networks. Their work successfully showed how mobility, visual
monitoring, and other environmental sensors can be combined to enhance safety
protocols. Similarly, Nikitenko et al. (2024) focused on a robotic walking module that
controlled powered roof struts with a remote controller so that roof collapses near the
mining face were prevented. Then they calculated critical load dynamics using numerical
simulations, which guided the walk module to improve structure under different
conditions. Or to take another method, Sui et al. (2024) used artificial neural networks
to create new coal and rock recognition systems for shearers with 97.16% classification
accuracy for coal seams and rocks. Such studies improved operating efficiency by
coordinating shearer responses to geology for improved mining safety. Lastly, Ellem
(2024) looked at the larger effects of automation on labor relations in the Queensland
coal industry. Employer-driven innovations, such as automation, restructured labor
relations, and bargaining processes, the paper emphasized.

7 CONCLUSION

Incorporating robots into underground coal mining will help make this process safer and
more efficient for all concerned. Human workers are less exposed to dangerous
conditions when robotic machines operate, and the risk of accidents and diseases is
reduced compared with the old methods of mining. Robotic complexes that can be
remotely controlled are able to operate from above, vital in highly dangerous situations.
In particular, robotics technologies have improved productivity. Researchers have found
that open-pit mining is more efficient than underground mining, and future technological
innovations like 'Smart Mine’ projects should be even more effective. One must monitor
robotic systems once they are installed. That includes gathering metrics on efficiency
and incidents in terms of safety so that one can make adjustments and improvements to
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the systems. The study underscores the necessity to integrate novel technologies (like
neural networks for machine control and telemetry-driven automated systems) for
autonomous operations. They’re critical for making machine systems more user-friendly
and human assisted. The report calls for conformance to safety guidelines issued by
bodies such as NIOSH and MSHA. Using robotics in mining is compliant with safety
protocols, which will lead to safer operations, thanks to such rules. The bottom line:
robotics and automation of the underground coal mine can significantly increase not only
the efficiency but also the level of safety to enable a more sustainable and safer future
for mining.

8 CHALLENGES AND FUTURE SCOPE IN ROBOTICS FOR
UNDERGROUND COAL MINING

Robotics are emerging for the future in the underground coal mining industry, which has
many challenges. Here are the key points:

8.1 Challenges

e High Implementation Costs: Robotics systems can cost a lot in the beginning.
This includes purchasing technology, hiring, and maintaining employees, and
could prevent companies from adopting these technologies.

e Employee Resistance: Employees have often resisted the automation shift.
Workplace loss and training can prevent mining robotics deployment.

e Environmental Adaptability: Robots need to be capable of working well under
the harsh environments of mines in the depths of the ground with their dim light
and irregular surfaces. Existing technologies cannot respond optimally to these
environmental challenges.

e Safety Regulations Compliance: Compliance with rigorous safety rules
provided by government agencies such as MSHA can make robotic installations
a challenging process. The safety of such technologies is essential to their
adoption and success.

e Technological Limitations: Current robotic technologies might not be up to the
task of precise navigation and processing real-time data in deep subsurface
environments. These constraints will require constant improvements in sensor
technology and algorithms.

8.2  Future Scope

e Advancements in Al and Machine Learning: Al and machine learning are the
future of mining robotics. Such technologies can aid in decision-making,
navigation, and machine predictive maintenance.
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e Collaborative Robotics: Collaborative robots (cobots) that can cooperate with
human miners are a bright prospect. These can help with dangerous work while
keeping humans safe and increasing overall efficiency.

e Teleoperation and Remote Monitoring: The next generation might focus on
increasing teleoperation to enable remote controllers for robotics. This can
greatly increase safety and operational efficiency in dangerous mining
environments.

e Integration of loT and Data Analytics: With the help of IoT technologies, you
can use data in real time for collection and analysis, making it easier to make
the right decision and operational insights. This integration can improve security
and mining efficiency.

e Sustainability Practices: With the advancement of the sector in green
technologies, robotics can help mitigate the impact on the environment. Coal
mining in the future will need to find innovative solutions to reduce pollution
and better manage resources.
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