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Vibration analysis and control have always been regarded as crucial in engineering
practice, as they directly affect the safety of structures, the efficiency of systems, and the
stability of operations. This article provides an overall review of three aspects, namely the
theoretical basis of vibration analysis, the development of control methods, and its
application in engineering. Through the research and analysis of the research progress in
recent years, this study highlights the role of vibration technology in various aspects of
society, including civil infrastructure, aerospace systems, and mechanical manufacturing,
among others. In addition, this paper also analyzes the main challenges currently faced in
this field, including the complexity of the modeling process, the uncertainty of the research
environment, and the need for real-time adaptability. The method adopted in this article is
based on comparative and analytical literature, drawing on both classic research and
emerging trend studies. Finally, the research results show that combining advanced sensing
technology with intelligent control technology can, to a certain extent, improve the accuracy
and reliability of vibration management in complex environments. This review paper is
expected to provide guidance for future research directions and practical engineering
applications.
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Vibration phenomena are generally regarded as existing in both natural and engineering systems,
and research on them has become an important field in applied mechanics and engineering.
Uncontrolled vibration can lead to serious consequences, such as reduced efficiency due to overall
system fatigue, or even destructive system failures [1]. Therefore, vibration analysis and control
technology have received extensive attention and research, evolving from traditional analytical
methods that emerged decades ago to address such "new" problems to modern intelligent strategies.
Research in this field primarily focuses on two main directions. The first is vibration analysis,
which provides a theoretical basis and experimental tools for modeling and understanding the
dynamics of the system. With the advancement of modern computing technology and signal
processing methods, modern vibration analysis has achieved higher accuracy in identifying
frequency responses, modal shapes, and nonlinear behaviors [2]. The second direction is the control
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of vibration, with the focus on using passive, active or hybrid methods to mitigate unplanned
oscillations [3]. From early damping devices to the most advanced machines with automatic
adaptation and intelligent control, the universality of vibration control technology in the field of
engineering has been greatly expanded with the continuous development of modern technology.

This article aims to review vibration analysis and control methods and discuss their applications
in engineering. Through a comprehensive analysis of existing research, this paper seeks to clarify
the future research trends of vibration-related technologies and provide references for the design and
practice of vibration-related technologies.

2. Theoretical framework
2.1. Fundamentals of vibration analysis

Vibration analysis involves examining how structures and mechanical systems move in oscillations
to understand their energetic properties. Traditionally, this method relies on Newton’s laws and
mathematical models described by differential equations. One of the most common techniques is
modal analysis, which helps identify a structure’s natural frequencies, mode shapes, and damping
characteristics—key factors in avoiding resonance issues [4]. With the rise of digital computing,
numerical methods like the finite element method (FEM) have become essential for analyzing
complex shapes and non-linear behaviors [5].

More recently, advanced signal processing tools such as Fast Fourier Change (FFT), wavelet
analysis, and Hilbert-Huang changes have improved the accuracy of detecting transient vibrations
and non-stationary signals [6]. These innovations enable engineers to spot structural damages early,
monitor machinery health more effectively, and prevent failures. Besides, data-driven approaches
like machine learning and artificial intelligence are increasingly used to recognize vibration patterns
and diagnose faults more efficiently [7].

2.2. Fundamentals of vibration control

Passive control techniques utilize devices such as tuned mass dampers (TMDs), viscoelastic
materials, and isolation systems. These methods are known for their simplicity, reliability, and cost-
effectiveness, making them popular choices in many applications. However, their adaptability is
often limited, as they do not respond dynamically to changing vibration conditions [8].

Active control systems, on the other hand, employ actuators, sensors, and feedback algorithms to
counteract vibrations in real time. This approach allows for more precise control and can
significantly enhance system performance. Techniques such as Linear Quadratic Gaussian (LQG)
control, H-infinity control, and adaptive filtering have been extensively studied and implemented,
particularly in fields such as aerospace and precision engineering, where maintaining stability and
performance is crucial [9].

Semi-active and hybrid control methods merge the robustness of passive systems with the
adaptability of active control. Examples include magnetorheological (MR) dampers and hybrid
isolation systems [10].

The rapid advancement of intelligent control technologies, leveraging machine learning and real-
time optimization, introduces exciting possibilities for improving system performance in uncertain
environments, paving the way for more efficient and responsive vibration management solutions

[11].
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3. Applications in engineering
3.1. Civil engineering

In civil infrastructure, vibration control is crucial for the safety and comfort of occupants in tall
buildings, bridges, and transportation systems. Extreme vibrations can lead to structural fatigue,
discomfort, and even catastrophic failures. Tuned mass dampers (TMDs) have been effectively
installed in skyscrapers such as Taipei 101 to mitigate wind-induced oscillations, enhancing both
structural integrity and occupant comfort [12]. These devices work by using a secondary mass to
absorb and counteract the unwanted vibrations produced by external forces, such as wind or seismic
activity.

Base isolation techniques are widely employed in seismic engineering to reduce earthquake-
induced vibrations. By allowing a building to move independently from its foundation, base
isolators can significantly minimize the energy transferred to the structure during seismic events,
protecting both the building and its occupants [13]. Recent studies have explored the integration of
smart materials and structural health monitoring systems, which enable real-time adjustments to
vibration control mechanisms. These advancements allow for dynamic responses to varying
environmental conditions, improving resilience against unforeseen forces [14].

