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Abstract: Safe, reliable, and cost-effective engineering structure maintenance has increased the need for sophisticated 

Structural Health Monitoring (SHM) methodologies supported by high-fidelity numerical models. COMSOL Multiphysics 

Finite Element Analysis (FEA) is used to analyse the structural integrity and dynamic behaviour of essential load-bearing 

components in this SHM architecture. The suggested method captures stress distribution, deformation properties, and vibration 

response under realistic operational loading conditions to identify damage-prone zones and detect performance degradation 

early. A precise three-dimensional finite element model simulates material behaviour, boundary constraints, and external 

excitations. To determine natural frequencies, mode shapes, and stress concentration zones necessary for fatigue initiation and 

fracture propagation, modal analysis, static structural analysis, and harmonic response simulations are performed. The 

numerical results reveal the relationship between structural response parameters and damage mechanisms, providing a solid 

SHM baseline. COMSOL-based simulations identify appropriate locations for strain and vibration sensors, aligning with SHM 

principles. This integration improves damage sensitivity and reduces monitoring redundancy. The study shows that physics-

based numerical modelling and SHM techniques improve the prediction of structural performance, service-life assessment, and 

condition-based maintenance decisions. The scalable, flexible real-time health assessment system for complex engineering 

structures improves operational safety, reduces downtime, and extends structural longevity. 
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1. Introduction 
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The increasing demand for safety, reliability, and cost-effective maintenance of engineering structures has intensified the need 

for advanced Structural Health Monitoring (SHM) techniques supported by high-fidelity numerical simulations [1]. This study 

presents a comprehensive SHM framework integrating Finite Element Analysis (FEA) in COMSOL Multiphysics to evaluate 

the structural integrity and dynamic behaviour of critical load-bearing components [2]. The proposed approach focuses on 

capturing stress distribution, deformation characteristics, and vibration response under realistic operational loading conditions, 

enabling early detection of damage-prone regions and performance degradation. A detailed three-dimensional finite element 

model is developed to simulate material behaviour, boundary constraints, and external excitations with high accuracy [3]. Modal 

analysis, static structural analysis, and harmonic response simulations are conducted to identify natural frequencies, mode 

shapes, and critical stress concentration zones for fatigue initiation and crack propagation. The numerical results provide insight 

into the correlation between structural response parameters and potential damage mechanisms, forming a reliable baseline for 

SHM implementation [4]. The outcomes of the COMSOL-based simulations are further aligned with SHM principles by 

identifying optimal sensor placement locations for strain and vibration monitoring [5]. This integration enhances damage 

sensitivity while reducing monitoring redundancy. The study demonstrates that combining physics-based numerical modelling 

with SHM strategies significantly improves the ability to predict structural performance, assess remaining service life, and 

support condition-based maintenance decisions [6].  

 

The proposed methodology offers a scalable, adaptable solution for real-time health assessment of complex engineering 

structures, thereby improving operational safety, reducing downtime, and extending the lifespan of structures [7]. Modern 

engineering structures are increasingly required to operate under demanding service conditions while maintaining high levels 

of safety, reliability, and economic efficiency. Industries such as aerospace, mechanical, civil, and energy engineering rely on 

complex structural systems that are often subjected to variable loads, environmental factors, and long-term fatigue. Over time, 

these factors can lead to material degradation, crack initiation, reduced stiffness, and, if left undetected, eventual structural 

failure [8]. Consequently, ensuring structural integrity throughout the operational lifespan has become a critical engineering 

challenge. Traditional inspection and maintenance approaches are largely based on periodic visual inspections or scheduled 

maintenance intervals [9]. While these methods have been widely adopted, they are often labour-intensive and time-consuming, 

and limited in their ability to detect internal or early-stage damage. Moreover, scheduled maintenance does not always reflect 

the actual condition of the structure, leading either to unnecessary downtime or undetected damage progression [10]. These 

limitations have driven the development of more intelligent and condition-based maintenance strategies, among which 

Structural Health Monitoring (SHM) has emerged as a promising solution. Structural Health Monitoring refers to the continuous 

or periodic assessment of structural condition using measured response data such as strain, vibration, displacement, or acoustic 

signals [11]. By analysing changes in these response parameters, SHM systems aim to identify damage presence, location, and 

severity in real time or near real time.  

