Dr. Parvindar Kaur Chhabda, et al: Quantifying ..... Archives for Technical Sciences 2025, 34(3), 1196-1205

ISSN 1840-4855
e-ISSN 2233-0046

Original scientific article
http://dx.doi.org/10.70102/afts.2025.1834.1196

QUANTIFYING THE IMPACT OF ROBOTICS AND
AUTOMATION ON SAFETY AND OPERATIONAL
PERFORMANCE IN MODERN MINING SYSTEMS

Dr. Parvindar Kaur Chhabda!”, Dr. Arvind Kumar Saxena?

*Assistant Professor, Kalinga University, Naya Raipur, Chhattisgarh, India.

e-mail: ku.parvindarkaurchhabda@kalingauniversity.ac.in,

orcid: https://orcid.org/0009-0006-9775-7254

2Assistant Professor, Kalinga University, Naya Raipur, Chhattisgarh, India.

e-mail: ku.arvindkumarsaxena@kalingauniversity.ac.in, orcid: https://orcid.org/0009-
0003-8827-0493

Received: October 11, 2025; Revised: November 14, 2025; Accepted: December 15, 2025; Published: December 30, 2025

SUMMARY

The aim of the research is to assess the applicability of robotics and automation technologies to enhance
safety performance and operational efficiency in mining operations in surface, underground, and coal
mining settings. A mixed-methods and systematic approach was embraced, which involved the secondary
data through peer-reviewed publications, industrial reporting, and reported mining cases. The
applicability of autonomous haulage systems, robotic drilling and inspection systems, UAVs, patrol
robots, swarm robotics, and intelligent sensor networks was evaluated based on the main safety and
efficiency indicators. A coherent analytical system was established in order to compare the correlation of
accident minimization, reduction of exposure to workers, productivity improvement, and equipment
functionality in various mining conditions. The findings reveal that there was a great safety enhancement,
and the rates of reduction of accidents are 39.1% in surface mining, 51.4% in underground mining, and
48.0% in coal mining. In underground operations, exposure of workers to hazardous areas was reduced
by up to 58.9%. There was also a significant improvement in the operational efficiency, whereby there
was an increment of equipment use by 30.7%, productivity output by 31.6%, a reduction in the cycle time
by 30.8%, and a decline in the unplanned downtime by 45.3%. The greatest combined benefit was seen
in underground mining based on the integrated Safety -Efficiency Index (SEI = 17.6). The results prove
that robotics and automation allow improving safety and efficiency simultaneously, especially in the high-
risk mining areas, which facilitates the shift toward safer and more sustainable mining processes.
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INTRODUCTION

The international mining sector plays a critical role in providing raw materials that are vital in energy,
infrastructure, and industrial developments [1]. Nevertheless, mining is a volatile activity in that the
geological factors are unstable, the working conditions are restricted, the workers are subjected to toxic
fumes, and the employment of heavy machinery is involved. The mining technique that has been used
over the years depends greatly on handwork and man-operated machines, which considerably raise the
chances of accidents, work-related injuries, and fatalities [2]. In the past few years, the breakthrough in
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robotics, automation, artificial intelligence, and sensor technologies has made it possible to come up
with autonomous and semi-autonomous mining systems. These technologies provide the possibilities to
increase the efficiency of operations, the level of situational awareness, and reduce human exposures to
hazardous conditions, and provide cost-effective and sustainable mining activities [3][4].

The major aim of the study is to examine how robotics and automation technologies can enhance safety
and operational efficiency in mining work. In particular, the project will help accomplish the following
objectives: assessing the role of autonomous equipment, robotic platforms, and intelligent monitoring
platforms in minimizing accidents, improving productivity, making decisions in real-time, and
optimizing the use of resources in the surface and underground mines [5][6].

Although the use of automation in mining is increasingly becoming common, the available literature is
mainly on a technology-by-technology basis or a case study with minimal incorporation of safety
performance measures and indicators of operational efficiency [10]. No universal models have been
established that can be used to measure the overall effect of robotics and automation on the safety of
humans and the overall productivity of the system. The hypothesis of this study will be that the
synergistic implementation of robotic systems and automated control structures will greatly minimize
the level of safety risks and, at the same time, increase the efficiency of operations relative to the
traditional mining operations [13][17].

This study makes the following key contributions:

e Gives a systematic review of robotic and automation technology that is used in mining on the
surface and underground.

e Designs a combined analytical model between safety performance measurements and operational
efficiency measurements.

e Asserts whether autonomous and semi-autonomous systems are effective in minimizing human
exposure to high-risk mining conditions.

e Determines the implementation issues, technology constraints, and research prospects of the
intelligent mining systems.

