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Abstract: This article analyzes the current state, practical applications, and promising
development directions of artificial intelligence (Al) and machine learning (ML) technologies in
mechanical engineering. The study examines the application of Al and ML methods in predictive
maintenance, design optimization, manufacturing and process optimization, robotics and
automation, quality control, and structural health monitoring. The capabilities of modern
approaches, including neural networks, deep learning, reinforcement learning, transfer learning,
and Bayesian optimization, in solving complex engineering problems are also discussed. Particular
attention is paid to the integration of data-driven models with physics-based models, uncertainty
quantification, model interpretability, reliability, and adaptability under different operating
conditions. The analysis demonstrates that the integration of Al and ML into mechanical
engineering provides significant opportunities for improving production efficiency, reducing
maintenance costs, enhancing product quality, optimizing engineering processes, and developing
sustainable engineering solutions. The study also identifies promising research directions related to
physics-informed artificial intelligence, explainable A, uncertainty-aware models, hybrid
intelligent systems, and adaptive engineering technologies.
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The rapid development of the mechanical engineering sector and artificial intelligence (AI)
technologies is creating new opportunities for fundamentally improving modern engineering
methods and advancing various areas of industrial production (Patange and Pandya, 2023).
Currently, numerous scientific studies and reviews have been devoted to the use of artificial
intelligence and machine learning (ML) technologies in specific areas of mechanical engineering.
Nevertheless, there remains a need for systematic and comprehensive analyses that consider the
results achieved in one area in relation to other problems in mechanical engineering. The existing
literature does not provide a sufficiently comprehensive examination of the ethical aspects of large-
scale implementation of artificial intelligence in mechanical engineering, the interpretability of
developed models, and the integration of data obtained from different sources.

In recent years, research has demonstrated significant progress in the development of adaptive
and hybrid models capable of improving the efficiency of predictive maintenance. As a result, the
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scope of application of Al and ML technologies is expanding considerably beyond traditional tasks.
In particular, hybrid approaches that combine statistical models with neural networks can provide
high accuracy in the early detection of equipment failures. The use of such approaches has enabled
an increase of more than 30% in the performance of certain production systems. In addition,
transfer learning technology enables the adaptation of developed models to various types of
technical equipment, thereby reducing the need to retrain the model from scratch for each new
piece of equipment (Rashid and Kausik, 2024).

In traditional maintenance practices, equipment servicing has generally been organized either
as a preventive approach based on predetermined time intervals or as reactive maintenance
performed after a failure has occurred. Such methods do not always take into account the actual
wear process and the current technical condition of the equipment. Artificial intelligence and
machine learning technologies are transforming this approach by establishing the concept of
predictive maintenance (Das et al., 2015; Kiihl et al., 2022).

In predictive maintenance, sophisticated mathematical algorithms are applied in conjunction
with real-time data, enabling the prediction of when equipment may fail. As a result, opportunities
arise to extend the service life of equipment, reduce the duration of unplanned downtime, and
decrease maintenance costs (Yazdi, 2024). In particular, machine learning algorithms can analyze
sensor data obtained from machines to identify changes, trends, and anomalous conditions that
develop prior to the occurrence of mechanical failures (Diez-Olivan et al., 2019).[1-25]

The impact of artificial intelligence and machine learning technologies is also clearly evident
in the design processes of mechanical engineering. The primary objective of design optimization is
to determine a set of parameters that most appropriately satisfies the specified requirements and
expected operational performance. In traditional design processes, a trial-and-error approach is
widely used, which may require considerable time and financial resources. Al and ML algorithms
based on neural networks, evolutionary algorithms, and other optimization methods, however,
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enable the analysis of a large number of design alternatives within a relatively short period of time
(Divya et al., 2023; Lawson et al., 2021).

Figure 1. Artificial Intelligence and Machine Learning (ML) Technologies
in the Mechanical Engineering Field.

These algorithms can simultaneously evaluate numerous design alternatives and help identify
optimal solutions that are difficult to determine using conventional methods. Advanced methods
such as reinforcement learning and Bayesian optimization are particularly important for ensuring
the continuous improvement of parameters and their adaptation to changing conditions. For
example, reinforcement learning technologies have been used to optimize wing structures in the
aerospace sector, enabling a 15% reduction in aerodynamic drag while maintaining the structural
strength of the structure. These Al-based approaches also contribute to the development of
generative design, creating opportunities to develop novel solutions beyond the conventional
structural constraints defined by humans (Elahi et al., 2023).