 

The effectiveness of SHM largely depends on the accurate interpretation of measured data, which, in turn, requires a thorough 

understanding of the relationship between structural behaviour and damage mechanisms [12]. This is where numerical 

modelling and simulation play a vital role. Finite Element Analysis (FEA) has become an indispensable tool for predicting 

structural behaviour under various loading and boundary conditions [13]. By discretising complex geometries into smaller 

elements, FEA enables detailed evaluation of stress distributions, deformation patterns, and dynamic responses that are often 

difficult to obtain experimentally [14]. When integrated with SHM, FEA provides a physics-based foundation that helps 

distinguish between normal operational variations and damage-induced changes in structural response. Among the available 

simulation platforms, COMSOL Multiphysics offers significant advantages for SHM-oriented analysis due to its capability to 

handle coupled physical phenomena, complex geometries, and realistic material models. COMSOL allows seamless integration 

of structural mechanics with modal, harmonic, and transient analyses, making it particularly suitable for evaluating vibration 

characteristics and stress evolution in engineering structures [15]. These capabilities enable the development of high-fidelity 

numerical models that closely represent real-world structural behaviour. In SHM applications, modal parameters such as natural 

frequencies, mode shapes, and damping ratios are widely used as damage-sensitive indicators. Damage to a structure typically 

results in changes in stiffness and mass distribution, reflected in shifts in modal characteristics. COMSOL-based modal analysis 

accurately identifies these parameters and helps establish baseline conditions against which future changes can be compared. 

Additionally, static and dynamic stress analyses help identify critical regions prone to fatigue damage and crack initiation [16].  

 

Another important aspect of SHM system design is optimal sensor placement. Improper sensor location can significantly reduce 

damage detectability and increase system cost [17]. Numerical simulations play a crucial role in identifying regions of high 

stress concentration, maximum strain, or dominant vibration response, which are ideal locations for sensor installation. By 

using FEA results as a guide, SHM systems can be designed to achieve maximum sensitivity with a minimum number of 

sensors. Despite extensive research in SHM and numerical modelling, challenges remain in bridging the gap between simulation 

and real-time monitoring. Variations in operational conditions, environmental effects, and modelling uncertainties can influence 

structural response, complicating damage interpretation [18]. Therefore, an integrated framework combining robust finite 

element modelling with SHM principles is essential to improve reliability and practical applicability. This manuscript presents 

a systematic approach that integrates COMSOL-based Finite Element Analysis with Structural Health Monitoring concepts to 
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provide a comprehensive structural assessment [19]. The study focuses on evaluating stress behaviour, deformation 

characteristics, and dynamic response to identify damage-sensitive parameters and critical structural regions [20]. The 

numerical results support SHM decision-making, including the establishment of baseline responses and the sensor placement 

strategy [21]. The proposed methodology demonstrates how high-fidelity numerical simulations can enhance the effectiveness 

of SHM systems by providing deeper insight into structural behaviour under realistic conditions. By combining physics-based 

modelling with monitoring strategies, the approach enhances damage detection capabilities, supports informed maintenance 

planning, and extends the service life of engineering structures. This integration offers a practical and scalable solution for 

advancing condition-based maintenance and ensuring long-term structural safety. 

 

2. Literature Review 

 

Structural Health Monitoring (SHM) has evolved significantly over the past few decades, driven by the increasing complexity 

of engineering structures and the growing demand for safety, reliability, and cost-efficient maintenance strategies. Early SHM 

research primarily relied on vibration-based techniques, using changes in natural frequencies and mode shapes as indicators of 

structural damage. Foundational studies established that stiffness degradation due to cracks or material loss directly affects 

modal characteristics, forming the basis for damage detection methodologies. While effective at a global level, these early 

approaches faced limitations in damage localisation and sensitivity to environmental variations. With advances in 

computational mechanics, Finite Element Analysis (FEA) has become a cornerstone for understanding structural behaviour and 

supporting SHM interpretation. Classical finite element formulations enabled accurate predictions of stress distributions, 

deformations, and dynamic responses under controlled loading conditions. Researchers demonstrated that FEA could be used 

to establish baseline models representing the undamaged state of structures, against which measured response data could be 

compared. This integration significantly improved the reliability of vibration-based SHM techniques.  

