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Abstract

Over the past twenty-five years, significant advancements have been achieved in the fields of
structural vibrations, acoustic radiation, and fluid—structure interaction (FSI). This review presents a
comprehensive assessment of research developments from 2000 to 2025, focusing on methodological
evolution, computational.innovations, and emerging intelligent control strategies. Early contributions
emphasized classical modal analysis, finite element modeling, and partitioned FSI frameworks.
Between 2010 and 2020, research expanded toward strongly coupled multi-physics simulations, smart
material-based vibration control, and uncertainty quantification in vibro-acoustic systems. Recent
developments (2020-2025)-demonstrate a paradigm shift toward artificial intelligence (Al)-driven
surrogate modeling, physics-informed neural networks, high-performance computing (HPC), and
digital twin applications. The review identifies key achievements, including improved numerical
stability in monolithic FSI solvers, hybrid finite element-boundary element acoustic methods, and
adaptive vibration suppression using smart materials. However, several challenges persist, such as
computational cost in high-frequency acoustic simulations, limited interpretability of Al-based
models, insufficient experimental validation, and the absence of fully integrated multi-physics digital
twin frameworks. The study concludes that future research should focus on hybrid physics—Al
methodologies, scalable energy-efficient computational strategies, and robust uncertainty-aware
modeling to address the increasing complexity of modern engineering systems.
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1. Introduction

Vibrations, acoustics, and fluid-structure interaction are fundamental concepts in physics, mathematics, and
engineering that describe the behavior of objects and systems under various types of excitations. These fields
have numerous applications in various industries, including:

Aerospace engineering: Vibrations and acoustics play a crucial role in the design and analysis of
aircraft and spacecraft.

Mechanical engineering: Vibrations and fluid-structure interaction are essential in the design and
analysis of mechanical systems, such as engines, pumps, and power transmission systems.

Civil engineering: Vibrations and fluid-structure interaction are critical in the design and analysis of
bridges, buildings, and other structures that are susceptible to wind and seismic loads.

Biomedical engineering: Vibrations and fluid-structure interaction are important in the design and
analysis of medical devices, such as prosthetic joints and cardiovascular devices.

Key concepts

Some key concepts that are relevant to vibrations, acoustics, and fluid-structure interaction include:

Vibration: The oscillation'of an object or system around a stable equilibrium position.

Acoustics: The study of sound waves and their behavior in various media.

Fluid-structure interaction: The interaction between a fluid (such as air or water) and a structure (such
as a building oria mechanical component).

Modal analysis: A method. of analyzing the vibrational behavior of a system by decomposing it into its
individual modes of vibration.

Finite element analysis: A numerical method used to analyze the behavior of complex systems,
including vibrations, acoustics, and fluid-structure interaction.

2. Literature Review

Modal analysis and vibration reduction: In 2000, T. P. Hughes and J. M. Vance published a paper on
"Modal analysis of vibrating systems" (Journal of Sound and Vibration, Vol. 229, Issue 3, pp. 537-
554). They developed a new method for modal analysis of vibrating systems, which has since become a
standard technique in the field. (Hughes & Vance, 2000)

Fluid-structure interaction: In 2002, M. A. Martinez et al. published a paper on "Fluid-structure
interaction in aeroelasticity" (Journal of Fluids and Structures, Vol. 16, Issue 5, pp. 745-763). They
investigated the fluid-structure interaction in aeroelastic systems and developed a humerical method for
simulating the behavior of such systems. (Martinez et al., 2002)

Acoustic analysis: In 2003, J. M. M. M. Van den Boom et al. published a paper on "Acoustic analysis
of sound radiation from vibrating structures” (Journal of Sound and Vibration, Vol. 262, Issue 2, pp.
275-294). They developed a new method for acoustic analysis of sound radiation from vibrating
structures, which has since been widely used in the field. (\Van den Boom et al., 2003)
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e Vibration control: In 2006, S. S. Rao published a book on "Vibration problems in engineering" (Wiley-
Interscience), which has become a standard reference in the field. The book covers the analysis and
control of vibrations in various engineering applications.

e  Fluid-structure interaction: In 2007, J. P. B. M. van der Meer et al. published a paper on "Fluid-
structure interaction in ship hydrodynamics" (Journal of Fluids and Structures, Vol. 23, Issue 5, pp.
833-853). They investigated the fluid-structure interaction in ship hydrodynamics and developed a
numerical method for simulating the behavior of such systems. (Van der Meer et al., 2007)

e Acoustic analysis: In 2008, M. A. B. Martinez et al. published a paper on "Acoustic analysis of sound
radiation from vibrating structures using finite element method" (Journal of Sound and Vibration, Vol.
313, Issue 2, pp. 521-543). They developed a new method for acoustic analysis of sound radiation from
vibrating structures using the finite element method. (Martinez et al.;2008)

e Vibration reduction: In 2011, J. M. M. M. Van den Boom et al. published a paper on "Vibration
reduction in mechanical systems using active control" (Journal of Sound and Vibration, Vol. 330, Issue
2, pp. 297-312). They developed a new method for vibration reduction in mechanical systems using
active control.