Furthermore, by analyzing material properties and the distribution of stresses within structures,
artificial intelligence technologies contribute to the development of components with high strength,
low mass, and economic efficiency (Ballupete et al., 2022).

In manufacturing processes, the application of Al and ML technologies is also becoming an
important tool for improving process efficiency and product quality. By processing and analyzing
large volumes of data generated during manufacturing, these technologies enable the optimization
of technological operations (Weichert et al., 2019; RSI et al., 2021; Nagaraju et al., 2024). Machine
learning models can identify inefficient processes in manufacturing and recommend changes aimed
at increasing production output and reducing the amount of waste.[9-34]

In quality control processes, Al-based methods can provide higher accuracy in defect detection
compared with human inspectors (Patel et al., 2021; Sharath et al., 2023a, 2023b; Dogan and Birant,
2021; Ghahramani et al., 2020). In particular, Al systems based on computer vision technologies
enable manufactured products to be assessed for the presence of defects more rapidly and
accurately than through manual inspection. In addition, ML algorithms can predict product quality-
related problems before they occur. This creates an opportunity to implement preventive measures
in a timely manner to address such problems (Karthik et al., 2023; JavSId et al., 2022; Wang et al.,
2022).

The development of robotics and automation systems in mechanical engineering is also closely
associated with artificial intelligence and machine learning technologies. These technologies
significantly expand the intellectual capabilities, adaptability, and ability of robots to perform
complex operations autonomously (Goel and Gupta, 2020). Al-controlled robotic systems can
continuously acquire information from their environment during operation, learn from experience,
and adapt to new tasks without requiring constant reprogramming. Such adaptability is particularly
important for robots operating with different types of components and performing various
operations on automated assembly lines (Dhanabalan and Sathish, 2018). Machine learning
algorithms enable robots to progressively improve their performance based on accumulated data
and previous experience. As a result, opportunities arise to reduce labor costs, increase production
productivity, and robotize operations that were previously considered too complex for automation
(Huang et al., 2021).
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Artificial intelligence and ML technologies are also effective tools for monitoring the technical
condition of structures, namely, for assessing structural integrity. They enable the use of advanced

APPLICATIONS OF Al AND ML TECHNOLOGIES IN MECHANICAL ENGINEERING:
OPPORTUNITIES, METHODS AND FUTURE DIRECTIONS
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analytical methods to determine the structural condition of buildings, bridges, and various
mechanical structures. In the field of Structural Health Monitoring (SHM), contemporary research
places considerable emphasis on the use of deep learning and edge computing technologies for
monitoring large-scale infrastructure facilities such as bridges and tunnels.

Figure 2. Applications of Artificial Intelligence and Machine Learning (ML)

Technologies in Mechanical Engineering.

Al-based SHM systems enable the detection and classification of structural anomalies under
near-real-time conditions. As a result, delays in data processing are reduced, and the response speed
to critical infrastructure facilities is increased. According to research findings, the use of deep
learning methods in SHM systems can increase the accuracy of damage localization by up to 40%.
This contributes to the development of preventive and proactive approaches to infrastructure
management (Huang et al., 2021; Flah et al., 2021).

Machine learning algorithms use existing and previously collected data to predict the future
performance and service life of structures. Based on such predictions, inspection, repair, and
maintenance activities can be scheduled at optimal times. As a result, the safety of structures can be
ensured and their service life extended. For example, Al systems can analyze data obtained from
vibration sensors to detect material defects or cracks that are difficult to identify through visual
inspection by the human eye (Cha et al., 2024; Malekloo et al., 2022; Zinno et al., 2022).
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Artificial intelligence and machine learning also play an important role in improving the
efficiency of renewable energy systems. Mechanical engineering knowledge is of particular
importance in the design and maintenance of wind turbines, solar panels, and other renewable
energy equipment (Salehi and Burgueno, 2018). By performing a comprehensive analysis of
meteorological parameters, equipment operating characteristics, and data related to energy
consumption, Al and ML technologies help maximize the efficiency of these systems.

For example, artificial intelligence can predict when maintenance will be required for a wind
turbine, thereby reducing periods of forced downtime. Similarly, AI models can be used to
determine the optimal positioning or tilt angles of solar panels in order to improve their energy
generation efficiency (Abualigah et al., 2022). As a result, energy production can become more
stable, reliable, and economically efficient, creating an opportunity to reduce overall costs (Afridi
et al., 2022).