 

The development of high-performance computing further expanded the application of numerical simulations in SHM. Model 

updating techniques emerged, allowing finite element models to be refined using experimental or operational data. By 

minimising discrepancies between simulated and measured responses, updated models provided a closer representation of real 

structural conditions. These approaches improved damage quantification but also highlighted challenges related to model 

uncertainty, parameter sensitivity, and computational cost. In parallel, multi-physics simulation platforms gained prominence 

for SHM-oriented studies. Unlike conventional single-physics solvers, multi-physics environments allow the coupling of 

structural mechanics with thermal, electrical, and acoustic phenomena. This capability is particularly important for modern 

SHM systems that employ piezoelectric sensors, energy harvesters, and smart materials. COMSOL Multiphysics has been 

widely adopted in this context due to its flexibility in handling coupled-field problems and complex geometries. Recent 

literature emphasises the role of numerical simulations in sensor placement optimisation. Improper sensor configuration can 

lead to poor damage detectability and increased system complexity.  

 

FEA-based approaches have been used to identify regions of high strain energy, maximum stress concentration, and dominant 

vibration amplitudes, which are ideal candidates for sensor deployment. These studies demonstrate that simulation-guided 

sensor placement significantly enhances SHM efficiency while reducing hardware requirements. Another emerging research 

trend involves integrating SHM with condition-based maintenance and digital twin concepts. In this paradigm, continuously 

updated numerical models serve as virtual representations of physical structures, enabling real-time performance assessment 

and remaining-life prediction. However, promising, the successful implementation of such frameworks depends heavily on the 

accuracy of finite element models and their ability to capture damage-sensitive response features. Consequently, there remains 

a strong need for robust, validated simulation-based SHM methodologies. Overall, the literature indicates that while SHM 

techniques and numerical modelling have matured independently, their effective integration remains an active area of research. 

There is a clear demand for systematic frameworks that combine high-fidelity FEA with SHM principles to support reliable 

damage detection, sensor optimisation, and maintenance decision-making. The present work contributes to this objective by 

demonstrating an integrated COMSOL-based FEA–SHM approach applicable to a wide range of engineering structures. 

 

3. Structural Health Monitoring Framework  

 

Structural Health Monitoring involves the acquisition and interpretation of response data such as strain, displacement, and 

vibration signals to evaluate the condition of a structure. The primary objectives of SHM include damage detection, localisation, 

severity estimation, and remaining service-life prognosis (Table 1).  

 

Table 1: Energy harvesting dimensions 

 

No. EH Parameters Dimensions(μm) 

 1 𝑙𝑝 − length of the piezoelectric layer  27000 
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 2 𝑡𝑝 − thickness of the piezoelectric layer  210 

 3 𝑙𝑠 − length of the substrate layer 30000  

4 𝑡𝑠 − thickness of the substrate layer 200 

 

The effectiveness of SHM systems depends heavily on the selection of appropriate monitoring parameters and the availability 

of a reliable baseline model of the structure's undamaged state. Numerical simulation plays a vital role in SHM by providing 

insight into the relationship between structural response and damage mechanisms. By simulating various loading scenarios and 

boundary conditions, FEA helps distinguish between normal operational variations and abnormal behaviour caused by damage. 

This physics-based understanding enhances the reliability of SHM decision-making and reduces false alarms.  

 

4. Finite Element Modelling Using COMSOL 

 

COMSOL Multiphysics is employed in this study to develop a high-fidelity finite element model of the structure. The geometry 

is created according to design specifications and discretised into finite elements using an appropriate meshing strategy to ensure 

accuracy while maintaining computational efficiency. Material properties such as elastic modulus, Poisson’s ratio, and density 

are assigned based on standard material data (Figure 1). 

 

 
 

Figure 1: Fourteen types of piezoelectric energy harvester 

 

Boundary conditions play a fundamental role in ensuring that numerical simulations realistically represent real-world structural 

behaviour. In computational modelling, they are carefully defined to replicate actual support constraints, such as fixed, pinned, 

or roller supports, as well as elastic restraints that may be present in practical systems. Correctly specifying these conditions 

ensures that load transfer paths, reaction forces, and deformation patterns closely resemble those observed in service. Along 

with boundary conditions, external loads are applied to simulate operational environments, including static loads such as self-

weight and service forces, as well as dynamic loads arising from wind, machinery, traffic, or seismic excitation. These loading 

scenarios are chosen to reflect realistic operating conditions so that the resulting stress, strain, and displacement fields provide 

meaningful engineering insight. To guarantee the reliability of numerical results, mesh convergence studies are conducted. In 

these studies, the finite element mesh is progressively refined until variations in key response parameters such as maximum 

stress or displacement fall within an acceptable tolerance. This process ensures that the results are independent of mesh size 

and that numerical errors are minimised. Once validated, the computational model becomes a robust foundation for detailed 

static and dynamic analyses. 