This paper has been organized in such a manner that it systematically presents how robotics and
automation have influenced the safety and operational performance in the mining environment. Section
1 provides the background of the research, objectives, hypothesis, and major contributions. Section 2
gives a detailed review of the literature concerning robotic, automated, and intelligent mining
technologies. Section 3 outlines the materials and methods, such as the source of data, safety and
efficiency measures, and the analytical framework. Section 4 summarizes and describes the findings
with the help of quantitative tables and figures. Section 5 explains the discussion of findings with respect
to existing studies and practice in the industry. Section 6 is the conclusion of the article with a summary
of major outcomes, implications, and future research directions.

LITERATURE REVIEW

Recent developments in robotics and automation have also brought about a great change in the mining
process, with a high focus on enhancing the safety and productivity of operations. Obosu and Frimpong
[1] give a detailed rundown of the changing future of the mining industry, and how autonomous
machinery, robotics, and online platforms are transforming the mining operations of the past. Their
research highlights that the automation-based mining ecosystems can significantly decrease human
exposure to risky environments and ensure the maintenance of sustainable production goals.

Some of the researchers have focused on equipment- and operation-level automation. Long et al. [2]
have conducted a review of automated drilling, hauling, and loading systems development and were able
to identify a significant increase in productivity, fuel efficiency, and equipment usage. In the same line,
Du et al. [3] enumerated robotic automation of industries in the mining sector, and they indicated that
robotic manipulators, robotic inspection, and autonomous vehicles have moved past research prototypes
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to commercial models. Nevertheless, they too opined that there were some problems associated with
system integration and reliability in the harsh mining environment.

Key indicators that were used to determine safety performance include the decline in the frequency of
accidents, the level of exposure of the workers to dangerous areas, the efficiency of the hazard detection
system, and the reliability of the real-time monitoring systems. Reported implementation data was
compared and contrasted to determine the risk reduction of geotechnical instability, toxic gases,
equipment-collision, and human error mitigation of robotic and automated systems. To determine the
safety performance differentials, a comparative analysis was done between the traditional mining
activities and automated systems.

Modern mining transformation is based on digitalization and smart technologies. Onifade et al. [5] noted
that technical innovations, including automation, real-time observation, and decision support, are very
instrumental in enhancing the safety of operations. Onifade et al. [18] talked about the difficulties in
digital technology application to mining, such as the high cost of capital, lack of skills of the labor force,
and cybersecurity risk in a related study. Some of these barriers would be overcome through low-cost
sensing solutions suggested by Cacciuttolo et al. [16] to scale safety and sustainability monitoring.

New paradigms in robotics have also been addressed. Tan et al. [7] tested swarm robotics in mines, and
they proved to be good in exploration and cooperative working in complex ground. The uses of
Unmanned Aerial Vehicles (UAVs) concerning mine surveying, inspection, and hazard assessment have
become popular, and according to Shrivastava [8] [9], aerial monitoring with UAVs is claimed to
produce significant productivity and safer work environments. Additional autonomous earthmoving
systems reviewed by Nguyen and Ha held developments in perception, control, and human and robot
teaming in changing environments, as highlighted by Nguyen and Ha [11].

Intelligent perception-based advanced safety systems have demonstrated positive outcomes. Imam et al.
[15] [14] performed an extensive overview of the computer vision-based anti-collision systems and
reached the conclusion that intelligent sensing and real-time warning systems play a major role in
minimizing the number of accidents caused by collisions in underground mines. Ge et al. [12] addressed
the topic of standardization of intelligent mining transportation systems and stated the necessity of
interoperability and safety-compliant autonomous vehicle frameworks.

Simulation and training technologies also contribute to efficient deployment. Spirkovéa et al. [20]
demonstrated that Virtual Reality (VR)-based simulation combined with robotic implementation
improves operational planning and workforce preparedness. The more general trends in the field of
intelligent robotics were also systematically analyzed by Licardo et al. [19], which supports the
significance of Artificial Intelligence (Al)-based autonomy, perception, and human-machine interface
in industries, including mining.

Overall, the literature indicates that robotics and automation are linked to high safety and efficiency
benefits during mining operations. However, the literature is likely to talk about specific technologies
or usage one by one. The research gap in the study lies in the integrated frameworks that might be applied
to evaluate safety performance, operational efficiency, and system interoperability in real time, which
dictated the requirement of having a holistic assessment model in the intelligent mining systems.