Unlike previous scientific reviews, this study not only considers various areas of mechanical
engineering in an interconnected manner but also provides a broader analysis of the potential of
next-generation artificial intelligence technologies, such as transformer architectures and large
language models (LLMs). This approach enables the integration of existing achievements in
practical engineering with interdisciplinary challenges and prospective directions for scientific
research.

Overall, the application of Al and ML technologies in areas such as predictive maintenance,
structural design optimization, the development of robotics and automation, structural health
monitoring, and improving the efficiency of renewable energy systems is having a significant
impact on the development of mechanical engineering (Behara and Saha, 2022). These
technologies enable engineers to analyze complex problems within a short period of time, explore
new design solutions, and address tasks that were previously difficult to solve in practice. As
technological capabilities continue to advance, the scope of Al and ML applications in mechanical
engineering is expected to expand further, resulting in improved efficiency indicators (Ren, 2021).

The rapid integration of artificial intelligence and machine learning into mechanical
engineering methodologies requires an in-depth examination of the long-term impact of these
technologies. This review was motivated by the need to identify significant changes and existing
limitations emerging in mechanical engineering, systematize current scientific findings, and
summarize prospective development trends. As Al and ML technologies continue to develop,
efficiency, innovative approaches, and sustainability in mechanical engineering are steadily
improving.

A systematic study of the applications of artificial intelligence technologies in mechanical
engineering can provide a deeper understanding of their impact on the development of the field
(Lee et al., 2020). In recent years, the transition toward digitalization and smart technologies in
mechanical engineering has intensified considerably. This has primarily been driven by the
growing demand for economically efficient, highly reliable, and productive engineering solutions
(Musa, 2023).

Within this transformation process, artificial intelligence and machine learning are emerging as
leading technological directions. They provide engineers with the tools required to process large
volumes of data, improve design solutions, identify potential problems in advance, and automate
manufacturing processes. Therefore, researchers and specialists planning to use Al and ML
technologies to address practical problems need to have a clear understanding of their applications
and limitations in mechanical engineering (Kapoor et al., 2024; Nti et al., 2022).



http://www.bgpulseusa.com/index.php/bg

BG Journal

NI

BG PULSE JOURNAL
S

One of the main objectives of this review is to comprehensively analyze the experience of
using artificial intelligence in key areas of mechanical engineering, including structural health
monitoring, predictive maintenance, structural design optimization, quality control, and
optimization of renewable energy systems. At the same time, important issues arising during the
practical implementation of Al technologies are also considered. These include the integration of
data-driven models with physics-based models, ethical issues, data security, and ensuring the
robustness of models under different conditions.

By synthesizing existing scientific findings and identifying directions for future research, this
review serves as a prospective scientific and practical resource for researchers and practicing
engineers seeking to effectively utilize artificial intelligence and data processing technologies in
mechanical engineering. From this perspective, the review systematizes the current state of Al and
data processing technologies in mechanical engineering, their practical advantages, and existing
limitations.

A combined examination of existing scientific developments and applied research helps
provide a comprehensive understanding of the potential of these technologies in real-world
engineering tasks. In addition, identifying areas that require more in-depth scientific investigation
in the future is another important aspect of this analysis.

The application of artificial intelligence and data processing technologies in mechanical
engineering is interdisciplinary in nature. Collaboration among mechanical engineers, data
specialists, and Al researchers is an important prerequisite for developing new and effective
engineering solutions. Approaches emerging at the intersection of different disciplines make it
possible to address complex technical problems more effectively.

Furthermore, interest in environmentally sustainable engineering solutions has been steadily
increasing in contemporary research. Al and data processing technologies can contribute to
achieving sustainable development goals through the rational use of available resources, reduction
of manufacturing waste, and improvement of the efficiency of renewable energy sources. As
corporations and government organizations increasingly focus on environmental sustainability,
investigating the potential of artificial intelligence to achieve these objectives is becoming an
important scientific and practical task.

From this perspective, the role of Al and data processing technologies in developing
engineering solutions aimed at reducing environmental problems is of particular importance. These
technologies can contribute to improving resource utilization efficiency, optimizing energy
consumption, and developing environmentally sound manufacturing technologies.

