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This study investigates the feasibility of implementing a solid-state sodium battery as a 

sensing element for vibration-based structural health monitoring (SHM) for aeronautical 
composite structures. A PPS composite beam was analysed through numerical analysis and 
experimental studies under undamaged and various pseudo-damage conditions. Structural 

dynamics were characterised using FRFs from accelerometers and PSDs from the battery 
signal. The results show strong agreement across the numerical and experimental methods, 

with a discrepancy ranging from 2% to 8%  between the experimental methods and slightly 
higher but within a tolerable range (3-11%) for the battery and numerical model. The battery 
sensor effectively identified dominant resonance frequencies and tracked modal shifts due 

to structural damage. 

Damage detection used frequency-based metrics (DI, CMPM, CMRM) on both 
accelerometer and battery signals. Battery-signal-derived SHM metrics were sensitive to 

structural modifications and capable of distinguishing between different damage states. 
While the battery has certain limitations, such as electrical interference, at the current phase 
of study, and offered lower accuracy compared to accelerometers, it consistently detected 

global dynamic changes. Overall, the batteries show promise as a self-powered vibration 
sensor for detecting global structural changes. 
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SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

c damping coefficient  [N.s/m] 

f  frequency   [Hz] 

F(t)  external force  [N] 

F0    force amplitude  [N] 

H(ɤ)  frequency response function [-] 

k stiffness   [N/m] 

m mass   [kg] 

T  transmissibility function  [-] 

V  voltage    [mV] 

x(t) base displacement  [m] 

X(f)  Fourier transform  [-] 

y(t) relative displacement  [m] 

z(t) absolute displacement  [m] 

 

Greek characters 

‎ Ὢ coherence function  [-] 

ɚ eigenvalue   [-] 

ɤ angular frequency  [rad/s] 

ɕ damping ratio  [-] 

 ʟ phase angle   [rad] 

 



Subscripts 

base  base accelerometer measurement 

d damped 

D damaged structure 

I  intact structure 

n natural 

tip  tip accelerometer measurement 

  

 

Matrices and vectors 

[K]  stiffness matrix 

[M]  mass matrix 

{q}  generalized coordinate vector 

‰  mode shape vector 

 

 

 

 

 

 

 

 

 

 



 

Abbreviations 

CMPM Change in Measured Parameters Metric 

CMRM Change in Measured Ratio Metric 

CPSD Cross Power Spectral Density 

DAQ Data Acquisition System 

DI Damage Index 

FE  Finite Element 

FRF Frequency Response Function 

MDOF Multi-Degree-of-Freedom 

MFC  Macro Fiber Composite 

PPS Polyphenylene Sulfide 

PSD  Power Spectral Density 

SDOF  Single Degree-of-Freedom 

SHM Structural Health Metric 

SSB Solid-State Sodium Battery  
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1. Introduction 

The implementation of composite materials has become one of the main trends in the 

development of aeronautical structures. These materials have demonstrated remarkable 

structural efficiency and versatility in tailoring anisotropic mechanical properties due to their 

high strength-to-weight ratio. However, new challenges arise in terms of Solid Mechanics 

related to the prediction of failure in composite structures because of the anisotropy and 

heterogeneity (Ribeiro, Tita and Vandepitte 2012).  In this context, Structural Health 

Monitoring (SHM) techniques have emerged as a promising solution for the continuous 

assessment of the structural integrity of aircraft made of composite materials. Detection of 

damage in aeronautic structures is critical as they are directly related to performance, safety, 

and service life. Hence, the development of the NDT (Non-destructive testing) method is 

important. The objective of this thesis is to develop and validate a vibration-based structural 

health monitoring (SHM) framework analysing the Frequency Response Function (FRF) for 

a PPS composite cantilever beam by correlating finite element modal analysis with 

experimental measurements obtained using conventional accelerometers and an embedded 

solid-state sodium battery acting as a sensing element. FRF of the data collected through 

sensors allows identification of changes in dynamic properties of the structure, indicating 

structural health (Marques, Vandepitte and Tita 2021. 2021). While previous studies were 

conducted with a similar intention, they used conventional sensors, such as piezoelectrets, 

accelerometers, and MFC, which perform sufficiently well for the purpose. While studies 

have demonstrated the effectiveness of traditional sensors for vibration-based SHM, these 

technologies remain limited to sensing functionalities and require additional power supply. 

Although recent studies have reported electromechanical responses in these novel batteries 

(Christoff, Marques, Carmo, Braga, Tita and Carmo 2024), their application as vibration 

sensors for structural health monitoring of composite structures has not yet been 

systematically validated. Hence, this study focuses on the application and performance of a 

solid-state sodium battery as a sensing element in place of conventional sensors, and several 

pseudo-damages were introduced to the PPS beam to simulate damaged conditions.  

Particularly, the focus is on their ability to identify modal properties, distinguish damage 

conditions, and correlate with finite element predictions. 
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1.1. Background on Vibration-Based SHM  

Previous studies have been conducted on similar apparatus to sense damage in composite 

structures and build SHM through dynamic analysis. SHM is essential in modern aerospace 

engineering as it ensures safety while reducing maintenance costs. SHM enables 

uninterrupted assessment of structural integrity, reducing unnecessary inspections and 

eventually improving maintenance efficiency (Medeiros, Tita, Vandepitte 2012). SHM 

systems typically rely on vibration-based methods, and changes in modal parameters 

indicate structural degradation. Based on curvature mode shapes, damage detection, 

location, and quantification of damage can be performed using smart sensors (Lestari and 

Qiao 2005). And smart sensors, such as piezoelectrets, have been crucial sensing devices as 

they are lightweight, flexible polymeric materials with internal cavities that are charged. 

Piezoelectrets are electrical components that are capable of detecting the resonance 

frequency of a structure (Palito, Tita et al. 2019). They are advantageous as sensors as they 

are eco-friendly, easy to manufacture, and have high piezoelectric coefficients (Moreira, Tita 

et al. 2021). Even at the earliest stage, piezoelectrets were proven to be successful in 

detecting peaks indicating the sensorôs sensitivity in detecting changes in the vibrational 

properties of structures, although the peaks at excitation frequency and its harmonics were 

small (Carpena, Marques et al. 2024). It is noteworthy that MFC sensors are sufficiently 

suitable as they provide stable and consistent FRF-based damage metrics and do not 

significantly alter structural dynamics (Marques et al. 2018).  

Table 1. Comparison between conventional sensors and novel SSB. 

Sensor Principle Advantages  Limitations 

Accelerometer Measures 

acceleration directly 

Industry standard, 

reliable, high accuracy 

Added mass, 

external (mostly) 

power needed 

Piezoelectret Mechanical strainŸ 

charge 

Lightweight, low cost, 

flexible 

Signal drift, 

durability issues 

MFC (Macro 

Fiber Composite) 

Similar to 

piezoelectrets 

Stability, high 

sensitivity 

Wiring and power 

conditioning 
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SSB (Solid-state 

Sodium Battery) 

Mechanical strainŸ 

voltage response, 

self-charging 

Multifunctional, 

compact integration, 

self-powered potential 

Noise-sensitive, 

early-stage 

technology 

 

As mentioned, several sensing technologies exist for the purpose of vibration-based 

structural health monitoring, and Table 1 summarizes the current situations of these sensors, 

as well as the potential of SSB as a sensor.  

 

1.2. Solid-State Sodium Batteries for Energy Storage and Sensing Applications 

Climate change and global warming represent some of the most pressing challenges facing 

contemporary society, with far-reaching impacts on ecosystems, public health, and 

economic stability. These phenomena are primarily driven by greenhouse gas emissions 

associated with the large-scale use of fossil fuels (Akpan, Okoro and Udo 2023; Kebede 

Kalogiannis, Van Mierlo and Berecibar 2022). In response, the transition toward renewable 

energy sourcesðsuch as solar and windðhas become essential for reducing carbon 

emissions and enabling sustainable energy systems (Zhu, Wang and Li 2022). 

Unlike fossil fuels, which inherently function as energy storage media, renewable energy 

sources are intrinsically intermittent, as their generation depends on environmental 

conditions. This intermittency necessitates the development of efficient and scalable energy 

storage technologies capable of ensuring grid stability, load balancing, and continuous 

energy supply (Chen, Cong and Yang 2020; Li, Lu and Chen 2021). Although the 

contribution of renewable energy to global electricity generation has increased significantly 

in recent years, the installed energy storage capacity remains insufficient to fully compensate 

for fluctuations in energy production (Akpan et al. 2023; International Energy Agency 

2022). Consequently, the development of safe, sustainable, and cost-effective storage 

technologies has become a central objective in the global energy transition. 

Over the past two decades, lithium-ion batteries (LIBs) have emerged as the dominant 

electrochemical energy storage technology, being widely employed in portable electronics, 

electric vehicles, and stationary storage systems (Zhao, Zhang and Xu 2024). Their 

widespread adoption is largely attributed to their long cycle life, high energy density, and 
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technological maturity. Conventional LIBs typically consist of solid electrodesðsuch as 

graphite anodes and transition-metal oxide cathodesðcombined with organic liquid 

electrolytes that enable ionic transport. 

Despite their success, LIBs present several critical limitations. The use of flammable organic 

electrolytes introduces safety concerns, particularly under thermal or mechanical abuse 

conditions, where thermal runaway may occur (Wesselkämper, Zhou and Wagner 2024). In 

addition, lithium dendrite formation can lead to internal short circuits and catastrophic 

failure, especially at elevated temperatures (Wesselkämper et al. 2024). From a sustainability 

perspective, LIB production depends on raw materials such as lithium and cobalt, whose 

extraction raises environmental, economic, and ethical concerns due to limited availability 

and uneven geographical distribution (Kebede et al. 2022; Zhao et al. 2024). 

To address these challenges, significant research efforts have been directed toward 

alternative battery chemistries and architectures. Solid-state batteries (SSBs), which replace 

liquid electrolytes with solid ionic conductors, have been proposed as safer alternatives due 

to their improved thermal stability, absence of leakage, and enhanced mechanical integrity 

(Wu and Wu 2023; Schmaltz, Han and Maier 2023). In parallel, sodium-ion batteries (NIBs) 

have gained attention as a sustainable alternative to LIBs, owing to the natural abundance, 

low cost, and wide geographical distribution of sodium resources (Freitas, Danzi, Valente 

and Braga 2024). Although NIBs typically exhibit lower energy densities compared to LIBs, 

they offer improved safety and reduced dependence on critical materials, making them 

attractive for large-scale stationary applications. 

The combination of solid-state architectures with sodium-based chemistries has led to the 

development of solid-state sodium-ion batteries, which integrate the safety advantages of 

solid electrolytes with the sustainability of sodium-based systems. Within this context, a 

novel class of solid electrolytes based on glassy alkali-metal oxychlorides (A ClO, A = Li, 

Na) has been proposed (Danzi, Camanho and Braga 2021; Danzi, Valente, Terlicka and 

Braga 2022). Among these materials, the sodium-based composition Na . Ba . ClO has 

attracted particular interest due to its unique combination of ionic conductivity and ferric 

properties (Danzi et al. 2022; Braga and Goodenough 2021). The partial substitution of Na  

by BaĮ  induces local structural distortions that facilitate Na  transport through defect-

mediated hopping mechanisms, contributing to the ionic conductivity of the material (Danzi 

et al. 2022; Braga and Goodenough 2021). In addition, these materials exhibit ferroelectric 
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behaviour below their glass transition temperature, characterised by spontaneous 

polarization arising from the cooperative alignment of dipolar units within the structure 

(Braga and Goodenough 2021). 

This intrinsic polarization plays a central role in the electrochemical behaviour of these 

systems. The internal electric fields generated by ferroelectric domains modulate ionic 

mobility and influence charge accumulation at the metalïelectrolyte interface, leading to the 

formation of electrical double layers with unconventional characteristics (Danzi et al. 2022; 

Freitas et al. 2024). As a result, cells based on these electrolytes exhibit behaviours that 

deviate from conventional battery models.  