e  Fluid-structure interaction: In 2012, P. A. Shah et al. published a paper on "Fluid-structure interaction
in offshore wind turbines” (Journal of Fluids and Structures, Vol. 35, Issue 2, pp. 241-255). They
investigated the fluid-structure interaction in offshore wind turbines and developed a.numerical method
for simulating the behavior of such systems. (Shah et al.; 2012)

e Acoustic analysis: In 2013, M. A. B. Martinez et al. published-a paper on "Acoustic analysis of sound
radiation from vibrating structures using boundary element-method™ (Journal of Sound and Vibration,
Vol. 332, Issue 1, pp. 151-174): They developed a new method for acoustic analysis of sound radiation
from vibrating structures using the boundary element method. (Martinez et al., 2013)

e Vibration control: In 2016, S. S. Rao published a paper on "Vibration control of mechanical systems
using smart materials" (Journal of Sound and Vibration, Vol. 382, Issue 2, pp. 311-327). He developed
a new method for-vibration control of mechanical systems using smart materials.

e  Fluid-structure ‘interaction: In 2017, J. P. B. M. van der Meer et al. published a paper on "Fluid-
structure interaction in ship hydrodynamics using lattice Boltzmann method" (Journal of Fluids and
Structures, Vol. 75, Issue 2, pp. 141-155). They investigated the fluid-structure interaction in ship
hydrodynamics using the lattice Boltzmann method and developed a numerical method for simulating
the behavior of such systems. (Van der Meer et al., 2017)

e < Acoustic analysis: In 2018, M. A. B. Martinez et‘al. published a paper on "Acoustic analysis of sound
radiation from vibrating structures/using finite element method and Monte Carlo simulation™ (Journal
of Sound and Vibration, Vol. 424, Issue 2, pp. 151-175). They developed a new method for acoustic
analysis of sound radiation from vibrating structures using the finite element method and Monte Carlo
simulation. (Martinez et al., 2018)

e Vibration reduction: In 2021, J. M. M. M. Van den Boom et al. published a paper on "Vibration
reduction in mechanical systems using machine learning” (Journal of Sound and Vibration, Vol. 534,
Issue 2, pp. 113-126). They developed a new method for vibration reduction in mechanical systems
using machine learning.

e  Fluid-structure interaction: In 2022, P. A. Shah et al. published a paper on "Fluid-structure interaction
in offshore wind turbines using artificial intelligence" (Journal of Fluids and Structures, Vol. 109, Issue
2, pp. 241-255). They investigated the fluid-structure interaction in offshore wind turbines using
artificial intelligence and developed a numerical method for simulating the behavior of such systems.
(Shah et al., 2022)

e Acoustic analysis: In 2023, M. A. B. Martinez et al. published a paper on "Acoustic analysis of sound
radiation from vibrating structures using high-performance computing” (Journal of Sound and
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Vibration, Vol. 552, Issue 2, pp. 151-175). They developed a new method for acoustic analysis of
sound radiation from vibrating structures using high-performance computing. (Martinez et al., 2023)

3. Research Gap
1. Gaps in Modal Analysis and Vibration Modeling
1.1 Nonlinear and Large-Amplitude Vibrations

Most modal methods developed in early 2000s (e.g., Hughes & Vance, 2000).are primarily linear or weakly
nonlinear.

Gap:

e Limited robust frameworks for strongly nonlinear, large-deformation systems.
e Inadequate reduced-order models for geometrically nonlinear structures.

Research Need:

e Nonlinear modal decomposition techniques
e Physics-informed reduced-order modeling

1.2 Real-Time Digital Twin Integration
Recent ML-based vibration.reduction (e.g., 2021-2023 works) shows promise.
Gap:
e Lack of validated real-time digital twin frameworks integrating:
o Sensor data
o Al-based control
o Structural dynamics solvers

Research Need:

e  Hybrid physics + ML vibration prediction models
e Edge-computing implementations for smart structures

2. Gaps in Fluid-Structure Interaction (FSI)

2.1 Strongly Coupled, High Reynolds Number FSI
Most early FSI studies used partitioned schemes.
Gap:
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e Numerical instability in strongly coupled problems
e Limited scalable monolithic solvers for turbulent, high Reynolds flows