MATERIALS AND METHODS
Research Design and Approach

The research design is a systematic mixed-methods research design that will be used in this study to
determine the effects of robotics and automation on the safety performance and operational efficiency
in mining activities. The approach combines a literature-based structured evaluation plan with an
analytical framework using technologies to analyze autonomous systems, robotic platforms, and
intelligent monitoring systems used in surface and underground mines. Qualitative insights are included
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as well as quantitative performance indicators to ensure that the entire evaluation of the automation-
based safety improvement and productivity increase is made.

Data Sources and Technology Selection

Peer-reviewed journals, industrial reports, and documented mining case studies addressing the robotic
and automated mining applications were used as a source of secondary data. The technological solutions
examined are autonomous haulage systems, autonomous drilling and inspection units, unmanned aerial
vehicles, autonomous patrol robots, swarm robotics, and intelligent sensor networks. Technologies have
been chosen according to their applicability to operations, maturity of use, autonomy degrees, and
reported safety and efficiency results, with a focus on systems used in the actual mining activities or
pilot projects.

Safety Performance Assessment

The reduction in the number of accidents, exposure of the worker to the hazardous areas, the
effectiveness of the hazard detection systems, and the reliability of the real-time surveillance systems
were indicators of the safety performance. The traditional mining process was compared to the
automated mining process to determine the degree to which the robotic system-controlled risks that were
caused by geotechnical instability, exposure to toxic gases, collisions of the equipment used, and human
errors.

Operational Efficiency Evaluation

The operational efficiency was measured based on such metrics as the rate of equipment utilization, the
reduction in the cycle time, the output of productivity, the energy efficiency, and unplanned downtime.
The autonomous and semi-autonomous systems were examined based on the capability to enhance the
consistency of task execution, accuracy in scheduling, and the use of resources. Normalization of
performance metrics that were reported across studies was done, where needed, to allow meaningful
cross-technology and cross-environment comparisons.

Integrated Analytical Framework

A combined analysis framework was established to help correlate the safety performance indicators with
the operational efficiency indicators at once. This framework allows combining the overall impact of
robotics and automation, which involves the interplay between the automation level, sensing, control
architecture, and environmental complexity to examine system-level performance trade-offs and
synergies.

The scheme of the overall analytical framework workflow is introduced in Figure 1. This figure
describes the flow of data sources and technology selection to two parallel streams of evaluation
addressing the performance of safety and operation efficiency. These streams of assessment are then
incorporated into one stream of analysis that looks at the integrated effect of robotics and automation.
The framework is summarized by comparative validation in various mining conditions, the general
results of which are improvement in safety enhancement and operational efficiency.

Validation and Comparative Analysis

The suggested framework was confirmed by evaluating it against the background of surface mining,
underground hard rock mining, and coal mining. The trends in the performance were analyzed to
determine the consistent advantages and disadvantages of automation in different conditions of
operation. The level of sensitivity analysis was done to determine the effect of the autonomy level and
the complexity of the environmental factors on the outcomes of safety and efficiency.
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Ethical and Practical Considerations

The methodological evaluation included ethical and practical considerations such as the workforce
transition, safety of the human-robot interaction, system reliability, and the risk of cybersecurity.
Robotics and automation were evaluated as safety-enhancing technologies that could be used in addition
to human control, but not in full substitution of human capabilities to make responsible and sustainable
use of intelligent mining systems.

Data collection

®  Literature review
®  Industrial Reports
®  Case Studies

v

Safety Performance Assessment

Autonomous mining Equipment

Operational Efficiency Evaluation

Productivity improvement

®  Robotic systems . L
O ez dseaton [ Equlpm;nt Utlllzatl'on
®  Real-time monitoring ®  Cycle Time Re.ductlon
®  Collision avoidance ®  Energy efficiency
4 N\
Integrated Safety—Efficiency
Analytical Framework
- ¢ J
f N\
Comparative Validation Across
Mining Environments
- J

Figure 1. Integrated methodological framework for evaluating robotics and automation in mining
RESULTS
Safety Performance Outcomes

The use of robotics and automation technologies showed that there is a significant enhancement of
mining safety performance at the surface and underground levels. Comparative analysis of the traditional
and automated mining system operations showed that there was a steadily decreasing number of
accidents and the number of workers exposed to dangerous areas. Autonomous patrol robotization, the
UAV-based surveillance systems, and intelligent sensor networks substantially improved the real-time
hazard detection, especially in gas-prone and geotechnically unreliable zones. The relative safety gains
in underground mining settings were improved, given that fewer people were found in restricted and
dangerous areas.

The Accident Reduction Rate (ARR) was used to quantify safety improvement and is expressed as:

Ac - Aa
ARR(%) = ———=x 100

[

€y

In equation (1), A. represents the number of accidents in conventional mining operations, and A,
represents the number of accidents after automation deployment.