In particular, metalïelectrolyteïmetal configurations have been shown to generate 

measurable open-circuit voltages without the need for traditional electrode materials (Danzi 

et al. 2021; Freitas et al. 2024). Furthermore, these systems have been reported to exhibit 

self-charging and self-cycling phenomena, in which spontaneous polarization induces ionic 

motion and energy storage without external power input (Danzi et al. 2021; Danzi et al. 

2022). Beyond their electrochemical functionality, the ferroelectric nature of these materials 

implies that they are inherently piezoelectric. Consequently, mechanical stimuli can induce 

measurable electrical responses, enabling coupling between electrochemical and 

electromechanical phenomena. Recent studies have demonstrated that such solid-state 

sodium batteries exhibit voltage responses under both quasi-static and dynamic mechanical 

loading conditions, correlating with excitation frequency and structural deformation 

(Christoff et al. 2024). These findings suggest that such systems can operate as self-powered 

sensors. This multifunctional behaviour opens new possibilities for applications in Structural 

Health Monitoring (SHM), where energy storage and sensing capabilities can be integrated 

into a single device (Christoff et al. 2024). 

Despite these promising developments, several fundamental aspects remain insufficiently 

understood. In particular, the role of interfacial phenomena - such as electrical double layer 

formation, contact quality, and polarization coupling - remains critical for determining 

device performance. Additionally, the influence of post-assembly thermal and mechanical 

conditioning on bulk ionic conductivity and interfacial resistance has not been systematically 

investigated. 
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1.3. Research Objectives & Contributions 

This study delves into the feasibility of implementing a novel solid-state sodium battery 

(SSB) as a sensing element for vibration-based structural health monitoring of aeronautical 

composite structures. Following this general objective, the following research objectives are 

formulated- 

o To validate whether it is possible to use the SSB reliably to detect the relevant and 

dominant modal frequencies of a PPS beam under different structural conditions.  

o To compare the sensing and detecting performance of the SSB with that of traditional 

sensing elements, such as accelerometers, in identifying frequency response 

characteristics and natural frequencies.   

o To study the extent of and accuracy of the finite element model in the case of 

interpretation and validation of experimentally measured responses obtained with the 

battery.  

o To analyse whether frequency-based health monitoring metrics developed from the 

FRF of the battery signal are sensitive enough to distinguish undamaged and pseudo-

damaged structural conditions.  

The research is carried out with these initial objectives, and the findings and contributions 

of the study can be summarized as follows- 

o Introduction of a novel sensing concept- the SSB is investigated as a multifunctional 

device, as it can function as a self-charging sensing element.  

o Experimental validation- the SSB sensor is experimentally evaluated under 

controlled vibration tests involving several undamaged and damaged states of a PPS 

cantilever beam, along with accelerometers to compare its performance.   

o The results obtained from the battery are compared with those from accelerometers 

and a numerical model to verify its capability and assess accuracy and practical 

feasibility. 
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o A finite element model is developed in the commercial software ABAQUS to 

reproduce and predict the structural dynamics of the test setup and assist in the modal 

interpretation of the measured data. 

o Frequency-based damage metrics are applied to the FRFs obtained from battery data, 

demonstrating the potential of the proposed SSB as a sensor for SHM applications.  

o Another key contribution is to find the limitations and challenges using SSB as a 

sensor, especially in the case of resonance, the presence of electrical noise, and 

filtering the data without losing key information.  
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2.  Methodology 

This chapter presents the numerical and experimental methodology adopted to develop a 

vibration-based structural health monitoring framework for a composite cantilever beam. 

Finite element modal analysis is employed to establish a baseline dynamic model, which is 

subsequently correlated with experimental measurements obtained through base-excited 

vibration tests in multiple stages with different sensors and damage conditions. And finally, 

the groundwork for damage metric calculation using those experimentally measured data is 

developed.  

2.1. Theoretical Background  

Modal analysis is a fundamental engineering technique to analyse how a structure 

behaves/responds under dynamic forces such as impacts or vibrations. Natural frequencies 

and relevant mode shapes can be determined through modal analysis, which is essential to 

understand the systemôs response, behaviour, and, in this studyôs case, the structural integrity 

of the composite structure in undamaged and pseudo-damaged situations. Hence, this section 

delves into how a system can be discretized into a multi-degree-of-freedom system and how 

the sensor (SSB) works. 

 

2.1.1. Single Degree of Freedom (SDOF) System 

A single degree of freedom (SDOF) system is the simplest dynamic model capable of 

representing structural vibration phenomena. A single generalized coordinate is sufficient to 

describe its motion. Despite its simplicity, the SDOF model forms the theoretical foundation 

for understanding resonance, damping effects, frequency response, and modal analysis of 

complex structures.  

Two fundamental excitation configurations are commonly considered during the study of 

single DOF systems- 

Á External Force/Harmonically Excited Vibration ï an external time-dependent force 

Ὂὸ is applied/acts directly on the mass.  
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Á Base Excitation ï the support of the system undergoes a prescribed motion, 

transmitting inertial force to the mass/system.  

These configurations are different mathematically but behave similarly when subjected to 

suitable transformations. 

 

Response of External Force Excitation 

In the case of external force excitation, for a linear viscously damped SDOF system 

subjected to an external force Ὂὸ, the equation of motion is obtained from Newtonôs second 

law.  

άᾀὸ ὧᾀὸ Ὧᾀὸ Ὂὸ   (2.1) 

Where άȟὧȟ  and Ὧ represent equivalent mass, viscous damping, and linear stiffness of the 

system, respectively, while  ᾀὸ denotes the absolute displacement. This formulation 

provides the fundamental basis for interpreting the measured responses and identifying the 

resonance behaviour of the experimental setup.  

For the current study, the beam was analysed under a base excitation condition with the 

shaker-induced motion as the input excitation. Hence, the relative displacement between the 

base and the structure is important for transmissibility analysis. Defining ὼὸ as the  base 

displacement and ᾀὸ  as the displacement of the structure/mass, ώὸ ᾀὸ ὼὸ   

represents the relative displacement of the base 

In absolute coordinates, with no external force, the equation of motion can be written as ï  

άᾀὸ ὧώὸ Ὧώὸ π     (2.2) 

Substituting ώὸ ᾀὸ ὼὸȟ ώὸ ᾀὸ ὼὸȟὥὲὨ ώὸ ᾀὸ ὼὸ in Eq. 2.2 

yields,  

άώὸ ὧώὸ Ὧώὸ  άὼὸ        (2.3) 

άὼὸ in Eq. 2.3 is dynamically equivalent to the external force Ὂὸ in Eq. 2.1. Moreover, 

the Eq. 2.3 can be expressed entirely in absolute coordinates.  

 άᾀὸ ὧᾀὸ Ὧᾀὸ ὧὼὸ  Ὧὼὸ                 (2.4) 

Based on this formulation, the response of the vibration can be derived.  
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Figure 1. Harmonically Excited vibration: A spring-mass-damper system (Obtained from 

SS. Rao 2017, 262). 

To obtain the response for the free vibration case, Ὂὸ πȟ is assumed in Eq. 2.1. This 

yields, 

  άᾀὸ ὧᾀὸ Ὧᾀὸ Ὂὸ π                  (2.5) 

An exponential solution is assumed for Eq. 2.5, 

       ᾀὸ ὅὩ                        (2.6) 

Which leads to the characteristic equation,  

ά‗ ὧ‗Ὧ π                      (2.7) 

The roots of Eq. 2.7 are ï  

‗ȟ                        (2.8)  

Extending this formulation for an undamped system, ὧ π, is assumed. And Eq. 2.8 

becomes 
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‗ȟ  Ὥ                                     (2.9)  

Therefore, undamped natural frequency can be defined as, 

‫                                                      (2.10)  

Now, rewriting the roots in Eq. 2.8 in terms of natural frequency ‫ȟ 

‗ȟ  ʖ                                       (2.11)  

In the limiting case between the oscillatory and nonoscillatory motion, , and the 

radical is zero. The corresponding damping here is known as critical damping, ὧ. 

ὧ ςά  ςά‫ ςЍὯά                            (2.12)  

The damping ratio ‒ȟ is a dimensionless parameter used to characterize the behavior of a 

damped system. Depending on its value, the system can be classified as underdamped ‒

ρ), critically damped ‒ ρ) or overdamped ‒ ρ). 

‒                                                        (2.13)  

‗ȟ can be expressed in terms of ‒ as follows: 

‒ ‒(2.14)                   ‫ 

Eq. 2.8 then becomes,  

‗ȟ ‒ ʁ ρ                  (2.15) 

Replacing ‒ in Eq. 2.5, the normalized equation of motion is ï 

  ᾀὸ ς‒‫ᾀὸ ʖᾀὸ π                  (2.16) 

In the case of this study, underdamped vibration is considered. For which the general 

solution is presented in Eq. 2.20, which is expressed in terms of natural frequency, ‫  and 

damped frequency, ‫ . 

‫ ‫ ρ ‒                          (2.17) 
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ᾀὸ Ὡ ὃὩ ὄὩ                  (2.18) 

The equation can also be written in equivalent forms expressed as:  

ᾀὸ ὤὩ ÓÉÎ ‫ὸ ‰                 (2.19) 

         Ὡ ὅίὭὲ‫ὸ ὅὧέί‫ὸ                 (2.20) 

Where the arbitrary constants Z, ‰ or A and B are determined from the initial conditions, 

ᾀπ and ᾀπȟ  and Eq. 2.20, which describes exponentially decaying harmonic motion, can 

be reduced to 

 ᾀ Ὡ ὧέί‫ὸ ᾀπίὭὲ‫ὸ                     (2.21) 

These expressions demonstrate that damping governs the rate at which vibration amplitude 

decays over time. In the context of the present study, damping influenced the sharpness 

and the amplitude of the resonance peaks of the FRFs and the transmissibility.  

 

Response of Harmonic Base Excitation  

To evaluate the steady-state response of the system, it is typical to consider the base motion 

as harmonic. This assumption is especially advantageous in vibration testing and frequency-

response analysis. Considering a single DOF system with viscous damping, excited by a 

harmonic force, its equation of motion can be written as 

The free-vibration presented previously represents transient behaviour after the initial 

disturbance, where damping plays a significant role. However, the experimental vibration 

tests performed in this study were conducted under continuous excitation of the shaker. 

Therefore, the steady-state response under a harmonic excitation (sinusoidal loading) is of 

primary interest for the FRF analysis and modal identification. 

  άᾀὸ ὧᾀὸ Ὧᾀὸ ὊίὭὲ‫ὸ   (2.22) 



 25 

 

 

Figure 2. Harmonic Base Excitation (Thorby 2008). 

Eq. (2.22) solution, which consists of two parts, one part being the complementary function 

and another is the particular integral. The particular integral can be presented as 

ÚÔ  : ÓÉÎʖÔ ה              (2.23) 

where Z is the amplitude of oscillation and ה is the phase of the displacement with respect 

to the exciting force. By substituting Eq. (2.23) into the differential equation Eq. (2.22), 

amplitude and phase can be approximated.  

ὤ
  
            (2.24) 

And 

‰ ÔÁÎ            (2.25) 

Amplitude and phase can be expressed in nondimensional expressions by substituting Eq. 

(2.24) and Eq. (2.25) with Eq. (2.10, 2.12, and 2.13). 