 

The integration of COMSOL-based Finite Element Analysis with Structural Health Monitoring represents a powerful 

framework that combines predictive modelling with real-time or periodic condition assessment. Finite Element Analysis 

enables engineers to visualise and quantify internal structural responses that are often difficult or impossible to measure 

experimentally, particularly in large-scale or geometrically complex structures. Through numerical simulation, it is possible to 

observe how stresses, strains, and deformations evolve under varying loading and boundary conditions, offering a 

comprehensive understanding of structural performance. When this information is linked with Structural Health Monitoring 

systems, the result is a synergistic approach in which simulations guide monitoring strategies and monitoring data, in turn, 

validate and refine numerical models. This integration significantly enhances confidence in structural assessment and decision-

making processes. Static analysis plays a crucial role in identifying regions of stress concentration, which are often the most 

vulnerable locations for damage initiation and fatigue failure. These high-stress zones typically arise near geometric 
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discontinuities such as holes, notches, welds, or abrupt changes in cross-section. By identifying these critical regions during 

the design stage or early in a structure's operational life, engineers can take proactive measures to mitigate risk. From a 

Structural Health Monitoring perspective, this information is invaluable for optimal sensor placement. Installing strain gauges 

or fibre-optic sensors in high-stress areas increases the likelihood of detecting small changes associated with damage, such as 

crack initiation or material degradation. As a result, monitoring systems become more sensitive and effective, enabling early 

detection before damage progresses to a critical stage (Figure 2). 

 

  
 

Figure 2: Meshed cantilever 

 

Dynamic and modal analyses further expand the understanding of structural behaviour by capturing how structures respond to 

time-dependent loads and vibrations. Modal analysis reveals natural frequencies, mode shapes, and damping characteristics, 

which are intrinsic properties of a structure. These parameters are highly sensitive to changes in stiffness, mass distribution, 

and boundary conditions. Even minor damage, such as a small crack or localised material loss, can cause measurable shifts in 

natural frequencies or alterations in mode shapes. This sensitivity makes vibration-based monitoring techniques particularly 

attractive for Structural Health Monitoring. By comparing measured vibration characteristics with baseline values established 

through COMSOL simulations, engineers can detect anomalies that may indicate damage. The numerical baseline is essential, 

as it provides a reference against which normal operational variations, such as those caused by temperature or loading changes, 

can be distinguished from damage-related effects. One of the most significant advantages of using COMSOL simulations in 

conjunction with Structural Health Monitoring is the reduction of experimental effort and associated uncertainty. Traditional 

SHM system design often relies on empirical knowledge, trial-and-error approaches, or extensive experimental testing to 

determine suitable sensor types and locations. These methods can be time-consuming, costly, and sometimes inconclusive. 

Numerical simulations offer a more systematic and cost-effective alternative. By analysing stress distributions, deformation 

patterns, and modal characteristics, engineers can make informed decisions regarding the number, type, and placement of 

sensors before installation. This leads to monitoring systems that are both efficient and reliable, avoiding unnecessary 

instrumentation while ensuring adequate coverage of critical structural regions.  

 

The proposed integrated framework also supports the implementation of condition-based maintenance strategies. Conventional 

maintenance practices are often time-based, relying on predefined inspection intervals that may be overly conservative or 

insufficiently responsive to actual structural condition. By linking numerical predictions with monitoring objectives, engineers 

gain insight into how damage affects structural response and performance. Structural Health Monitoring data, interpreted in 

light of simulation results, enable maintenance decisions to be based on the actual state of the structure rather than on assumed 

degradation rates. This shift from time-based to condition-based maintenance has significant benefits, including reduced 

maintenance costs, minimised downtime, and improved safety. Structures can be kept in service for longer periods without 

compromising reliability, while maintenance resources are allocated more efficiently. Furthermore, the combined use of Finite 

Element Analysis and Structural Health Monitoring enhances the ability to assess residual life and structural integrity. By 

understanding how stresses and vibrations evolve as damage progresses, engineers can estimate remaining service life and 

prioritise interventions accordingly. This capability is particularly valuable for ageing infrastructure, where extending service 

life without sacrificing safety is a key objective. Numerical models can simulate various damage scenarios and predict their 

impact on structural response, providing a basis for risk assessment and decision support. When these predictions are validated 

and updated using monitoring data, the accuracy and usefulness of the models are further improved. Another important aspect 

of this integrated approach is its contribution to improved design practices.  