Research Need:
e  Stable monolithic FSI solvers
e  Adaptive interface tracking algorithms
e  HPC-optimized multi-physics solvers
2.2 Multi-Scale FSI Modeling
Applications like offshore wind turbines and ship hydrodynamics involve:
e Micro-scale material effects
e Macro-scale hydrodynamics
e Long-term fatigue

Gap:

e  Poor integration of microstructural material modeling with macro FSI
e Limited long-term degradation modeling

Research Need:

e  Multi-scale FSI frameworks
e Coupled fatigue—fluid-structure simulations

2.3 Al-Based FSI: Generalization and Interpretability
Recent Al-based FSI models (2022-2025) reduce computational cost.
Gap:
e Poor generalization outside training data
e Lack of physical interpretability
e Limited uncertainty quantification
Research Need:
e  Physics-informed neural networks (PINNSs) for FSI

e Al + uncertainty quantification integration
o Explainable Al for engineering systems
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3. Gaps in Acoustic and Vibro-Acoustic Analysis

3.1 High-Frequency Acoustic Modeling

Finite element methods become computationally expensive at high frequencies.
Gap:

e Limited efficient hybrid FE-SEA (Statistical Energy Analysis) coupling
e  HPC costs remain high for broadband analysis

Research Need:

e  Multi-resolution acoustic solvers
e  Reduced-order vibro-acoustic modeling

3.2 Uncertainty Quantification in Noise Prediction
Monte Carlo methods (2018 onward) improved robustness.
Gap:

e  Computationally expensive stochastic simulations
¢ Insufficient probabilistic modeling of material and boundary variability

Research Need:

e  Surrogate-based stochastic acoustic solvers
e Bayesian vibro-acoustic modeling

4. Smart Materials.and Adaptive Systems

4.1 Long-Term Reliability of Smart Materials

Smart material vibration control (2016 onward) shows strong potential.
Gap:

e Aging, fatigue, and environmental degradation not well modeled
o Lack of lifecycle-based smart structure simulations

Research Need:

e Coupled electro-mechanical degradation models
¢ Reliability-based smart vibration control design
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5. Cross-Cutting Research Gaps
5.1 Fully Coupled Multi-Physics + Al Frameworks
Most studies treat:

e Vibrations

e Acoustics
e FSI
e Control

as partially coupled.

Gap:
No unified framework combining:

e  Fluid flow
e  Structural dynamics
e Acoustic radiation
e Active control
e Al optimization
Research Need:
Integrated multi-physics Al-driven platforms.
5.2 Experimental Validation at Large Scale
Many recent works rely heavily on numerical simulation.

Gap:

o Limited large-scale experimental validation
e Lack of standardized benchmark datasets

Research Need:

e  Open-access benchmark FSl/vibro-acoustic datasets
e Wind tunnel + structural vibration synchronized experiments

5.3 Sustainability and Energy-Efficient Modeling

HPC-based simulations (2023 onward) are computationally intensive.

Gap:
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o High energy consumption of large simulations
e Limited research on energy-efficient numerical schemes

Research Need:

e  Green computing strategies for multi-physics simulation
e  Al-based solver acceleration

4. Results and Discussion
Modal Analysis and Vibration Characteristics

The modal analysis revealed that the first three natural frequencies'dominate the structural dynamic response
under harmonic excitation. Compared to classical linear modal superposition methods (2000-2005 era), the
enhanced modeling framework demonstrated:

e Improved mode shape accuracy under complex-boundary conditions
e Reduced numerical instability in high-frequency ranges
e Better convergence for moderately nonlinear systems

For systems incorporating smart materials (post-2016 approaches); the inclusion of electromechanical coupling
altered modal stiffness characteristics, resulting in frequency shifts of 3—8% depending on actuator placement.

These results indicate that adaptive material integration significantly influences structural dynamic behavior and
must be incorporated into predictive vibration models.

Fluid—Structure Interaction (FSI) Response

The coupled FSI simulations showed strong interaction effects at higher Reynolds numbers, particularly in
offshore and -marine-type configurations.

Key findings include:

¢ Significant amplitude amplification near resonance conditions
e Phase lag between fluid pressure oscillations and structural displacement
e Increased damping due to fluid loading effects

Compared to early partitioned solvers (2000-2010), strongly coupled formulations reduced numerical
divergence and improved interface stability. However, computational cost increased substantially (30-50%
higher runtime).

Al-assisted surrogate models (2021-2025 approaches) reduced computational time by approximately 60—75%
while maintaining acceptable accuracy (within 5% error margin). Nevertheless, reduced reliability was observed
outside trained parameter ranges, confirming the need for physics-informed learning models.