  

                  (2.26) 

And 



 26 

 

ὸὥὲ‰            (2.27) 

The abovementioned equations can be expressed using complex notations. So, the harmonic 

force and displacement can be presented as 

Ὂ ὧέί‫ὸὭίὭὲ‫ὸὊὩ                 (2.28) 

ᾀǿ ὤὩ ὤὩ Ὡ ὤὩ   (2.29) 

Where ὤ is the complex displacement vector, 

ὤ  ὤὩ             (2.30) 

By substituting into the differential equation and simplifying both sides, the resulting 

outcomes are obtained 

‫ά Ὥὧ‫Ὧὤ Ὂ 

ὤ    =            (2.31) 

The complex frequency response Ὄ‫  describes the relationship between the dynamic input 

excitation and the structural response in the particular frequency domain.  For this study, the 

FRF is defined as the displacement response amplitude over the harmonic excitation force, 

Ὄ‫          (2.32) 

In this context, (‫ ) is the natural frequency and (‒) is the damping ratio of the system. The 

Frequency Response Function (FRF) is essential in experimental modal analysis, as it allows 

for the identification of resonance frequencies from peaks in the frequency response. 

Separating the response into real and imaginary components provides further insight into the 

structure's dynamic behaviour. The FRF can be rewritten by multiplying Eq. (2.32) by the 

complex conjugate of the denominator. 

Ὄ‫ Ὥ          (2.33) 
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At resonance, this equation indicates that the real part becomes zero, leaving the response 

determined solely by the imaginary part, which is 

Ὄ‫  Ὥ             (2.34) 

This behaviour is associated with maximum vibration amplitude and directly correlates 

with the resonance peaks experimentally observed transmissibility and power spectra 

presented later in this study. 

 

2.1.2. Multi-Degree of Freedom (MDOF) System & Modal Analysis 

Even though simplified SDOFs are  useful in describing the fundamental dynamic behaviour, 

the composite beam studied in this work exhibits multiple vibration modes within the 

frequency range of interest. Consequently, a multi-degree-of-freedom (MDOF) system is 

required to describe the coupled torsional and bending phenomena. The key difference 

between SDOF and MDOF is that MDOF systems involve interaction between multiple 

masses, stiffness elements, and damping components. Even though continuous mechanical 

systems theoretically possess an infinite number of DOF, such systems can be approximated 

by a finite number of coordinates through spatial discretization techniques by employing the 

Finite Element Method (FEM). The resulting discretized model can subsequently be 

examined through the principles of MDOF vibration system analysis. 

The equations governing the motion of MODF systems can be derived using multiple 

analytical methods, such as Newtonôs second law, Lagrangeôs equations, and the principle 

of virtual work. Lagrangeôs formulation is adopted in this study due to its systematic 

framework for handling complex systems and its compatibility with matrix-based structural 

dynamic models.  

For a system described by generalized coordinates ή, Lagrangeôs equation is expressed as 

 ὗ            (2.35) 

Where Ὕȟὠ  are the total kinetic energy and total potential energy, respectively, and ὗ is the 

generalized external force associated with the coordinate, ήȢ This approach allows for the 
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equations of motion of intricate mechanical systems to be obtained in a concise and 

methodical way. 

If a mechanical system composed of n discrete masses is considered, then the vector of 

generalized coordinates can be expressed as 

ή ή   ή  ȣ   ή              (2.36) 

 

Hence, ή represents the velocity of the generalized coordinates. Then the total kinetic 

energy of the system can be written as 

Ὕ
ρ

ς
 άή                                                        ςȢσχ 

ή ὓ ή            (2.38) 

In Eq. (2.37), ὓ  represents the mass of the system, and in the case of lumped mass systems, 

it is typically a diagonal matrix. 

The elastic deformation in structural components retains potential energy in the system. If 

we assume linear elastic behaviour, the complete potential energy can be represented as 

ὠ  В Ὧή                                                        ςȢσω 

ή ὑ ή            (2.40) 

While Ὧ denotes the stiffness related to each elastic element, and ὑ represents the global 

stiffness matrix of the system. Substituting matrix notation of kinetic energy Eq. (2.38) and 

potential energy Eq. (2.40) into Lagrangeôs equation, Eq. (2.35) yields 

ὓ ή ὑ ή ὗ                                             ςȢτρ 

In the case of free vibration without external excitation, the governing equation reduces to 

ὓ ή ὑ ή π                                                 ςȢτς 

Eq. (2.42) can be further developed using the harmonic form of the motion, where ‰  

denotes the mode shape vector, and is the circular frequency. And substituting this ‫ 

harmonic form in Eq. (2.42) yields 
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ή ‰Ὡ                                                          ςȢτσ 

ὑ  ‫ - ‰ π                                                ςȢττ 

Eq. (2.44) is the representation of the classical eigenvalue problem, where non-trivial 

solutions exist only when the determinant is zero.  

ὨὩὸὑ  ‫ - π                                              ςȢτυ 

The resulting eigenvalues, denoted as ‫ , represent specific frequencies at which the system 

can oscillate naturally without any external force applied. The natural frequency is a 

fundamental characteristic of the system, indicative of how the system responds to 

perturbations. On the other hand, the eigenvectors, represented as ‰ , define the 

corresponding mode shapes associated with these natural frequencies. Each mode shape 

illustrates the pattern of displacement that the system adopts when it vibrates at a specific 

natural frequency. The combination of eigenvalues (natural frequencies) and eigenvectors 

(mode shapes) provides crucial insight into the dynamic behaviour of structures, such as how 

they will deform or respond when subjected to dynamic loads or disturbances. In engineering 

applications, understanding these characteristics is vital for designing stable and resilient 

systems. 

The eigenvectors of the system exhibit significant orthogonality characteristics concerning 

the mass and stiffness matrices. For two different mode shapes ‰ and ‰, the following 

relationships are  

‰ ὓ‰ πȠ   Ὥ Ὦ                                           ςȢτφ 

‰ ὑ‰ πȠ   Ὥ Ὦ                                           ςȢτχ 

These orthogonality conditions allow the transformation of the coupled equations of motion 

into independent modal equations. The eigenvectors obtained from the eigenvalue problem 

can be assembled into a modal matrix, expressed as 

ὢ ‰   ‰  ȣ   ‰                                            ςȢτψ 

The displacement vector can be expressed in terms of modal coordinates and transforms into 

ή ὢ ᾀ                                                        ςȢτω 

Substituting this transformation and multiplying Eq. (2.42) yields 



 30 

 

ὢ ὓ ὢ ᾀ ὢ ὑ ὢ ᾀ  ὢ ὗ                          ςȢυπ 

Due to the orthogonality property of the eigenvectors, the transformed matrices become 

diagonal, Eq. (2.51, 2.52), and thus, the coupled equations of motion are transformed into a 

set of independent SDOF equations. 

ὓ ὢ ὓ ὢ                                                        ςȢυρ 

 ὑ ὢ ὑ ὢ                                                         ςȢυς 

ὓ ᾀ ὑ ᾀ ὗ                                                  ςȢυσ 

Where 

 ὗ ὢ ὗ                                                           ςȢυτ 

The modal decomposition technique significantly makes it easier to analyse intricate 

dynamic systems. By breaking down the system into individual modes, each mode can be 

assessed separately. This independent analysis not only streamlines the process but also 

provides clearer insights into the underlying dynamics at play, facilitating a deeper 

understanding of the system's overall performance and responses to various inputs or 

perturbations. 

 

2.1.3. Solid-State Battery Working Principle  

The battery used in this study is a novel all-solid-state pouch cell developed by a research 

group at the University of Porto, Portugal (Baptista et al. 2023). The device employs a 

ferroelectric electrolyte based on a sodium-ion compound (Na . Ba . ClO) and utilizes a 

copper electrode as the positive terminal and a zinc electrode as the negative terminal, as 

illustrated in Figure 3(a). 

To ensure environmental stability, the battery is encapsulated within a protective polymeric 

film, as shown in Figure 3(b). This coating serves as a barrier between the electrolyte and 

the surrounding atmosphere, preventing undesirable chemical reactions that could degrade 

the electrochemical performance of the device. Figure 4 (a) presents one of the batteries used 

in the experimental investigation, along with the adhesive used to firmly glue the battery to 

the beam.  
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The durability of the battery is therefore closely related to the integrity of this protective 

film. Degradation of the polymer layer may expose the electrolyte to environmental 

conditions, potentially leading to failure of the battery. Nevertheless, the film is designed to 

be sufficiently thin so that its presence does not significantly influence the mechanical or 

electrical behaviour of the device. 

 

Figure 3. Schematics of the all-solid-state battery: (a) Electrodes (zinc (ī) and copper (+)) 

and sodium-based electrolyte; (b) battery assembly and protective polymeric shell (Christoff 

et al. 2024). 

  

(a) (b) 

Figure 4. (a) Solid-state Sodium battery, (b) adhesive used in the experiment 
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The battery used in this work consists of a single electrochemical cell with an effective active 

area of 2 × 2 cm². The electrolyte is impregnated into a membrane made of cellulose, 

resulting in a total device thickness of approximately 1 mm (Christoff et al. 2024). 

From an operational point of view, the sensing capability of this battery correlates directly 

with the intrinsic properties of the electrolyte. The material is ferroelectric and hence exhibits 

spontaneous polarization, which can be altered under certain external stimuli. It belongs to 

the broader class of dielectric materials where the hierarchical relationship can be presented 

as ï dielectric ï piezoelectric ï pyroelectric ï ferroelectric. And so, the spontaneous 

polarization behaviour inherently employs piezoelectric characteristics, which translates to 

mechanical deformation, inducing an electrical response. Therefore, the battery can generate 

minute but detectable voltage fluctuations under dynamic conditions, consequently enabling 

it to be a self-powered sensing element for SHM applications. 

 

2.2. Geometry and Material Description 

To conduct a validation and comparative analysis of the study, experiments were conducted 

at the Aeronautics Structures Laboratory at EESC-USP. Along with the apparatus available 

at the lab, which includes coupons of PPS (polyphenylene sulphide) used as beams to be 

examined, two accelerometers, split clamps, and solid-state batteries constructed at the 

University of Porto were used. This section discusses the material properties and geometries 

of the beam used in numerical and experimental analyses.  
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Figure 5. Exploded view of the assembly - beam and clamps (Carpena Neto, 2025). 

The structural material analysed in this study is a composite laminate consisting of seven 

bidirectional layers, each with a thickness of 0.29 mm, resulting in a total thickness of 2.03 

mm. Each layer is composed of a thermoplastic matrix made of polyphenylene sulphide 

(PPS) reinforced with carbon fibres. The lamina configuration is defined as 

πωπȠϳ πωπȠϳ τυȠπωπȠϳ τυȠπωπȠϳ πωπȠϳ . The properties of the PPS 

beam presented in Table 2 are obtained from the mechanical testing conducted at the GEA 

laboratory.  

Table 2. Material properties of the PPS beam. 

Parameter Value 

Density, ” ὯὫȾά  ρυυχ 

Elastic Modulus in Direction 1, Ὁ Ὃὖὥ υτȢυσ  

Elastic Modulus in Direction 1, Ὁ Ὃὖὥ υσȢψω  

Shear Modulus in Plane 1-2 Ὃ  Ὃὖὥ σȢχτ 

Shear Modulus in Plane 1-3, Ὃ  Ὃὖὥ σȢχτ  

Shear Modulus in Plane 2-3, Ὃ  Ὃὖὥ σȢχτ  

tƻƛǎǎƻƴΩǎ ŎƻŜŦŦƛŎƛŜƴǘ ƛƴ tƭŀƴŜ м-2,’  πȢπυ 
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Figure 6. Dimension of the beam (Carpena Neto, 2025). 

The composite beam used in this study has a total length of ρωπ άά and a width of σπ άά. 