 

Insights gained from numerical analysis and monitoring feedback can be used to refine design assumptions, material selection, 

and structural configurations in future papers. Understanding where and why stress concentrations occur, how structures 
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respond dynamically, and how damage manifests in measurable parameters allows engineers to design more robust and resilient 

systems. This knowledge transfers from analysis and monitoring back into design, closing the loop in the structural engineering 

lifecycle, promoting continuous improvement. In practical applications, integrating COMSOL-based Finite Element Analysis 

with Structural Health Monitoring is applicable across a wide range of engineering fields, including civil, mechanical, 

aerospace, and offshore engineering. Bridges, buildings, wind turbines, aircraft components, and industrial machinery can all 

benefit from this approach. For each application, the ability to simulate realistic loading conditions, identify critical response 

features, and design targeted monitoring systems enhances safety and performance. The scalability of numerical models also 

allows engineers to study both local details and global structural behaviour within a unified framework. Overall, the use of 

validated finite element models as a foundation for Structural Health Monitoring represents a significant advancement in 

modern engineering practice. By combining detailed numerical insight with real-world monitoring, engineers can achieve a 

deeper understanding of structural behaviour under realistic conditions. This approach not only improves damage detection and 

maintenance planning but also reduces uncertainty, lowers costs, and enhances operational safety. The framework supports a 

proactive, data-driven approach to structural management, ensuring that structures perform reliably throughout their service 

life while meeting increasing demands for efficiency and safety. 

 

5. Static Structural Analysis 

 

Static structural analysis is performed to evaluate stress distribution and deformation under applied loads. The results reveal 

regions of high stress concentration that are susceptible to fatigue damage and crack initiation. Maximum displacement values 

are examined to ensure that structural deformations remain within allowable limits (Table 2). 

 

Table 2: Properties of PZT materials 

 

Materials Elastic Compliance 

Tensor S11E(Pa−1) 

Density [𝐤𝐠𝐦−𝟑] Dielectric Constant ∈𝟑𝟑𝐓/∈𝟎 Piezoelectric Coefficient 

𝐝𝟑𝟏(𝐂𝐍−𝟏) 

PZT 8 11.5 7600 1000 -97 

PZT 7A 10.7 7700 425 -60 

PZT 5J 16.2 7400 2800 -220 

PZT 5A 16.4 7750 1700 -171 

PZT 5H 16.5 7500 3400 -242 

 

The stress contours obtained from COMSOL simulations provide valuable insight into load transfer mechanisms and structural 

performance. These results are essential for identifying critical locations where strain sensors can be placed to enhance SHM 

sensitivity (Table 3). 

 

Table 3: Properties of substrate materials 

 

Substrate Materials Density [𝐤𝐠𝐦−𝟑] Young’s Modulus [GPa] Poisson’s Ratio 

Aluminium 2763 68e 0.33 

Stainless steel 7800 200e 0.33 

GFRP 2540 72.4e 0.20 

 

6. Modal and Dynamic Analysis 

 

Modal analysis is conducted to determine the structure's natural frequencies and mode shapes. These modal parameters serve 

as important indicators of damage, as any reduction in stiffness due to damage results in measurable changes in vibration 

characteristics. The computed mode shapes help identify dominant deformation patterns and vibration-sensitive regions. In 

addition, dynamic response analysis is performed to examine the structure's behaviour under harmonic excitation. Frequency 

response characteristics are evaluated to understand resonance behaviour and operational vibration risks. The results support 

the selection of accelerometer locations for effective vibration-based monitoring. The scope of this manuscript is focused on 

developing and demonstrating an integrated numerical monitoring framework for structural assessment using COMSOL 

Multiphysics (Figure 3). The key aspects covered within this scope include: 

 

 Development of a three-dimensional finite element model representing realistic geometry, material properties, and 

boundary conditions of an engineering structure. 

 Application of static structural analysis to identify stress distribution and deformation characteristics relevant to fatigue 

and damage initiation. 
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 Execution of modal and harmonic response analyses to extract vibration parameters that serve as damage-sensitive 

indicators for SHM. 

 Utilisation of simulation results to support SHM objectives, particularly baseline response definition and optimal 

sensor placement. 

 Demonstration of how physics-based numerical modelling enhances the interpretation and reliability of SHM data. 