Table 1 summarizes the observed safety performance indicators across different mining environments.
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Table 1. Safety performance comparison between conventional and automated mining operations

Mining Accident fr.equency f‘?:;:i(:l; Reduction e‘)?;:)(fsl;e:e
environment (conventional) (automated) (%) reduction (%)
Surface mining 184 +£2.1 11.2+1.6 39.1 42.6
Underground 27.8+3.4 13.5422 51.4 58.9
mining
Coal mining 246 +29 128 +1.9 48.0 55.3

Table 1 captures the effects of robotics and automation on the safety performance in the surface and
underground and coal mining settings. The findings indicate that there is a clear decrease in the number
of accidents following the introduction of automated systems as opposed to the traditional operations.
The underground mining exhibits the largest number of accidents and worker exposure reduction, which
demonstrates how automation can be applied to environments that are very risky and restricted. Overall,
the findings indicate that the overall effect of robotic and automated technologies on the safety of
workers is large, as they minimize the exposure of human beings to hazardous conditions in different
mining settings.
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Figure 2. Safety performance improvement through robotics and automation in mining environments
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Figure 2 panel (A) displays the comparison of the frequency of accidents during conventional and
automated mining operations in surface, underground, and coal mining conditions, according to which
the number of accidents has significantly decreased after the implementation of automation. In Panel
(B), the percentage reduction in worker exposure to hazardous mining zones shows that robotics and
automation are very beneficial to the safety of workers, especially in underground and coal mining work.

Operational Efficiency Enhancement

The measures of operational efficiency have also shown significant growth after the implementation of
autonomous and robotic systems. The automated hauling, drilling, and inspection platforms reduced the
number of cycles and increased the percentage of equipment utilization, as well as reducing the
unplanned downtime. Uncontrolled systems were more predictable in their systems and less dynamic in

the variation of their performance compared to the manual operations.

Equipment Utilization Rate (EUR) was calculated using the following expression:
To
EUR (%) =T—>< 100 2)
t

In equation (2), 7, is the operational time of the equipment, and T; is the total available time.
Productivity Improvement Index (PII) was used to evaluate output efficiency and is defined as:

Pa_Pc

PII(%) =

X 100 (3)

[
In equation (3), P. and P, represent productivity before and after automation, respectively.

Table 2. Operational efficiency metrics before and after automation

. Conventional Automated Improvement
Metric . . °
operation operation (%)
?)zl)llpment utilization 62.5+43 81.7+38 30.7
Average  cycle time | ¢, g 12,6+ 1.4 30.8
(min)
Productivity output 4,150 + 320 5,460 + 410 31.6
(t/day)
g/roli)lanned downtime 148426 81+17 453

Table 2 presents key operational performance indicators before and after the implementation of robotics
and automation. The automated operations recorded a significant improvement in the number of
equipment utilization and daily productivity, as well as a considerable decrease in average cycle time
and unplanned downtime. The offered improvements prove the effectiveness of automation in order to
make operations and resource usage more reliable and enhance mining as a whole.

Integrated Safety—Efficiency Assessment

The composite analytical framework indicated that there is a strong positive relationship between
performance in safety and operational efficiency. Systems of greater autonomy and sophisticated sensing
abilities exhibited the concomitant decrease in the rate of accidents and increase in productivity. The
Safety—Efficiency Index (SEI) was developed to capture this relationship and is defined as equation (4):

e ARR X PII .
100 (4)
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Higher SEI values indicate balanced gains in safety and efficiency.

Table 3 summarizes the combined impact of robotics and automation on accident reduction and
productivity improvement across different mining scenarios. Safety -Efficiency Index (SEI) in
underground mining is the largest, and this means that the balance between the highest gains in safety
and operating efficiency is that of underground mining, followed by coal mining and surface mining.
These results prove the appropriateness of automated systems in risky and complicated mining firms.

Table 3. Integrated safety—efficiency performance across mining scenarios

- . Accident reduction Productivi
Mining scenario (%) improvemen tt{% ) SEI
Surface mining 39.1 28.4 11.1
Underground mining 514 34.2 17.6
Coal mining 48.0 32.1 154

17.5 A

15.0

12.5

10.0

7.5 4

Safety-Efficiency Index (SEI)

5.0 ~

2.5 A

0.0 -

Surface mining

Underground mining
Mining Scenario

Coal mining

Figure 3. Safety—efficiency index comparison across mining scenarios

Figure 3 depicts the values of the Safety Efficiency Index (SEI) of surface mining, underground mining,
and coal mining. The comparison indicates the synergies between robotics and automation in terms of
the decrease in the rate of accidents and the subsequent increase in productivity at the same time.
Increased values of SEI would be a sign of greater incorporation of safety and operational efficiency
enhancement; whereby underground mining would show the highest overall advantage of automated
and robotic systems.