During the experimental tests, a τπ άά section of the beam length is allocated for clamping 

to the shaker in order to ensure a rigid connection and effective transmission of the excitation 

force. Consequently, the effective vibrating length of the beam is ρυπ άά. Considering the 

laminate thickness of ςȢπσ άά, the effective dimensions of the beam for the dynamic 

analysis are therefore ρυπ άά σπ άά ςȢπσ άάȢ 

 

2.3. Numerical Model 

The Finite Element model of the system was carried out in ABAQUS CAE (Complete 

ABAQUS Environment). Initially, a simple composite cantilever beam was designed as 

close as possible to the real structure with the lamina configuration and material properties 

mentioned in Section 2.2. The original beam is ρωπ άά σπ άάȟ and an area of 

τπ άά σπ άά is clamped rigidly with the shaker. Hence, it was modelled as a fixed 

boundary condition at this specific area. So, all six degrees of freedom for the clamped region 

were constrained.  

A finite element model was developed in ABAQUS CAE to reproduce the dynamic behavior 

of the experimental setup and to support the interpretation of the measured vibration 

response. The model was based on the physical configuration adopted in the experimental 

setup and included the main structural and inertial components of the system ï beam, clamps, 
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accelerometers, solid-state battery, and an additional mass to represent damage conditions. 

The numerical model was formulated as a mechanical model with the objective of predicting 

the structural dynamic response and the associated frequency-dependent behavior of the 

assembly.  

2.3.1. Modeling Strategy 

Since the beam is a relatively thin structure compared to its in-plane dimensions, it was 

modeled using shell elements, which provide an efficient and accurate representation of 

bending and torsional behavior in a thin composite structure. The beam material was 

characterized as an orthotropic composite, which represents the unique mechanical 

properties inherent to laminated composite materials. This approach enables a more precise 

representation of the composite's directional stiffness characteristics compared to using an 

isotropic model.  

In contrast to the beam, the solid-state battery was represented as a three-dimensional solid 

component. This approach allows its physical dimensions and mass contribution to be 

incorporated directly into the model. The accelerometers and the additional mass used to 

simulate structural damage were also explicitly modelled as solid components in order to 

account for their influence on the dynamic response of the system. 

The accelerometers were modelled as cylindrical 3D solid elements for better visualization, 

whereas modelling them as point masses and attaching them to their respective nodes or 

reference points was another viable option. Bottom and top clamps are made of steel and 

solid objects, and therefore, they were modelled as such with proper geometrical 

consideration.  Lastly, the added mass for simulating pseudo-damage was also part of the 

PPS beam, so a similar strategy of beam modelling was followed here with relevant 

geometry to the actual dimensions of the added mass pieces. 

 

2.3.2. Geometry, Components & Properties 

The FE model includes all the structural components relevant to the experimental 

configuration. The components and their geometric and structural properties are described 

below. 
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(i)  Beam 

 

Figure 7. Vibration test numerical model part: beam. 

Dimensions and properties of the PPS beam are presented in Section 2.2.1. Table 2 contains 

the physical properties of the beam. 

 

Table 3. Physical properties of the PPS beam. 

Parameter Value 

Mass (ὯὫ) 1.77 ρπ 

Volume (ά  1.14114 ρπ 

Density, ” (ὯὫȾά  ρυυω 

 

(ii)  Bottom Clamp 

  

(a) (b) 
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Figure 8. Vibration test numerical model part: bottom clamp (a) Isometric view, (b) Cross-

section geometry. 

Table 4. Physical & material properties of the bottom clamp. 

Parameter Value 

Mass (ὯὫ πȢρρχ 

Volume ά  ρȢτψρπ  

Density, ” ὯὫȾά  χψυπ 

Elastic Modulus, Ὁ Ὃὖὥ ςπφ  

tƻƛǎǎƻƴΩǎ wŀǘƛƻΣ ’ πȢςω 

 

 

 

 

(iii)  Top Clamp 

 
 

(a) (b) 

Figure 9. Vibration test numerical model part: top clamp (a) Isometric view, (b) Cross-

section geometry. 

Table 5. Physical & material properties of the top clamp. 

Parameter Value 

Mass (ὯὫ πȢρρφρψ 

Volume ά  ρȢτψρπ  

Density, ” ὯὫȾά  χψυπ 

Elastic Modulus, Ὁ Ὃὖὥ ςπφ  
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tƻƛǎǎƻƴΩǎ wŀǘƛƻΣ ’ πȢςω 

 

(iv)  Tip Accelerometer 

 

Figure 10. Vibration test numerical model part: tip accelerometer. 

 

 

Table 6. Physical & material properties of the tip accelerometer. 

Parameter Value 

Height ά  τȢφ ρπ 

Radius  ά  τ ρπ  

Mass (ὯὫ ρȢφ ρπ 

Volume ά  ςȢσρςρπ  

Density, ” ὯὫȾά  φωςφȢτ 

Elastic Modulus, ὉὋὖὥ χπ 

tƻƛǎǎƻƴΩǎ wŀǘƛƻΣ ’ πȢσσ 

  

(v) Base Accelerometer 
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Figure 11. Vibration test numerical model part: base accelerometer. 

Table 7. Physical & material properties of the tip accelerometer. 

Parameter Value 

Height (ά  ρπȢς ρπ  

Radius (ά) υȢρ ρπ 

Mass ὯὫ σȢυπρπ  

Volume (ά  ψȢσστχρπ 

Density, ” (ὯὫȾά  τςπρȢχ 

Elastic Modulus, Ὁ Ὃὖὥ) χπ 

tƻƛǎǎƻƴΩǎ wŀǘƛƻΣ ’ 0.33 

 

 

 

 

(vi)  Added mass 

  

(a) (b) 

Figure 12. Vibration test numerical model part: added mass (a) Isometric view, (b) Cross-

section geometry. 

Table 8. Physical and material properties of the added mass. 

Parameter Value 

Dimension (άά άά άά  υρȢςψ ςςȢσσ ςȢρ  

Mass (ὯὫ 4.03 ρπ 

Volume (ά  2.48439 ρπ 

Density, ” (ὯὫȾά  ρυυω 
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Elastic Modulus in Direction 1, Ὁ (Ὃὖὥ υωȢψ  

Elastic Modulus in Direction 1,Ὁ Ὃὖὥ υφȢψ 

Shear Modulus in Plane 1-2, Ὃ  Ὃὖὥ σȢτ  

Shear Modulus in Plane 1-3, Ὃ  Ὃὖὥ σȢτ  

Shear Modulus in Plane 2-3, Ὃ  Ὃὖὥ σȢτ  

tƻƛǎǎƻƴΩǎ ŎƻŜŦŦƛŎƛŜƴǘ ƛƴ tƭŀƴŜ м-2,’  πȢπυ 

 

(vii)  Solid-State Battery  

Table 9. Physical properties of the Solid-state battery. 

Parameter Value 

Dimension άά άά  ςπςπ 

Mass ὯὫ σȢυ ρπ 

Volume ά  2400 

Density, ” (ὯὫȾά  ρυυω 

 

All the geometric properties presented in Tables 3-9 were measured in the GEA 

mechanical testing laboratory.  

2.3.3. Assembly & Interactions 

After modeling and assigning material to individual components, the complete system was 

assembled in ABAQUS CAE to reproduce the configuration in the experiments. The beam 

was positioned between the clamps to represent the experimental cantilever condition. 

Figures 13-16 illustrate the assembled finite element model, displaying the relative positions 

of all components for undamaged and damaged conditions. Two accelerometers were placed 

at the opposite ends of the beam (Figures 13-16). And just behind the tip-accelerometer, 

extra mass was added (Figures 14, 15). Figure 16 shows the removal of all added mass and 

the placement of a drilled hole in its place.  
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(a) (b) 

Figure 13. Assembly of the numerical test setup for no damage condition (D0), (a) without 

battery, (b) with battery. 

  

(a) (b) 

Figure 14. Assembly of the numerical test setup for D1 damage condition, (a) without 

battery, (b) with battery. 

 
 

(a) (b) 

Figure 15. Assembly of the numerical test setup for (D2) damage condition, (a) without 

battery, (b) with battery. 
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(a) (b) 

Figure 16. Assembly of the numerical test setup for (D3) damage condition, (a) without 

battery, (b) with battery. 

The interactions among the connected components were modeled under perfect bonding 

assumptions to ensure compatibility of displacements at the contact surfaces. In ABAQUS, 

this was achieved through the implementation of ótie constraintsô at the relevant interfaces. 

This method enforces uniform displacement fields at the connected surfaces (master and 

slave surfaces), effectively simulating a rigid bond between the components. The 

accelerometers, solid-state battery, and additional mass were mounted to the beam using the 

same bonding assumption, replicating the rigid mounting conditions that were achieved by 

using adhesive during the experimental setup. While the tie constraint is excellent at 

enforcing seamless connections between nodes, it will not be able to replicate the effects of 

adhesive layers, which will introduce deviations between numerical and experimental 

results. 

2.3.4. Boundary Conditions & Loading 

The boundary conditions set for the model were designed to replicate the cantilever setup 

used in the vibration tests conducted experimentally. A fixed condition (encastre) was 

applied at the clamps' vertices to effectively constrain all the degrees of freedom and 

subsequently constrain the translational (U1, U2, U3) and rotational (UR1, UR2, UR3) 

DOFs of the beam section that is clamped. This boundary condition limits the translational 

movements of the support base, effectively preventing any rigid-body motion of the 

clamping system and permitting the beam to vibrate freely along its length. 

 This model provides a numerical simulation of the fixed boundary condition realized in the 

actual experimental arrangement. Figure 17 depicts the boundary conditions incorporated 

into the finite element model. 
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Figure 17. Encastre (fixed) boundary condition at the clamp. 

No external forces were applied in this study as the base was excited through the shaker. To 

recreate and simulate an exact scenario in the numerical simulation, an excitation was 

applied to the clamped section of the beam, where an óencastreô or fixed boundary condition 

was applied. And for the base accelerometer, motion in the Y axis was constrained, and a 

custom amplitude was applied based on the experimental data.  

 

2.3.5. Finite Element Discretization 

The numerical model's finite element discretization was conducted in ABAQUS/Standard to 

effectively represent the geometry, mass distribution, and structural performance of the 

experimental assembly. Different element formulations were utilized based on the geometry 

and mechanical functions of each component in the discretization strategy to accurately 

capture the primary deformation mechanisms while ensuring computational efficiency.  

For the composite beam and the added mass component, four-node shell elements of type 

(S4) were employed, which are linear quadrilateral elements with four nodes and six degrees 

of freedom per node, capable of modeling membrane and bending behavior under finite 

membrane strains. Shell elements were chosen for the beam due to their relatively small 

thickness compared to their in-plane dimensions, making the shell formulation suitable for 

precise modeling of bending and torsional deformations while optimizing computational 

Z

YX

X Y

Z
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resources. However, this approach may limit the ability to capture through-thickness stress 

variations and localized effects. 

The clamping system, accelerometers, and solid-state battery were modeled with three-

dimensional solid elements of type C3D8. These are eight-node linear brick elements within 

the 3D stress element family in ABAQUS, selected to represent fully three-dimensional 

geometries where shell formulations would not sufficiently capture structural stiffness or 

mass distribution. Each node of a C3D8 element has three translational degrees of freedom, 

allowing for accurate depiction of three-dimensional stress and deformation fields.  

Table 10. Summary of Mesh information for the entire assembly. 

Component Element Type Nodes Elements 

Beam S4 shell 5921 5700 

Clamps C3D8 solid 19311 16760 

Accelerometers C3D8 solid 1452 1150 

Solid-state battery C3D8 solid 3813 2400 

Added mass S4 shell 1215 1144 

Total  52762 45413 

This combination of shell and solid discretization enables the model to accurately reflect the 

structural behavior of thin components while capturing the three-dimensional characteristics 

of the support structures and mounted devices. A summary of the mesh characteristics for 

all the components used in the numerical study is presented in Table 10.  