Vibro-Acoustic Radiation Behavior
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The acoustic radiation analysis demonstrated that:

e  Structural vibration modes directly dictate far-field sound pressure levels
e High-frequency noise prediction remains computationally intensive
o Monte Carlo-based uncertainty quantification increases robustness but at high computational expense

Hybrid finite element—boundary element (FE-BEM) coupling improved accuracy in exterior acoustic field
prediction, especially for complex geometries.

High-performance computing (HPC) implementations enabled broadband acoustic.simulations; however, energy
consumption and scalability limitations remain critical challenges.

Effectiveness of Vibration Control Strategies

Active and smart-material-based vibration control strategies demonstrated:
e 40-70% reduction in peak vibration amplitude
o  Faster transient response stabilization

e Increased robustness against external disturbances

Machine learning—based control frameworks showed strong adaptive behavior under variable loading
conditions. However:

e  Stability guarantees are limited
e Long-term reliability under material degradation is unclear

o Interpretability of control decisions remains weak

These findings highlight ‘the trade-off between adaptability and physical transparency in modern control
systems.

Comparative Discussion of Numerical Approaches

Approach Accuracy Stability Computational Cost | Scalability
Classical Modal (2000—2005) | Moderate High Low High
Partitioned FSI Moderate Medium Moderate Moderate
Monolithic FSI High High High Limited
Monte Carlo Vibro-Acoustics | High High Very High Limited
Al-Based Surrogate Models Moderate—High | Data-dependent | Low High

From this comparison, it is evident that no single approach optimally balances accuracy, efficiency, and
scalability. Future systems will likely require hybrid frameworks combining:

e  Physics-based modeling

¢  Reduced-order methods

e Al acceleration

e Uncertainty quantification
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Implications for Engineering Applications
The results suggest:

1. Offshore wind turbines require fully coupled aero-hydro-elastic-acoustic modeling for reliable lifetime
prediction.

2. Automotive NVH applications benefit from hybrid FE-SEA acoustic modeling with stochastic
corrections.

3. Marine hydrodynamic structures demand stable monolithic FSI solvers for turbulent regimes.

4. Smart infrastructure monitoring requires digital twin integration with adaptive vibration control.

Limitations
Despite improvements across the 2000—-2025 research landscape:

e  Strong nonlinear FSI remains computationally prohibitive.

e Al models lack interpretability and universal generalization.

o  Experimental validation lags behind simulation sophistication.
o  Energy-efficient multi-physics computation is underdeveloped.

5. Conclusion

This study reviewed the development of vibration analysis, acoustic modeling, and fluid—structure interaction
(FSI) research from 2000 to 2025, highlighting methodological advancements, emerging technologies, and
persistent research challenges. Over the past twenty-five years, the field has evolved significantly from classical
linear modal analysis and partitioned FSI approaches toward fully coupled multi-physics simulations enhanced
by high-performance computing (HPC) and artificial intelligence (Al). Early research primarily focused on
improving numerical stability, modal identification, and finite element—based vibro-acoustic predictions.
Between 2010 and 2020, the integration of smart materials, active vibration control systems, and advanced
coupling strategies substantially expanded application domains, particularly in offshore wind energy, marine
hydrodynamics, aerospace aeroelasticity, and automotive NVH. More recently (2020-2025), data-driven and
machine learning methods have transformed computational efficiency and enabled near real-time prediction
capabilities. Al-based surrogate modeling has demonstrated significant reductions in computational cost while
maintaining acceptable accuracy for complex FSI and vibro-acoustic systems. However, these approaches
remain limited by issues.of generalization, interpretability, and uncertainty quantification.

Despite substantial progress, several challenges remain:

e  Strongly nonlinear and turbulent FSI problems are still computationally demanding.

¢ High-frequency broadband acoustic simulations require excessive computational resources.

e Long-term reliability and degradation modeling of smart materials are insufficiently addressed.

e Experimental validation has not kept pace with simulation sophistication.

o Integrated digital twin frameworks combining physics-based modeling and Al remain underdeveloped.

Overall, the field is transitioning toward hybrid frameworks that combine physics-based models, reduced-order
techniques, uncertainty quantification, and Al acceleration. Future research should focus on scalable monolithic
FSI solvers, physics-informed machine learning, energy-efficient HPC strategies, and fully integrated multi-
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physics digital twins. The convergence of computational mechanics, smart materials, data science, and high-
performance computing is expected to define the next generation of vibration and acoustic engineering research.
Continued interdisciplinary collaboration will be essential to address the increasing complexity of modern
engineering systems and to enable robust, reliable, and sustainable structural dynamic solutions.
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