In conclusion, the systematic study of the transformative impact of artificial intelligence and
machine learning on mechanical engineering constitutes the primary motivation of this review. The
objective of the study is to create a practically and scientifically valuable resource for researchers
and specialists in mechanical engineering through a comprehensive analysis of existing application
areas, development trends, and future opportunities. [27-36]

Al and ML technologies are regarded as important tools for improving engineering methods,
generating new ideas, organizing manufacturing processes efficiently, and supporting sustainable
development. Therefore, researchers and practitioners in mechanical engineering need to study the
algorithmic and practical aspects of these technologies in depth in order to fully utilize their
potential.

The successful integration of artificial intelligence and machine learning into mechanical
engineering depends significantly on the diversity of algorithms, software platforms, and datasets.
In practice, neural networks, genetic algorithms, and reinforcement learning methods are among the
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most commonly used Al algorithms. They are widely applied to tasks such as fault detection,
predictive maintenance, process improvement, and optimization of design parameters.

Reinforcement learning algorithms can also be used to adapt control processes in complex
technical systems. In addition, Bayesian optimization, decision trees, and other algorithmic
methods assist in determining design parameters, monitoring technological processes, and selecting
their optimal operating modes in various engineering applications.

Modern software platforms such as TensorFlow and PyTorch are widely used to develop, train,
and implement deep learning models in practical systems. At the same time, Scikit-Learn provides
a convenient and flexible software environment for solving general machine learning problems.
The MATLAB software environment also plays an important role in mechanical engineering and is
widely used, particularly for specialized engineering tasks such as control system modeling and
finite element analysis.

The effectiveness of Al models depends largely on the quality and diversity of the data used.
Therefore, the availability of various datasets in mechanical engineering applications is an
important factor in training models and evaluating their performance. Sensor data are widely used
for predictive maintenance, CAD and simulation data for structural design optimization, and image
data for quality control. [28-36]

The integration of these databases, software platforms, and algorithms enables mechanical
engineers to optimize manufacturing processes, analyze complex technical problems, and improve
the overall performance of systems. Therefore, the integration of Al and ML technologies into
mechanical engineering represents a promising direction not only for automating individual
technical operations but also for improving entire engineering processes through data-driven
approaches.

Application of Al and ML Technologies in Predictive Maintenance of Mechanical Systems.
The application of artificial intelligence (Al) and machine learning (ML) technologies enables the
condition of mechanical systems to be assessed in advance and potential failures to be detected at
an early stage. Through the predictive maintenance approach, the probability of failure occurring in
specific mechanical systems can be identified before the failure actually occurs. As a result,
maintenance activities can be carried out at precisely defined times and for specific purposes.
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Figure 3. Comparison of Maintenance Approaches: Preventive, Reactive, and

Predictive Maintenance.

This approach differs significantly from traditional forms of maintenance. In particular,
preventive maintenance involves carrying out maintenance activities at predetermined time
intervals, regardless of the actual technical condition of the equipment (Figure 3). In reactive
maintenance, technical problems are addressed only after a failure has occurred. In contrast, the
predictive approach is based on continuously monitoring the current condition of equipment and
analyzing available data to identify potential failures in advance.

In recent years, the increasing complexity of mechanical systems and the growing volume of
data obtained from them have created a need for further improvement of prediction models.
Therefore, hybrid predictive models that combine the advantages of different algorithms are
emerging as one of the promising solutions in maintenance processes. Such models contribute to
more accurate assessment of the technical condition of mechanical systems and the organization of
maintenance activities at optimal times.

Design Optimization. Design optimization is one of the fundamental areas of mechanical
engineering, with the primary objective of determining the most appropriate combination of
parameters while taking into account existing technical and functional constraints. In this process,
the required functional characteristics, strength, mass, efficiency, and other performance indicators
of the structure are evaluated in an interconnected manner.

The development of artificial intelligence and machine learning algorithms has introduced new
opportunities into the design optimization process. These technologies enable the analysis of large
numbers of design alternatives within a short period of time and the search for optimal solutions
within existing constraints. As a result, the need for traditional trial-and-error methods is reduced,
while the speed and efficiency of the design process are improved.

Al and ML algorithms can be applied to identify complex relationships between structural
parameters, select optimal configurations, and predict the expected operational performance of a
design. Therefore, these technologies are becoming an important component of modern design
optimization systems (Sharma et al., 2024; Dahiya et al., 2022).