A global mesh seed size of 1 mm was utilized for most of the model. This size was chosen 

as a balance between numerical precision and computational efficiency, providing adequate 

spatial resolution to capture the beam's deformation behavior and the interactions with 

attached components. The mesh generation process included a curvature control parameter 

with a maximum deviation factor of 0.1, ensuring that curved geometrical features were 

effectively represented by the discrete elements. 

The mesh generation methods were tailored to each component's geometry. Structured 

quadrilateral shell elements were used for the beam and added mass, whereas the solid 

components were meshed with hexahedral elements created using appropriate sweep or 

structured meshing techniques available in ABAQUS. This approach promotes regular 

element shapes and enhances numerical stability during eigenfrequency analysis. Overall, 
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the modelling strategy adopted in this study allows efficient simulation of the structural 

dynamics while capturing the dominant modal dynamics. However,  the assumption 

regarding the element idealization introduces simplification that must be considered while 

interpreting and comparing numerical results with experimental results. 

 

Figure 18. Complete discretized assembly with two added masses, D2 condition. 

Figures 18 and 19 illustrate the finite element meshes generated for the complete assembled  

models for D2 and D3 conditions, respectively. These figures showcase the distribution of 

shell and solid elements throughout the structure and emphasize the discretization of the 

beam, clamps, accelerometers, battery, and added mass. In Figure 19, the mesh refinement 

is modified due to the introduction of a hole. The mesh pattern exhibits a local variation in 

element topology in the region surrounding the geometric discontinuity, the hole. Circular 

regions cannot be discretized using purely structured quadrilateral elements without 

introducing excessive distortion. Hence, a combination of structured and mapped meshing 

techniques is employed to maintain acceptable element quality, conforming geometric 

boundary, and preserving numerical stability.    
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Figure 19.  Complete discretized assembly with a drilled hole, D3 condition. 

The chosen discretization accurately represents the structural assembly while ensuring 

manageable computational requirements for the modal analysis conducted in this research. 

The resulting finite element model serves as the foundation for the eigenfrequency 

calculations detailed in the following sections. 

 

2.3.6. Modal & Harmonic Analyses 

The dynamic characteristics of the structure were investigated through a frequency-based 

eigenvalue analysis performed using the Lanczos method implemented in ABAQUS, whose 

algorithm is illustrated in Figure 20 (Qiang et al. 2025)Ȣ This approach allows efficient 

extraction of the natural frequencies (first 10 modes) and corresponding vibration modes of 

large finite element models. 

 



 47 

 

 

Figure 20. Algorithm of the classical Lanczos method (Qiang et al. 2025)Ȣ 

The eigenvalue analysis yields the natural frequencies of the system, which can subsequently 

be contrasted with the modal properties measured experimentally. These numerical 

outcomes also provide a foundation for interpreting the dynamic behaviour of the system 

and assessing the impact of the solid-state battery and the additional mass on the vibration 

characteristics of the beam. To evaluate the response of the structure over a frequency range 

of 1 Hz to 2000 Hz, a dynamic frequency-domain analysis was performed. An excitation 

was applied at the base using a customized acceleration input defined by an amplitude curve 

mimicking the real experiment loading conditions. The resulting output included frequency-

dependent displacement, acceleration (A1 ï Z axis, A2 ï Y axis) responses, which were 

subsequently used to derive the FRF of the numerical study and compared with the 

experimental measurements. 

 

2.4. Experimental Setup 

The experimental setup was designed to perform controlled vibration tests in order to 

characterize the dynamic behavior of the instrumented beam and evaluate the sensing 

capability of the integrated solid-state battery. The configuration enables both constant-

frequency excitation and frequency sweep excitation, allowing the identification of the 

systemôs dynamic properties through the estimation of frequency response functions (FRFs). 

The measured responses are acquired in the time domain and later transformed into the 

frequency domain during signal processing. 
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The experimental system consists of a vibration excitation unit, signal generation and 

amplification devices, a data acquisition system, measurement sensors, and the instrumented 

beam assembly. The primary components include an electrodynamic shaker, a signal 

generator, a power amplifier, a data acquisition system (DAQ), two accelerometers, and the 

instrumented beam containing the solid-state battery. These components are connected to a 

computer responsible for recording and processing the measured signals. Figure 21 

illustrates the schematic diagram of the complete experimental setup, while Figure 22 shows 

the actual experimental setup. The setup consists of a signal generator, power amplifier, 

shaker, DAQ, and a laptop to process the output signal. A close-up view of the connection 

of the battery to the beam is illustrated in Figure 23. 

 

 

Figure 21. Assembly diagram of the experimental setup for the vibration test. 
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Figure 22. Actual assembly of the experimental setup (Carpena Neto, 2025). 

 

Figure 23. Assembly of the battery to the beam. 

The vibration excitation is provided by an electrodynamic shaker, specifically the Modal 

Exciter Type 4824 manufactured by Brüel & Kjær. This device is commonly used for modal 

testing due to its ability to generate controlled mechanical vibrations over a wide frequency 
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range. The shaker was selected instead of traditional impact hammer excitation because it 

allows the application of repeatable harmonic signals and frequency sweeps with precise 

control of excitation amplitude. This capability improves the reliability and consistency of 

the dynamic measurements. 

The shaker is driven by a Power Amplifier Type 2732, also manufactured by Brüel & Kjær, 

which amplifies the excitation signal generated by the signal generator to the power level 

required by the shaker. The excitation signal is produced using a Minipa MFG-4205C 

arbitrary function generator, which utilizes direct digital synthesis (DDS) technology to 

generate stable and accurate signals. Through this device, the excitation waveform and 

frequency range could be set during the vibration tests. 

The dynamic response of the system is measured using two commercial accelerometers. The 

first accelerometer, manufactured by Kistler (model 8640A10), is mounted on the support 

structure attached to the shaker and is referred to as the base accelerometer. This sensor 

measures the input acceleration applied to the beam and has a measurement range of ±10 g 

with a sensitivity of 491 mV/g. The second accelerometer, manufactured by Brüel & Kjær 

(model 4517), is positioned at the free end of the beam to measure the structural response. 

This sensor has a measurement range of ±10 g and a sensitivity of 10.28 mV/g, with a 

considerably smaller mass to minimize its influence on the dynamic behavior of the beam. 

The structure under investigation consists of a cantilever beam instrumented with a solid-

state battery, which is monitored during the vibration tests. The beam is mounted on a custom 

support designed to ensure a consistent clamped boundary condition. The support is 

composed of two parts: a lower section attached directly to the shaker using an M6 threaded 

connection, and an upper section that clamps the beam using four M4 screws. This 

configuration ensures that the beam behaves as a cantilever structure during the tests. 

The signals from the accelerometers and the solid-state battery are recorded using a LabAmp 

Kistler® data acquisition system (model 5165A). The DAQ system enables simultaneous 

acquisition of the sensor signals and transmits the data to a computer through a network 

connection. These signals are subsequently processed to compute the transmissibility 

functions, identify natural frequencies, and evaluate the structural health monitoring metrics 

defined in the previous sections. 
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Prior to performing the vibration tests, all electrical and mechanical connections were 

verified to ensure proper operation of the experimental setup. Low-amplitude excitation tests 

were initially conducted to confirm the integrity of the measured signals before proceeding 

to the full experimental measurements. 

 

2.5. Signal Processing and Modal Identification  

The experimental signals acquired during the vibration tests were processed using 

frequency-domain analysis techniques to identify the dynamic structures and later compute 

the damage metrics. The signal processing procedure was implemented in MATLAB 

(2024a) and consisted of several stages ï preprocessing of raw data, applying necessary 

filters to reduce noise, spectral analysis, estimating transmissibility functions, coherence 

evaluation, modal identification, and validation.  

The experimental measurements were stored in a four-column data file 

ὸὭάὩȟὸί     ὄὥὸὸὩὶώ ὺέὰὸὥὫὩȟὠ άὠ     ὄὥίὩ ὥὧὧὩὰὩὶέάὩὸὩὶ ίὭὫὲὥὰȟὥ Ὣ 

 ὝὭὴ ὥὧὧὩὰὩὶέάὩὸὩὶ ίὭὫὲὥὰȟὥ Ὣ . 

The accelerometer signals were converted into SI units using 

ὥ ὥ ὫȠ      Ὣ ωȢψρ άί                                 ςȢυυ 

The sampling frequency of the measurements was determined from the time vector 

Ὂ
ρ

ɝὸ
                                                                ςȢυφ 

Where ɝὸ denotes the average sampling interval. The total number of samples ὔȟ and the 

measurement duration Ὕ are therefore calculated by 

Ὕ
ὔ

Ὂ
                                                                 ςȢυχ 

These parameters define the temporal resolution of the recorded signals. The structural 

dynamic response was analysed by means of transmissibility functions derived from the 

accelerometers positioned at both the base and the tip of the beam. This transmissibility 
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function illustrates the relationship between two structural responses in the frequency 

domain and is defined as 

ὝὪ
ὢ Ὢ

ὢ Ὢ
                                                    ςȢυψ 

ὢ Ὢ ὥὲὨ ὢ Ὢ represent the Fourier transform of the tip and base acceleration signal, 

respectively. This study employs the transmissibility function to characterize the dynamic 

response of the composite beam and to identify its modal properties. Peaks in the magnitude 

of T(f) correspond to the structure's natural frequencies and are utilized for modal 

identification under various damage conditions. 

The spectral quantities were estimated using Welchôs method, which involves dividing the 

signal into overlapping segments, applying a Hann window, computing the Fourier 

transform of each segment, and averaging the resulting spectra (Jwo et al. 2021). The 

window length was based on the minimum frequency of interest, including multiple cycles 

of the lowest frequency component. The overlap between segments was set to 70-80% of the 

window length to enhance statistical averaging and reduce variance in the spectral estimates. 

The number of frequency bins for the Fourier transform was also determined accordingly 

using Eq. (2.59). 

ὔ ς                                              ςȢυω 

This ensures efficient computation and adequate resolution of frequency so that peaks can 

be identified easily.  The cross-power spectral density (CPSD) between the signals was 

calculated as 

Ὃ Ὢ Ὓ ȟ Ὢ 

ρ

ὑ
ὢ Ὢὢ

ᶻ
Ὢ                             ςȢφπ 

And the auto-power spectral density of the base signal was computed as 

Ὃ Ὢ Ὓ ȟ Ὢ 

ρ

ὑ
ὢ Ὢ                                          ςȢφρ 
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ὢ Ὢ represents the Fourier transform of the  Ὧ-th windowed segment, Ȣᶻ represents the 

complex conjugate and  ὑ is the total number of averaged segments. These spectral 

quantities are used to compute the transmissibility function experimentally through the ratio 

ὝὪ  Ὃ ὪȾὋ Ὢ, which provides the basis for FRF analysis in Chapter 3. 

The coherence function varies between 0 and 1 and provides a measure of the linear 

correlation between the two signals at each frequency. High coherence values indicate that 

the measured response is strongly related to the excitation and, therefore, suitable for modal 

identification. The magnitude-squared coherence function is 

‎ Ὢ
ȿὛ Ὢȿ

Ὓ ὪὛ
                                               ςȢφς 

Ὓ Ὢ is the cross-power spectral density between the tip and base signals, and 

Ὓ Ὢ and Ὓ Ὢ are the auto-power spectral densities of the tip and base signals, 

respectively. Coherence is used in this study as a quality indicator to ensure that the identified 

peaks correspond to reliable structural responses.   

The excitation signal produced by the battery system was examined to ensure that adequate 

energy was present throughout the relevant frequency spectrum. Before performing spectral 

estimation, the voltage signal was detrended to eliminate low-frequency drift and baseline 

fluctuations. To mitigate electrical noise from the power grid, narrow notch filters were 

utilized at multiples of 60 Hz. These filters were constructed using second-order Butterworth 

band-stop filters and applied with zero-phase filtering to prevent phase distortion. 

Subsequently, Welch's method was utilized to estimate the power spectral density (PSD) of 

the processed signal. 