3.2. Aerospace engineering

Aerospace structures, including aircraft fuselages, wings, and spacecraft components, are highly
sensitive to vibration. Excessive oscillations can lead to fatigue, reduced flight stability, and
compromised passenger comfort. Active vibration control has become increasingly vital in
aerospace applications, particularly in jet engines and rotorcraft systems, where piezoelectric
actuators and adaptive feedback algorithms are employed to counteract vibrations effectively [15].
These systems continuously monitor vibration levels and adjust in real time, ensuring optimal
performance and safety.

In spacecraft, vibration isolation is crucial for protecting delicate instruments from launch loads
and micro-vibrations during operation. Instruments used for scientific research and observation are
particularly susceptible to vibrations, which can distort measurements and affect outcomes [16].
Recent advancements in materials science have led to the integration of lightweight composite
materials with smart sensors, achieving structural efficiency while also enhancing vibration
suppression capabilities [17]. This synergy between materials and technology not only improves
performance but also reduces overall weight, which is critical in aerospace applications.

3.3. Mechanical and manufacturing systems

In mechanical engineering, Components such as bearings, gears, and turbines are prone to vibration-
induced damages, which can jeopardize operational efficiency and safety. Predictive maintenance
strategies utilizing spectral analysis and machine learning-based detection methods are increasingly
employed to identify potential failures before they occur [18]. By analyzing vibration patterns,
engineers can predict when components are likely to fail, allowing for timely maintenance and
reducing downtime.

In precision manufacturing, even minor vibrations can significantly compromise machining
accuracy and surface quality. To address these challenges, active damping systems and
magnetorheological (MR) dampers are increasingly used in CNC machines and robotic systems
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[19]. These technologies help maintain stability during machining processes, ensuring high-quality
outputs. Furthermore, the advent of Industry 4.0 technologies has facilitated the integration of real-
time vibration monitoring with digital twins, enabling predictive maintenance and optimizing
operational efficiency [20]. This integration allows manufacturers to simulate and analyze
performance, leading to more informed decision-making.

Overall, the applications of vibration analysis and control extend across multiple engineering
disciplines. In civil engineering, the focus is on structural safety and occupant comfort; in aerospace,
the emphasis is on stability and reliability; while mechanical systems prioritize efficiency and
precision. Across all fields, the trend is toward intelligent, adaptive, and data-driven solutions that
ensure robust performance in uncertain conditions. The continuous evolution of these technologies
not only enhances safety and efficiency but also contributes to the sustainability of engineering
practices, addressing modern challenges with innovative solutions.

Although vibration analysis and control technologies have advanced significantly, their development
and practical implementation still face several obstacles. One major challenge lies in the complexity
of modeling real systems, where nonlinearities and uncertainties in structural dynamics often make
it difficult to obtain reliable predictions [21]. For instance, accurately representing how materials
react under different stress conditions can be difficult, leading to potential errors in design and
implementation. Additionally, environmental variations—such as fluctuating loads, temperature
changes, and external disturbances—add layers of uncertainty that complicates the design of robust
control strategies [22]. These factors can significantly affect system performance, making it
challenging to create universally effective solutions.

Another difficulty concerns the demand for real-time performance. Active and adaptive vibration
control systems require high-speed sensors, fast data transmission, and powerful computing
capabilities. These requirements can be costly and technically demanding, often limiting their
applicability, particularly in smaller or less resource-intensive projects [23]. Furthermore, the
increasing integration of artificial intelligence, smart materials, and Internet of Things (IoT)
technologies introduces new challenges related to data security, system reliability, and energy
efficiency [24].

Despite these challenges, the future development of vibration analysis and control shows great
promise. Hybrid approaches that combine physics-based models with machine learning are expected
to provide more accurate and adaptive solutions. The adoption of smart materials such as
magnetorheological dampers and piezoelectric composites can further enhance adaptability and
energy efficiency. Meanwhile, digital twin technology offers the potential to simulate and predict
system behavior in real time, supporting proactive maintenance and optimization. Overall, the future
trend points toward more intelligent, adaptive, and cross-disciplinary solutions that will continue to
expand the applications of vibration analysis and control in engineering.

This paper reviews the theoretical foundations, applications, and future directions of vibration
analysis and control. The study highlighted the importance of vibration analysis techniques, ranging
from modal and spectral analysis to modern machine learning approaches. It also emphasized the
evolution of vibration control from traditional passive devices to intelligent adaptive systems.
Applications across civil infrastructure, aerospace, and mechanical systems demonstrated the critical
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role of vibration technologies in ensuring structural safety, system reliability, and operational
efficiency.

However, challenges remain, particularly in addressing modeling complexities, environmental
uncertainties, and real-time demands. The integration of advanced sensing, Al-driven analysis, and
adaptive materials offers promising solutions. Future research should prioritize the development of
robust, intelligent, and energy-efficient control systems. By bridging theoretical advances and
engineering applications, vibration analysis and control will continue to play a pivotal role in
modern engineering.

However, it does not conduct an in-depth examination of the controlling mechanism of novel
smart materials or provide original experimental data validation for advanced technologies.
Moreover, the paper emphasizes civil, aerospace, and mechanical manufacturing fields and neglects
the newly emerging scenario of controlling vibrations in new energy equipment and the poorly
developed integration of intelligent and traditional control methods or synthesis of diverse control
methods. More work is needed for the other aspects as well to ensure that there is developed
methods for simplified modeling of complex systems and uncertainty quantification in extreme
vibration prediction for changeable environments. It is important not to forget the other techniques
needed for developing systems, particularly the enhancement of AI with vibration control
techniques.
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