Manufacturing and Process Optimization. In recent years, the rapid integration of artificial
intelligence and machine learning technologies into manufacturing processes has been observed. In
particular, the use of Al- and ML-based solutions in areas such as additive manufacturing,
machining, and product quality control is contributing to increased manufacturing efficiency.

These technologies enable the processing of large volumes of data generated during
manufacturing and the assessment of the state of technological processes based on these data.
Machine learning algorithms can determine the effects of manufacturing parameters on product
quality and productivity and assist in selecting optimal operating conditions.

Al-based systems can also be used to identify inefficient operations in manufacturing, adjust
process parameters, and stabilize product quality. At the same time, the early identification of
potential problems that may arise during manufacturing creates opportunities to reduce production
losses and improve the efficiency of resource utilization.

Thus, artificial intelligence and machine learning are emerging not only as tools for automating
manufacturing processes but also as intelligent technologies that enable the analysis, prediction,
and optimal control of their operating parameters.

Robotics and Automation. The integration of artificial intelligence and machine learning
technologies into robotics and automation systems is creating new technological opportunities in
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mechanical engineering. These technologies enable further improvement of key robotic functions,
such as decision-making, object manipulation, and motion control.

Al- and ML-based algorithms enable robots to process data obtained from sensors, identify
changes in their environment, and select appropriate actions based on this information. As a result,
the adaptability and level of autonomous operation of robotic systems are increased.

The use of artificial intelligence in robotics is particularly important in complex and dynamic
manufacturing environments. Machine learning algorithms enable robots to improve their
performance using previous experiences and accumulated data. This contributes to increasing the
accuracy of robotic manipulation, motion planning, and control processes.

Furthermore, the effective use of sensor data is an important basis for enabling robots to
perceive their external environment and move accordingly. Therefore, the integration of Al and ML
technologies into robotics is one of the important directions for making manufacturing processes
more flexible, automated, and intelligent.

Challenges and Future Research Directions. Along with the development of artificial
intelligence and machine learning technologies in mechanical engineering, a number of scientific
and technical challenges associated with their practical implementation also exist. One of the
important directions for future research is the integration of physics-based models with data-driven
Al and ML approaches.

The integration of physics-based models and data-driven algorithms may enable more accurate
representation of the behavior of mechanical systems. Such an approach, on the one hand, takes
into account the nature of real physical processes and, on the other hand, provides an opportunity to
utilize large volumes of experimental data. As a result, the predictive capability of the model and
the interpretability of its results are expected to improve.

Another important issue is the determination of the level of uncertainty in the results generated
by Al-based models. The development of methods for quantitatively assessing uncertainty is
important for evaluating the reliability of model results under different operating conditions and
ensuring the robustness of decision-making.

Furthermore, the application of artificial intelligence technologies to the development of
sustainable and environmentally sound design solutions is emerging as another promising direction.
Such an approach expands the opportunities for efficient resource utilization, reduction of energy
consumption, and improvement of the environmental performance of structures.

Therefore, future research should focus not only on improving the accuracy of Al and ML
models but also on ensuring their physical grounding, interpretability, reliability, and adaptability
to different operating conditions.

Conclusion

The widespread implementation of artificial intelligence and machine learning technologies in
mechanical engineering is generating an important transformation in engineering approaches.
These technologies provide new opportunities to improve the operational efficiency of renewable
energy systems, enhance structural health monitoring, and optimize manufacturing processes.

The results reviewed indicate that the use of Al and ML algorithms significantly expands the
capabilities of structural health monitoring for detecting damage in structures, predicting failures in
mechanical systems, and monitoring technical conditions in real time. Such approaches contribute
to the advance planning of maintenance activities, reduction of accident risks, and extension of the
service life of infrastructure facilities.

Furthermore, artificial intelligence and machine learning are important tools for improving the
efficiency of manufacturing processes, product quality, and the overall productivity of
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technological systems. The integration of Al- and ML-based solutions into manufacturing, robotics,
maintenance, and structural design creates a strong scientific and technological foundation for
transforming mechanical engineering into a more intelligent, adaptable, and efficient field.

In the future, the development of these technologies will be closely associated with the
integration of physics-based models and data-driven approaches, uncertainty quantification,
explainable Al, and the development of sustainable engineering solutions. From this perspective,
artificial intelligence and machine learning can be regarded as among the key tools accelerating the
technological development of mechanical engineering and shaping next-generation intelligent
engineering systems.
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