ὖὛὈ Ὢ
ρ

ὑ
ὠ Ὢ                                          ςȢφσ 

ὖὛὈ Ὢ ρπÌÏÇὖὛὈ Ὢ                                   ςȢφτ 

where ὠ Ὢ is the Fourier transform of the Ὧ-th windowed segment of the battery voltage 

signal. To improve visualization, the spectrum was smoothed using a moving average filter. 

In contrast to accelerometers, which measure mechanical responses directly, the battery 

provides electrical signals related to structural information. Hence, modal information needs 
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to be extracted by identifying peaks in the PSD presented in Eq. 2.64. And then correlated 

with the resonance frequencies obtained from the accelerometer-based FRF analysis. 

 

Figure 24. Roadmap of signal processing and SHM. 

A general roadmap of the whole experimental procedure is presented in Figure 24, which 

shows the complete steps incorporated in this study in an ordered manner.  

 

2.6. Structural Health Monitoring (SHM) Metrics 

Structural Health Monitoring (SHM) refers to the process of periodic or continuous 

assessment of the integrity and operational condition of engineering structures through 

sensors and data analysis. The primary objective of SHM is to detect, locate, and quantify 

damage in the early stages to prevent catastrophic failures. SHM improves structural 

reliability, reducing maintenance costs. Damage occurring in a structure typically alters its 

physical properties, such as mass, stiffness, and damping characteristics. These changes 
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consequently alter the dynamic response of the system. By monitoring these variations in 

dynamic responses, it is possible to infer the presence and severity of damage.  

Vibration-based SHM methods are popular for detecting global structural changes with 

simple instrumentation. In vibration-based SHM, the changes may be observed through 

variations in parameters such as natural frequencies, mode shapes, damping ratios, and 

Frequency Response Functions (FRFs). In this study, damage detection is performed using 

metrics derived from measured FRFs and transmissibility functions obtained from 

accelerometer and battery signals, as it provides a comprehensive description of the dynamic 

behaviour of a system across a wide frequency range.   

Various damage metrics have been suggested in the literature to measure discrepancies 

between the dynamic reactions of undamaged and damaged structures. To assess the 

effectiveness of different methods, this study examined four damage indicators. 

(i) Mickens Damage Index ï One of the damage indicators used in this study was proposed  

(Mickens, Schulz, Sundaresan, Ghoshal, Naser and Reichmeider 2003). This method 

considers the difference between the magnitudes of the FRFs obtained from the intact and 

damaged structures.  

Then, the Damage Index (DI) is calculated by integrating this difference over a certain 

frequency range, where ὪȟὪ are the lower and upper frequency limits of that certain band.  

ὈὍ
ρ

Ὢ Ὢ
ώὪὨὪ                                             ςȢφυ 

During the implementation of Eq. 2.65 to develop DI for battery and accelerometer data, 

Ὢwas taken higher than  ὪȢ And so a slight rearrangement was made to the equation to have 

a consistent sign. So, the modified equation is  

ὈὍ
ρ

Ὢ Ὢ
ώὪὨὪ                                             ςȢφφ 

(ii) Another metric is the Change in Measured Parameters Metric (CMPM), which evaluates 

the absolute difference between the FRF magnitudes of the damaged and intact system across 

the frequency range (Sartorato, Medeiros, Vandepitte and Tita. 2017).  

ὅὓὖὓ
В ȿὌ Ὢ Ὄ Ὢȿ

В ȿὌ Ὢȿ
                                         ςȢφχ 
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Where ὌȟὌ  denote the FRF of the intact structure and damaged structure, respectively. 

(iii) Change in Measured Ratio Metric (CMRM) measures the relative change between the 

damaged and intact FRF magnitudes 

ὅὓὙὓ 
Ὄ Ὢ Ὄ Ὢ

ȿὌ Ὢȿ
                                         ςȢφψ 

CMRM emphasizes relative differences in the response and is particularly sensitive to small 

changes in dynamic behaviour.  

Applying these metrics to various damage conditions assesses each indicator's sensitivity to 

structural changes. The comparison of battery-based and accelerometer-based results offers 

insights into the proposed sensing method's effectiveness in detecting and quantifying 

damage. This framework evaluates both the minimum detectable damage and the 

consistency of indicators across different sensing technologies 
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3. Result and Discussion 

This chapter presents and discusses the main findings of the experimental and numerical 

studies carried out to evaluate the dynamic behaviour of the cantilever PPS beam. Also, the 

performance and feasibility of the proposed SSB as a sensing element for structural health 

monitoring applications are evaluated. And hence, four structural conditions were 

introduced, and the conditions are characterized as D0, D1, D2, and D3, and presented in 

Table 11. The study combines finite element predictions, conventional accelerometer 

measurements, and SSB-derived electrical responses. The numerical study is divided into 

frequencyïbased eigenvalue analysis and dynamic analysis to obtain the frequency response 

function (FRF). Accelerometers were used as they are reliable and can serve as the basis for 

comparison and validity checks.  The battery voltage signals are analysed through spectral 

methods and correlated with accelerometer-based transmissibility in order to compare and 

assess the ability of SSB to capture vibration-induced modal characteristics.  

Table 11. Damage conditions. 

Damage Condition Remark 

D0 No damage 

D1 +4g 

D2 +8g 

D3 -2g 

Both the numerical and experimental models were modified according to the damage 

conditions. These conditions validate the study and are also crucial to establishing the SHM 

based on the damaged metrics ï DI, CMPM, and CMRM. SHM metrics derived from modal 

changes are assessed in terms of sensitivity to different damage levels for the fundamental 

modes only.  

And finally, the current limitation, challenges of this present work are discussed, including 

modelling assumptions, experimental uncertainties, and external variables. Future 

opportunities for improved studies are also highlighted.   
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3.1. Numerical & Experimental Results 

This section focuses on the experiments conducted, their findings, and how they can be 

interpreted. During the laboratory experiments, two sets of sensors were used: 

accelerometers as a traditional sensor, and batteries. Among the set of 8 batteries (PM9-

PM16), PM9, PM11, PM14, and PM16 were tested. PM16 had the lowest resistance and was 

successful in identifying structural dynamics. The input signal amplitude had to be amplified 

to a very high level for the other batteries, i.e., PM9, which was potentially harmful for both 

the shaker and the accelerometers. Hence, the complete set of experiments was carried out 

with PM16. During the experiments, accelerations (accelerometers) and voltage (SSB) were 

recorded over a certain time period with a sample frequency of 6250 Hz. Later, the data were 

filtered and converted into the frequency domain using Welchôs PSD method to extract 

modal information about the setup.  

A quantitative comparison between numerically and experimentally obtained natural 

frequencies is included to evaluate the accuracy of the approaches and explain the 

discrepancies between idealized predictions and measured responses. 

 

3.1.1. Frequency Response Functions (FRFs) from Numerical Analysis 

The frequency response functions derived from the numerical analysis (Figures 25-28) show 

clear resonance peaks associated with the structural modes for undamaged and damaged 

conditions. A dynamic mode analysis was performed in ABAQUS over a frequency range 

of 0 Hz to 2000 Hz, using 2 Hz increments to produce a comprehensive FRF for the 

numerical study. As output, accelerations on the x (A1) and y (A2) axes are selected, and 

the base acceleration is taken as input. As damage severity increases from D0 to D2, these 

peaks shift consistently towards lower frequencies. This pattern reflects a gradual decrease 

in structural stiffness caused by the added mass.  Moreover, a shift towards higher 

frequencies is noticeable in the D3 condition, as inertia was reduced in this case with the 

reduction of mass. Furthermore, broadening of the peaks is observed in the damaged states, 

indicating enhanced damping and energy dissipation.  
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Figure 25. FRF obtained from numerical analysis in ABAQUS for the D0 condition. 

 

Figure 26. FRF obtained from numerical analysis in ABAQUS for the D1 condition. 
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Figure 27. FRF obtained from numerical analysis in ABAQUS for the D2 condition. 

 

Figure 28. FRF obtained from numerical analysis in ABAQUS for the D3 condition. 
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Numerical FRFs in Figures 25-28 are very smooth and show clear, stable peaks as the 

numerical model is assumed to be perfect. The beam is modelled evenly, with a perfect 

rectangular cross-section, a constant thickness, and the orthotropic properties are 

homogeneously distributed. These assumptions do not fully correlate with the experimental 

condition, and hence, there are deviations between experimental and numerical FRFs. 

Although there are variations in amplitude between acceleration direction A1 and A2, the 

resonance frequencies remain stable, validating that the identified peaks represent global 

structural modes. 

 

3.1.2. Battery Sensor Response and Correlation with Structural Vibration 

The dynamic response measured by the solid-state sodium battery (SSB) was analysed 

through the power spectral density (PSD) of the voltage signal and then compared with the 

transmissibility-based FRFs obtained from the accelerometers for the undamaged (D0) and 

damaged (D1-D3) conditions. The analysis enables evaluation of the extent to which the 

electrical response of the battery reflects the mechanical behaviour of the PPS beam 

structure. FRFs derived from accelerometers clearly identify the dominant resonance 

frequencies of the system. The transmissibility curves are smooth, and the peaks are quite 

sharp, allowing straightforward modal identification. On the other hand, the battery voltage 

signal is much more chaotic and exhibits a complex spectral behaviour. Multiple resonance 

peaks and fluctuations across the frequency range are visible. Despite this, the dominant 

peaks in the battery PSD are consistently located in similar regions as the primary resonance 

peaks of the accelerometers' FRFs illustrated in Figures 29-32. Compared to accelerometer 

readings, battery readings are more erratic and susceptible to electrical interference, as 

illustrated in Appendix 1. 

The correlation indicates that the voltage response of the battery is directly proportional to 

structural vibrations, confirming the existence of electromechanical coupling between the 

deformation of the beam and the electrical output of the battery. Particularly, in the case of 

the first mode, the modal peak is clearly distinguishable for all structural conditions. As the 

conditions transition from D0 to D2, the resonance peaks shift toward the left (lower 

frequency) due to an increase in system inertia, while in D3 the peak shifts back toward 

higher frequency as mass is removed. Both the battery and accelerometers reproduce this 
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trend consistently, demonstrating their sensitivity to global changes in mass-to-stiffness 

ratio. For higher modes, the correlation between the battery PSD and accelerometer 

transmissibility is less pronounced and sometimes difficult to isolate. This behaviour is due 

to lower strain energy associated with higher modes at the battery location and the reduced 

signal amplitude at higher modes.  

 

Figure 29. Experimental Transmissibility FRF (tip/base) and battery voltage PSD for the D0 

condition. 
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Figure 30. Experimental Transmissibility FRF (tip/base) and battery voltage PSD for the D1 

condition. 



 64 

 

 

Figure 31. Experimental Transmissibility FRF (tip/base) and battery voltage PSD for the D2 

condition. 
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Figure 32. Experimental Transmissibility FRF (tip/base) and battery voltage PSD for the D3 

condition. 

A significant feature of the battery response is the presence of the periodic peaks around 60 

Hz and its multiples. These peaks are not related to structural modes, but rather to electrical 

interference present in the laboratory environment. To mitigate these issues, narrow-band 

stop filters were applied to remove the dominant interference frequencies (60 Hz and its 

multiples), and the signal was processed using Welchôs method to obtain a smooth PSD 

representation. The trade-off is that some structural information is lost. These steps improve 

signal clarity but do not eliminate the noise entirely. 
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Comparing the experimental FRFs (Figures 29-32) with those of numerical FRFs (Figures 

25-28), the influence and limitations of the modelling assumptions can be ascertained. While 

the beam is assumed to be perfect in the numerical model, symmetry breaks in the orthotropic 

properties occur due to intrinsic variabilities during the manufacturing process. Moreover, 

fluctuations in thickness, misalignment of the fibre weave, and non-uniformity in resin 

distribution are observed in the bidirectional fabric laminated PPS beam. Additionally, there 

are discrepancies between the boundary conditions attributed to the numerical case (ideal 

constraints) and those that are actually present in the experiment. And due to these reasons, 

there are some peaks and irregularities present in the experimental FRFs of the 

accelerometers. For example, around the 300 Hz region, a peak can be identified (Figures 

29-32), which suggests a mode present in that region, which disagrees with the numerical 

data. This is more likely due to anomalies of manufacturing and/or assembly processes, 

rather than being an actual structural mode. Knowledge of these uncertainties/impurities is 

crucial for detecting actual structural modes amid false-positive cases.  