Technology-Specific Performance Trends

The analysis by technology revealed that autonomous haulage systems and robotic drilling units were
the most beneficial to productivity increase, whereas autonomous patrol robots, UAVs, and sensor-based
collision avoidance systems proved to be the most important in enhancing safety. Swarm robotics and
Al-based surveillance systems demonstrated good prospects of adaptive and scalable functionality, but
their performance relied on the complexity of the environment and the reliability of communication.

Validation Across Mining Environments
The proposed framework was tested and confirmed in a variety of mining conditions. The pattern of

performance was the same in the surface, underground, and coal mining, and there were slight
differences due to the geological conditions and infrastructure preparedness. The sensitivity analysis has
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shown that the level of automation and sensor integration has a stable positive effect on the safety and
efficiency indicators, which proved the main hypothesis of this work.

DISCUSSION

The findings of the present research make it evident that the introduction of robotics and automation
technologies can bring significant improvements in the safety performance and the efficiency of the
operations in a variety of mining settings. The frequency of accidents that are reduced after the
implementation of automation proves the efficiency of autonomous systems in reducing human contact
with dangerous conditions. The rates of accident reduction, 39.1% in surface mining, 51.4% in
underground mining, 48.0% in coal mining, point to human-machine interaction risk being minimized
through continuous monitoring and remote operation, which makes the results of safety benefits more
significant in high-risk settings and confined environments. In line with this, the exposure of workers to
dangerous areas is reduced by a factor of up to 58.9% in underground mining, which strengthens the
importance of robotics in improving situational awareness and real-time hazard detection. The benefits
of automation in the mining business are also supported by the results of operational efficiency. The use
of the equipment grew to 81.7% as compared to 62.5%, which is 30.7% higher, and the average cycle
time also decreased to 30.8%. There was an increase in productivity output by 31.6% and a reduction in
unplanned downtime by 45.3%, suggesting that the autonomous systems can enhance productivity as
well as operational reliability and consistency. These benefits are explained by efficient scheduling,
minimized human error, and predictive capabilities of intelligent control and sensing systems. The
integrated SEI offers a detailed analysis of the overall effect of automation on the mining performance.
Underground mining attains the highest SEI value of 17.6, followed by coal mining with 15.4 and
surface mining with 11.1, which shows that automation is the most beneficial in the environment where
the inherent safety risks and the complexity of operations are higher. The improved efficiency of
productivity associated with the reduction of accidents positively correlates with the idea that the
traditional trade-off between safety and efficiency is not applicable, but smart automation allows for
improving both factors simultaneously. Specific to technology trends, it also shows that the main
productivity gains are associated with autonomous haulage and robotic drilling systems, UAVs, patrol
robots, and collision avoidance systems are the most important in terms of safety improvement. In
general, the results confirm the developed integrated framework and allow considering the hypothesis
that robotics and automation play a major role in improving safer, more efficient, and sustainable mining
processes.

CONCLUSION

This paper has shown that a combination of robotics and automation technology is very helpful in
increasing the performance in terms of safety and efficiency of operations in surface, underground, and
coal mining conditions. According to the quantitative results, significant decreases in the number of
accidents were observed, including the rate of accident reduction of 39.1% in surface mining, and 51.4%
Underground mining, and 48.0% in coal mining. Worker exposure reduction in underground mining
was minimized by 58.9%, highlighting the usefulness of automated and remote-controlled systems in
high-risk and confined workplaces. Improvement of operational efficiency was also equal. The
automatic equipment usage rose by 30.7%, productivity output was enhanced by 31.6%, average cycle
time was cut by 30.8%, and the unplanned downtime was decreased by 45.3% after the deployment of
automation. These results attest that robotics and automation not only increase safety but also reduce the
use of resources and improve mining productivity. The integrated SEI also confirmed the combined
benefits of the automation, as underground mining had the largest SEI value (17.6), coal mining had the
next highest value (15.4), and surface mining had the lowest value (11.1). This shows that smart
automation allows achieving concomitant safety and efficiency improvements, as opposed to a trade-off
between them. Future studies ought to be on field validation on a large scale, adaptive human-robot
collaboration, and the incorporation of artificial intelligence to forecast safety and repair. Also,
intelligent mining systems will require the sustainable implementation of challenges such as the
interoperability of systems, upskilling of the workforce, and cybersecurity to enhance the adoption of
intelligent mining systems.
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