 

 
 

Figure 3: Voltage analysis of aluminium 

 

The study is primarily numerical and methodological. While experimental validation and real-time data acquisition are 

acknowledged as important components of SHM, they are beyond the immediate scope of this work. Instead, the emphasis is 

placed on establishing a robust simulation-driven framework that can be readily extended to experimental and field-based 

applications. 

 

7. Integration of FEA with SHM 

 

The integration of COMSOL-based FEA results with SHM principles enables the development of an informed monitoring 

strategy. Stress and vibration hotspots identified through simulations are proposed as optimal sensor locations. The numerical 

baseline established in this study can be used for future comparison with measured data to detect damage progression (Table 

4). 

 

Table 4: Frequency analysis of EH under body load 

 

Substrate Material Piezoelectric Materials Resonance Frequency (Hz) Voltage (V) 

Aluminium PZT 8 364 4.45 

PZT 7A 368 9.98 

PZT 5J 340 4.4 

PZT 5A 334 6.5 

PZT 5H 339 8.5 

Stainless Steel PZT 8 384 0.9 

PZT 7A 394 1.07 

PZT 5J 348 1.04 

PZT 5A 344 1.62 

PZT 5H 351 1.1 

GFRP PZT 8 369 2.0 

PZT 7A 351 0.5 

PZT 5J 337 1.4 

PZT 5A 349 0.3 

PZT 5H 339 2.6 

 

This integrated approach reduces the dependence on trial-and-error sensor placement and improves the reliability of damage 

detection. By combining simulation and monitoring, the proposed framework supports condition-based maintenance and 

enhances structural safety. 
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8. Results and Discussion 

 

The simulation results demonstrate the effectiveness of COMSOL-based FEA in predicting structural behaviour relevant to 

SHM applications. Stress analysis highlights critical regions prone to damage, while modal analysis provides clear indicators 

for vibration-based monitoring. The consistency of results across different analyses confirms the robustness of the numerical 

model (Figure 4). 

 

  
 

Figure 4: Power output variation with load resistance for different PZT materials 

 

The study also illustrates how numerical modeling can reduce experimental effort and guide SHM system design. The findings 

emphasize the importance of integrating physics-based simulations with monitoring strategies for reliable structural assessment. 

 

9. Conclusion 

 

This report presented a comprehensive four-page study of the application of COMSOL-based Finite Element Analysis for 

Structural Health Monitoring. Static, modal, and dynamic analyses were performed to evaluate stress distribution, deformation, 

and vibration characteristics of an engineering structure. The results were effectively used to support SHM implementation, 

including sensor placement and baseline response definition. The integration of FEA with SHM offers a practical and scalable 

solution for condition-based maintenance and long-term structural integrity management. The proposed methodology 

contributes to improved damage detection capability, reduced maintenance costs, and enhanced operational safety of 

engineering structures. The extended sections presented here strengthen the manuscript by positioning the proposed COMSOL-

based FEA–SHM framework within the broader research landscape and highlighting its practical significance. By combining 

a literature context, a clearly defined scope, critical limitations, and future research directions, the work elevates it from a purely 

numerical study to a comprehensive contribution that supports advanced structural health monitoring and condition-based 

maintenance. 

 

9.1. Future Work and Research Directions 

 

Future research can extend the present work in several meaningful directions. One important step is to validate numerical 

predictions experimentally using laboratory-scale or in-service structures. Integrating measured strain and vibration data with 

the COMSOL model through model updating techniques would enhance accuracy and practical relevance. Another promising 

direction is to incorporate environmental and operational variability into the simulation framework. Accounting for temperature 

effects, material ageing, and load uncertainty would improve the robustness of SHM decision-making and reduce false alarms. 

Advanced uncertainty quantification methods can be coupled with FEA to address these challenges. The framework can also 

be expanded to include smart materials and active SHM components such as piezoelectric actuators and energy harvesters. 

Multi-physics simulations that combine structural, electrical, and thermal effects would support the design of self-powered, 

adaptive monitoring systems. In the context of digital twins, future work may focus on developing continuously updated 

numerical models that evolve based on measured data throughout the structure’s lifetime. Such models would enable real-time 

health assessment, remaining life prediction, and automated maintenance planning. Finally, applying the proposed methodology 

to complex real-world structures in aerospace, civil infrastructure, and energy systems would further demonstrate its scalability 

and industrial relevance. 
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