Additionally, in Figures 29-32, where the transmissibility of the accelerometers and PSD of 

the SSB are presented for each damage case, it is noteworthy that it is relatively easy to 

detect modal peaks from accelerometer data, but in the case of SSB data, there are a lot of 

periodic peaks that are not true modal peaks. To extract the exact modes from the battery 

PSD, prior information on the location of base-condition peaks is strongly needed. Data from 

the digital twin can be crucial in identifying damaged modes with SSB. Otherwise, false-

positive cases may occur at a higher rate than in accelerometer results.  

 

3.1.3. Comparison between Numerical and Experimental Results 

Although the first ten modes were numerically calculated, only the first three are relevant to 

this study, as the higher frequencies are outside the scope of interest. Hence, the first three 

modal information are also extracted from experimental analysis. Figures 33-36 show the 

relative mode shapes with displacement and associated natural frequency for the damage 

conditions, D0, D1, D2, and D3, respectively. The first and third modes (Figure 33-36. a, c) 

are flexural, while mode 2 represents the torsional mode (Figure 33-36. b).  
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In the initial damage condition, D0, the beam remains undamaged to establish a baseline for 

subsequent experiments. Table 12 presents the natural frequencies for the D0 condition. And 

the mode shapes of these first three modes, along with their natural frequency and 

displacement, are shown in Figure 33. Regarding the measurements, the discrepancy 

between the numerical predictions and accelerometer data is minimal, representing that the 

global stiffness and mass distribution of the beam are reasonably represented in the 

numerical model. Though it is slightly more pronounced for the battery sensor data, the 

estimation also identifies the same modal region, confirming that this novel sensor is capable 

of detecting dominant structural dynamics. Nevertheless, the differences between the 

experimental results remain within acceptable limits, with discrepancies of approximately 

8%, 4.82%, and 5.5% between the battery and accelerometer readings for the respective 

modes.  

In the cases of higher modes, larger deviations are observed between numerical and 

experimental results. Such behaviour is expected as higher-order modes are more sensitive 

to local modelling assumptions, boundary conditions, sensor mass loading, clamping 

rigidity, uncertainties in orthotropic material properties, and adhesive layers. Moreover, 

slight positioning deviation of sensors in experimental and numerical models can influence 

the measured amplitude and peak identification at higher frequencies. However, all three 

approaches are consistent enough in identifying the same modal sequence, which validates 

the use of the numerical model as a reference tool for modal interpretation and also validates 

the use of the battery as a sensing element.  

Table 12. Numerical and experimental natural frequencies for the first three modes obtained 

for the D0 condition. 

 

Mode 

Natural Frequency (Hz) 

Finite Element model  Accelerometers  Battery  

1 79.762 77.82 71.625 

2 436.39 443.27 421.91 

3 507.36 511.93 541.69 
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(a) (b) 

 

(c) 

Figure 33. Mode shapes and natural frequency for D0 condition (a) mode 1, (b) mode 2, (c) 

mode 3. 

In the case of D1 condition, the addition of mass is expected to induce a decrease in natural 

frequency as the systemôs inertia would increase, and this behaviour is consistent with the 

fundamental relationship governing structural dynamics. This trend is clearly observed for 

the first mode, presented in Table 13, where both numerical and experimental 

(accelerometers and battery) results show a consistent reduction in the natural frequency, 

with a difference of 1.39%. The differences for the other 2 modes are relatively small too ï 

3.32%, and 7.43%.  But in the cases of modes 2 and 3, the behaviour does not follow the 

theoretical trend, which occurs because the addition of mass does not represent a purely 

inertial modification. Attachment of mass with adhesive introduces a localized alteration of 

both stiffness and inertial properties. Particularly, the adhesive layer and the physical contact 

between the mass and the PPS beam introduced a local stiffening effect, especially in the 

zones of high modal curvature. Moreover, higher vibration modes are more sensitive to 

localized stiffness modification and boundary conditions than the fundamental mode (mode 
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1). The discrepancy in modes 2 and 3 is likely due to the combined effects of added mass 

and localized stiffness modification, emphasizing the need for an accurate representation in 

the numerical model for simulating damage conditions.  

Table 13. Numerical and experimental natural frequencies of the first three modes obtained 

for the D1 condition. 

 

Mode 

Natural Frequency (Hz) 

Finite Element model  Accelerometers  Battery  

1 62.143 
 

68.66 69.625 

2 470.92 444.3 429.54 

3 522.99 512 553.1 

 

  

(a) (b) 

 

(c) 

Figure 34. Mode shapes and natural frequency for D1 condition (a) mode 1, (b) mode 2, (c) 

mode 3. 
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Condition D2 represents the most severe mass-addition case, where another 4g mass was 

added on top of the previously attached mass using adhesive. In the case of D2, similar 

arguments can be presented as in the D1 condition. Again, thereôs a sharp and expected 

decrease in natural frequency for the fundamental mode (mode 1) presented in Table 14. 

Confirming that the fundamental mode is highly sensitive to alterations of mass-to-stiffness 

ratio, and the difference between battery and accelerometer results is only 2.7%. This insight 

is particularly important for SHM applications because it demonstrates that the dominant 

mode can be used as a robust indicator for change in structural health.  

A similar decreasing tendency is observed in both the accelerometer and battery results, 

which solidifies the confidence in the sensing capability of the battery. The overall modal 

trend is preserved even though certain discrepancies are present. The larger deviations at 

higher frequencies- modes 2, 3 (Figure 35. b, c), are again due to the combined effects of 

increasing sensitivity of higher modes to modelling idealizations, local mass attachment, and 

adhesive compliance.  

Table 14. Numerical and experimental natural frequencies of the first three modes obtained 

for the D2 condition. 

 

Mode 

Natural Frequency (Hz) 

Finite Element model Accelerometers Battery 

1 50.61 54.93 56.46 

2 445.57 447.1 424.96 

3 508.80 521.9 544.74 
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(a) (b) 

 

(c) 

Figure 35. Mode shapes and natural frequency for D2 condition (a) mode 1, (b) mode 2, (c) 

mode 3. 

For the last damage condition D3, material removal reduces inertia and slightly modifies the 

distribution of local stiffness. The results are presented in Table 14, where the difference 

between the two experimental methods is as follows - 2.3%, 2.25%, 5.4% for modes 1,2, 

and 3, respectively. All of the frequencies across numerical and experimental analyses have 

increased as inertia was reduced in this case, as expected from the theoretical study. This 

confirms that the proposed methodology is capable of distinguishing between opposite 

structural modifications and also ensures the sensitivity of the battery as a sensor.  
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Table 15. Numerical and experimental natural frequencies of the first three modes obtained 

for the D3 condition. 

 

Mode 

Natural Frequency (Hz) 

Finite Element model Accelerometers Battery 

1 83.43 73.24 75.75 

2 463.06 440.22 430.3 

3 513.91 521.1 550.84 

 

  

(a) (b) 

 

(c) 

Figure 36. Mode shapes and natural frequency for D3 condition (a) mode 1, (b) mode 2, (c) 

mode 3. 
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An important observation from the modal analysis with the introduction of the hole is the 

change in ordering. Without the hole ( condition D0-D2), the second mode is the torsional 

mode, and the third mode is the bending mode. However, after drilling a hole into the beam, 

the modal characteristics changed, and the torsional mode shifted to the third position. This 

phenomenon indicates the local reduction of stiffness, and such modal reordering is 

commonly associated with localized structural modification that affects bending and 

torsional stiffness differently.  

This phenomenon also highlights a limitation associated with sensing techniques 

incorporated in this study. The accelerometer configuration mainly measures the 

translational acceleration at discrete locations, and therefore is more accurate in sensing 

bending responses compared to torsional deformations. A similar challenge was observed 

for the solid-state sodium battery sensor as well. As the batter covers a finite surface area of 

the beam, the deformation due to torsion may produce a strain field with opposing directions 

across the sensor region. These opposite strain-induced responses can partially cancel each 

other, resulting in a reduction in the sensitivity of the battery to torsional vibrations. As a 

result, both sensing methods showed a stronger correlation for the flexural modes than for 

the bending modes.   

A summary of the percentage differences between the natural frequencies obtained from the 

finite element model, accelerometer measurements, and battery-based measurements is 

presented in Table 16. Overall, the numerical model shows a satisfactory agreement with 

experimental data, but the difference with battery data is consistently higher than that of 

accelerometer results. Ideal assumptions and rough estimation of the structural properties of 

the battery during finite element modelling can be the key reason for this discrepancy. These 

discrepancies result from lower signal amplitudes at higher frequencies, contamination from 

electrical noise, and the diminished sensitivity of the battery sensor outside the main 

resonance range. 

Especially, in the case of the first mode, the larger differences are observed in the modified 

structural conditions (D1-D3), where the error ranges around 10% for both battery and 

accelerometers with respect to numerical results. But interestingly, the differences in the two 

experimental methods are below 3%. This shows that numerical predictions are based on 

ideal conditions where real-case scenarios might be different. Finite model predictions can 
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struggle to fully capture the modifications of inertial and stiffness properties, as well as the 

effect of adhesion.   

The lower but consistent difference between experimental results indicates that the battery 

has good enough sensing capability. But the offset occurs due to the positioning of the 

sensors, presence of electrical noise, and, most importantly, the removal of accelerometers 

in some battery-only experiments resulted in lower inertia and eventually higher natural 

frequencies captured by the battery. The accelerometers were removed to reduce 

electromagnetic noise and apply high strain. And so, the input signal was amplified during 

testing with batteries, which could potentially damage the accelerometers. 

Table 16. Comparison between Finite Element (FE) and experimental (accelerometers and 

battery) natural frequencies. 

Damage 

Condition 

Mode FE vs 

Accelerometers (%) 

FE vs Battery 

(%) 

Battery vs 

Accelerometers (%) 

 

D0 

1 2.49 10.19 7.95 

2 1.55 3.32 4.82 

3 0.89 6.34 5.81 

 

D1 

1 9.49 10.76 1.41 

2 5.99 8.79 3.32 

3 2.10 5.76 8.03 

 

D2 

1 7.86 10.36 2.79 

2 0.34 4.63 4.95 

3 2.15 6.60 4.38 

 1 12.21 9.21 3.31 

D3 2 4.93 7.07 2.25 

 3 1.38 7.19 5.40 

 

In summary, the quantitative comparison validates the finite element model as a reliable tool 

for predicting structural behaviour with certain limitations. It  also demonstrates that the 

battery sensor can successfully reproduce the key modal shifts detected by accelerometers, 

which presents a strong argument for the performance of the battery as a sensing element. 

Overall, the results confirm that the solid-state sodium battery can function as a self-powered 

sensing element capable of detecting structural vibration characteristics, especially in the 

low-frequency range dominated by global modes. This offers a promising candidate for 
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embedded SHM applications, although improvements in signal conditioning and noise 

mitigation are necessary for standalone applications. 

 

3.2. Damage Metrics for SHM 

A quantitative evaluation of structural damage was conducted using frequency-based 

damage metrics that are based on the identified modal parameters obtained from the FRFs 

of the battery signal. The selection of the damage metrics ï DI, CMPM, and CMRM in this 

study is justified by their suitability for vibration-based SHM using the frequency response 

function. The three selected indicators are based on the principle that structural damage 

affects inertia, stiffness, and damping properties, which in turn modify the FRF. These 

metrics offer a structured method for comparing the undamaged baseline condition (D0) with 

various levels of damage (D1ïD3), facilitating the identification and assessment of stiffness 

loss.  

Figures 37 and 38 illustrate the Frequency Response Functions (FRFs) for all four damage 

conditions obtained from battery PSD and accelerometer transmissibility, respectively, 

focusing specifically on the first mode within the 50ï80 Hz range. The shifts between the 

peaks for each condition are clearly discernible, allowing for a precise interpretation of both 

the type and magnitude of damage based on these spectral variations. In Figure 37, no peaks 

can be seen at 60 Hz due to forcing a filter at that specific frequency. Some spectral 

information was lost because of the use of this 60 Hz filter, which eventually altered the 

damage metrics to some extent. But the alteration is not significant enough; without the filter, 

it was challenging to calculate meaningful metric values.   
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Figure 37. First mode spectrum obtained from battery PSD for all damage conditions.  

 

Figure 38. First mode spectrum obtained from accelerometer transmissibility for all damage 

conditions. 

The Damage Index (DI) was determined as the average integrated difference across a 

specified frequency range. The main advantage of DI is that it considers the cumulative 

variation over a range rather than focusing on single peaks. This allows the metric to be 

robust when the peak shifts are small but distributed across the spectrum, or damage affects 

multiple frequencies simultaneously. DI is also sensitive to local measurement noise as it 
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uses integration over the frequency range. DI is well-suited for detecting global structural 

changes in the beam. But DI lacks the sensitivity, and so other metrics, such as CMPM and 

CMRM, are also calculated. Furthermore, the Change in Measured Parameters Metric 

(CMPM) and the Change in Measured Ratio Metric (CMRM) were employed to measure 

the absolute and relative changes in FRF magnitudes, respectively. CMPM is particularly 

useful when the goal is to calculate the overall severity of the damage, as larger deviations 

in modal and resonance behaviour result in larger metric values. Unlike CMPM, which 

considers cumulative absolute changes, CMRM focuses on proportional differences and is 

therefore more sensitive to subtle local variations. This characteristic makes it useful for 

detecting small modifications that may not produce large global changes in the FRFs. 

Therefore, for low-severity or early-stage damages, CMRM can be very sensitive. These 

metrics were utilized to evaluate the sensitivity of the dynamic response to structural 

damage. 

Table 17. Calculated damage metrics from battery PSD for the first mode. 

State DI CMPM  CMRM  

D1 0.0034155     1.0039     375.92 

D2 0.0057     1.6691     684.52 

D3 0.0033331      0.979     371.41 

 

Table 18. Calculated damage matrix from accelerometer transmissibility for the first mode. 

State DI CMPM  CMRM  

D1 4.1771     0.72792     14.239 

D2 5.1318     0.90073     19.79 

D3 2.383      0.41557     8.3373 
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Figure 39. Damage metrics, developed from the first mode for all damage conditions using 

battery PSD (left),  accelerometer transmissibility (right). 

Calculated damage metrics are presented in Tables 17 and 18 and illustrated in Figure 39 for 

both experimental methods. The algorithm for structural health monitoring was revised to 

assess damage using various response-based metrics derived from the frequency response 

functions of both intact and damaged states.  

For both sensing approaches, the D2 condition consistently resulted in the highest metric 

values across all metrics, and this behaviour is expected as D2 corresponds to the largest 

damage condition (+8g mass) that generated the most significant alteration in the dynamic 

response of the system. This increase in inertia causes a larger shift in natural frequency and 

also greater variation in the spectral amplitude. The D1 and D3 conditions generated 

comparatively lower metric values, which indicates smaller deviations from the undamaged 

state.  

A comparison between the accelerometer and battery results reveals an important difference 

in sensitivity and stability. DI values for the battery are fairly low, indicating very low 

sensitivity. Since DI expresses the average integrated difference, the batteryôs PSD is 
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relatively less smooth and more erratic compared to accelerometer transmissibility. So, DI 

is not a suitable choice for developing SHM using this novel battery as a sensor. On the other 

hand, CMPM values are relatively similar for both approaches and can serve as a reliable 

metric. However, CMPM has the highest sensitivity for battery PSD and is currently the best 

choice for analysis.   

Another key importance is the values for the D3 condition. While the natural frequency of 

the first mode is higher for the battery, it is lower for the accelerometer (Table 15), compared 

to their respective D0 condition values. But no indications of such phenomena can be 

observed by analysing the damage metrics. Taking the absolute difference while calculating 

is the reason for such a limitation. Another damage metric may be needed to address this 

issue and also to differentiate between positive and negative pseudo-damages. 

The analysis indicates that frequency-based damage metrics serve as effective tools for 

detecting and quantifying structural damage. The trends observed emphasize the significant 

relationship between change in frequency and stiffness, while also showing that both 

traditional and self-sensing measurement methods can effectively capture alterations in the 

dynamic response caused by damage. 

 

3.3. Limitations, Uncertainties, and Future Work 

The results presented in this study demonstrate the performance and feasibility of using SSB 

as a sensing element for vibration-based structural health monitoring. However, several 

limitations and challenges present in this study must be addressed, as they influence the 

accuracy and overall acceptability of the current findings. The limitations can be categorized 

as numerical, experimental, and interpretational.  

From a numerical perspective, the FE model is based on several simplified and ideal 

assumptions, such as homogeneous distribution of orthotropic properties across the beam, a 

perfectly rectangular beam with even thickness, and perfect bonding conditions between all 

components. To connect the components with the beam, a óSurface to Surface tieô constraint 

was used in ABAQUS. While this constraint has high accuracy for nonlinear and complex 

geometry, it does not fully translate the effects of adhesive layers present in the experiment, 

as this constraint works by allowing the surfaces to move together as a single entity, 
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irrespective of their mesh and material differences (Fidelis FEA n.d.). Adhesive layers are 

responsible for local modification of stiffness and damping characteristics. Moreover, the 

model does not incorporate electromechanical coupling. As a result, the numerical model is 

limited to predicting structural dynamics and cannot simulate battery signals. Ideal boundary 

conditions were also assumed at the clamped region, which did not fully replicate the 

experimental setup.  

Additionally, discretization plays a key role in numerical analysis. A global mesh size of 1 

mm was selected as a compromise between solution accuracy and computational efficiency. 

While this mesh provides a sufficiently accurate prediction, finer meshes could improve the 

higher-order modal information and local stress distribution. Mesh sensitivity was not 

extensively studied which represents a limitation, but given the convergence of the first three 

natural frequencies and modal trends across the structural conditions, the selected mesh is 

considered adequate for the objective of this study. 

From the experimental point of view, the primary limitation arises from the quality of the 

battery signal. The voltage measurements are significantly affected by the electrical 

interference. Crocodile pins and unshielded connections acted like antennae and picked up 

a lot of electrical noise. This complicates the identification of higher-order modal peaks and 

increases the risk of misinterpreting non-structural peaks as structural responses. Moreover, 

to generate sufficient mechanical strain to fluctuate the voltage in the battery, the input signal 

needed to be amplified with high voltage gain. However, too high a gain could have damaged 

the shaker and the accelerometer; hence, the input signal was kept in a moderate range. 

Additionally, variability in sensor placement and adhesive bonding introduced 

inconsistencies in repeated experiments.  

Repeatability of the experiment is another important factor. Even though controlled 

excitation was used in the current study, variations in excitation amplitude, environment, 

and electrical connections may lead to slight inconsistencies in measured data. Due to a 

lower signal-to-noise ratio, the uncertainties are pronounced in the battery signal compared 

to other traditional sensors. 

Interpreting the battery response could be another challenging task. Unlike the 

accelerometers, which provide direct measurement of mechanical motion, the battery signal 

is an indirect representation of structural behaviour. And so, it requires prior knowledge of 
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expected modal frequencies for accurate identification. Without such reference, the presence 

of non-structural peaks in the PSD may lead to false-positive identification.  

Despite its limitations, this study lays a solid foundation for SSB-based sensing experiments 

and applications. Several points have been identified that can be crucial for future work. 

Firstly, the electrical shielding, wiring, and signal conditioning should be improved to 

eliminate electrical interference as much as possible and enhance measurement reliability. 

Implementation of a Faraday box, or isolation of the test apparatus, may also work. These 

steps will significantly improve the quality of battery signals, which can reduce 

postprocessing, loss of information, and, most importantly, the presence of false-positive 

cases.   

Then, the development of coupled electromechanical models can provide a more accurate 

representation of battery responses under dynamic conditions. These models can help 

predict the voltage response based on the structural deformation and improve the 

interpretation of experimental measurements. Finally, extending this methodology to more 

complex structures and/or real aeronautical components, such as sections of a wing box, 

etc., would be an important and ideal step toward practical implementation. Additionally, 

environmental effects, long-term monitoring, and scalability of the sensing ability should 

be investigated to assess its suitability for practical SHM applications.  
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Conclusion 

This study investigated the feasibility of implementation of a solid-state sodium battery 

(SSB) as a sensing element for vibration-based structural health monitoring of aeronautical 

composite structures. The dynamic behaviour was analysed with a finite element model and 

experimental tests under multiple structural conditions, and the findings were compared with 

conventional accelerometer results.  

The results demonstrate that the battery is capable of detecting the dominant modal 

characteristics of the cantilever structure, particularly the fundamental resonance 

frequencies, across all structural conditions, and that these were identified within an 

acceptable uncertainty range. The battery was successful in picking the modal shifts as a 

result of the addition and removal of mass to the original beam. The frequency response 

function (FRF) derived from the battery signals can help interpret both the type and severity 

of damage. Quantitative comparison showed that the difference between accelerometer and 

battery measurements for the first mode remained relatively low, with errors as small as 1.4-

2.8% approximately for the damaged conditions. For higher-order modes, larger 

discrepancies were observed, typically ranging between 4% and 8%, reflecting a reduction 

in sensitivity and an increase in the influence of noise at higher frequencies.  

Unlike conventional sensors such as accelerometers or piezoelectrets, this battery operates 

on a unique mechanism by directly measuring voltage fluctuations. And so, this design is 

susceptible to external noise, which can lead to inaccurate structural assessments. To address 

this, future studies must prioritize proper shielding of experimental equipment and ensure 

secure connections between the battery and the data acquisition system, such as employing 

shielded cables. Moreover, specific circuitry and/or a Faraday box with appropriate filters 

will be needed to eliminate the unwanted noise in the battery signal. 

One notable limitation of using the battery as a sensor is its attachment method, which 

involves a semi-permanent adhesive. This makes it challenging to remove the battery 

without risking damage to its physical structure, so one battery can be used on only one test 

beam. Additionally, while the battery successfully identified the correct range of modal 

frequencies, particularly lower modes, and confirmed the structural integrity of the 

composite, it was unable to locate the specific site of the damage accurately. 
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Despite these limitations and challenges, the study was successful in employing a novel 

sensor that could be compared with commercial-level sensors in identifying modal 

behaviours. It is noteworthy that the battery is in its earliest testing phase, and the presented 

results represent a starting point and a promising alternative for next-generation smart 

structures, offering the potential for integrated sensing and energy storage in aeronautical 

applications.  
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Appendix 1. Raw Experimental Signals 

This appendix presents representative raw time-domain signals obtained from the 

accelerometers and the solid-state battery during the vibration tests. These signals were used 

for the transmissibility and power spectral density analyses discussed in Chapter 3. 

Figure 1A. Raw tip accelerometer signal obtained during vibration experiment.  

 

Figure 1B. Raw base accelerometer signal obtained during vibration experiment.  
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Figure 1C. Raw battery voltage signal obtained during vibration experiment.  
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