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This study investigates the feasibility of implementing a ssiate sodium battery as a
sensing element for vibratidmsed structural health monitoring (SHM) for aeronautical
composite structures. A PPS composite beam was analysed through numerysid andl
experimental studies under undamaged and various pskardage conditions. Structural
dynamics were characterised using FRFs from accelerometers and PSDs from the battery
signal. The results show strong agreement across the numerical and expénmethods,

with a discrepancyanging from 2% to 8%between the experimental methaahsl slightly

higher but withina tolerablerange (311%) for the battery and numerical mod&he battery

sensor effectively identified dominant resonance frequencies and tracked modal shifts due
to structural damage.

Damage detection used frequesi®dsed metrics (DI, CMPM, CMRM) on both
accelerometer and battery signdiatterysignatderived 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 asEowsefedvibration

sensor for detecting global structural changes
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SYMBOLS AND ABBREVIATIONS

Roman characters

c damping coefficient [N.gm]
f frequency [Hz]
F(t) external force [N]
Fo force amplitude [N]
H(Y) frequency response function [-]

k stiffness [N/m]
m mass [ka]
T transmissibility function [-]

Y, voltage [mV]
X(t) base displacement [m]
X(f) Fourier transform [-]
y(t) relative displacement [m]
z(Y) absolute displacement [m]

Greek characters

rQ coherence function [-]
o eigenvalue [-]
¥ angular frequency [rad/s]
6 damping ratio [-]

L phase angle [rad]



Subscripts

base base accelerometer measurement
d damped
D damaged structure

[ intact structure
n natural

tip tip accelerometer measurement

Matrices and vectors

K] stiffness matrix
[M] mass matrix
{q} generalized coordinate vector

%0 mode shape vector



Abbreviations

CMPM
CMRM
CPSD
DAQ
DI

FE
FRF
MDOF
MFC
PPS
PSD
SDOF
SHM

SSB

Change in Measured Parameters Metric
Change in Measured Ratio Metric
Cross Power Spectral Density
Data Acquisition System

Damage Index

Finite Element

Frequency Response Function
Multi-Degreeof-Freedom

Macro Fiber Composite
Polyphenylene Sulfide

Power Spectral Density

Single Degre®f-Freedom
Structural Health Metric

Solid-StateSodiumBattery
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1. Introduction

The implementationof 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 dueto their
high stengthto-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 Vandepitt2012) In this context, Structural Heal
Monitoring (SHM) techniques have emerged as a promising solution for the continuous
assessment of the structural integrity of aircraft made of composite mateetdtion of
damage in aeronautic structures is critical as they are directly related to performance, safety,
and service life. Hence, the development of the NDT (Nestructive testing) method is
important.The objective of this thesis is to develop and validate a vibrlased structural

health monitoring (SHM) frameworknalysing the Frguency Response Function (FR&)

a PPS composite cantilever beam by correlating finite element modal analysis with
experimental measurements obtained using conventional accelerometers and an embedded
solid-statesodiumbattery acting as a sensing elemdfiRF of the data collected through
sensors allows identification of changes in dynamic properties of the structure, indicating
structural health (Marque®andepitteand Tita 2021 2021).While previous studies were
conducted witha similar intention, thg used conventionaensorssuch agiezoelectrets
accelerometers, and MF@hich perform sufficiently welfor the purposeWhile studies

have demonstrated the effectiveness of traditional sensors for vibbaisedSHM, 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 CarB@®4), their application as vibration
sensors fo 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 battegs a sensing elemeintplace ofconventional sensgrand several
pseudedamages 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. Backgroundon VibrationBased 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 (Medeirdsta, Vandepitte2012). SHM

systems typically rely on vibratiebased methods, and changes in modal parameters
indicate structural degradatioidased on curvature mode shapeamage detection,
location and quantification of damage can be performed using smart sensors (Lestari and
Qiao 2005). And smart sensors, suclpiagoelectretshave 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 (Paljtdita et al. 2019). They are advantageous sensors as they

are ecefriendly, easy to manufacture, and have high piezoelectric coefficients (Mortaa

et al. 2021). Even at the earliest stage, piezoelectrets were proven to be successful in
detecting peaks indicating the sensords s
properties of structures, although the peaks at excitation frequencysamatrmonics were

small Carpena, Marquest al. 2024).t is noteworthy thaMFC sensorsare sufficiently

suitable as they provide stable anonsistent FRfbased damage metriand do not

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

Table1l. Comparison between conventional sensors and novel SSB.

Sensor Principle Advantages Limitations

Accelerometer Measures Industry standard, Added mass,
acceleration directly reliable, high accuracy external (mostly)

power needed

Piezoelectret Me c hani c a Lightweight, low cost, Signal drift,
charge flexible durability issues
MFC (Macro Similar to Stability, high Wiring and power

Fiber Composite) piezoelectrets sensitivity conditioning
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SSB (Solidstate Me ¢c h ani ¢ a Multifunctional, Noisesensitive,
Sodium Battery) voltage response, compact integration, early-stage

self-charging self-powered potential technology

As mentioned, several sensing technologies exist for the purpose of vildrated
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 Sedgipgcations

Climate change and global warming represent some of the most pressing challenges facing
contemporary society, with faeaching impacts on ecosystems, public health, and
economic stability. These phenomena are primarily driven by greenhouse gas emissions
associated with the larggcale use of fossil fuels (Akpa@koro and Ud@023; Kebede
Kalogiannis, Van Mierlo and Bereciba022). In response, the transition toward renewable
energy sourcéssuch as solar and widdhas become essential for reducing carbon

emissions and enabling sustainable energy systems \{(dwg and L2022).

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 anolescadargy
storage technologies capable of ensuring grid stability, load balancing, and continuous
energy supply (ChenCong and Yang2020; Li Lu and Chen2021). Although the
contribution of renewable energy to global electricity generation has increigsditantly

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, sustainabte,casteffective storage
technologies has become a central objective in the global energy transition.

Over the past two decades, lithiwom batteries (LIBs) have emerged as the dominant
electrochemical energy storage technology, being widely employed in portable electronics,
electric vehicles, and stationary storage systems (ZBhang and Xu2024). Their
widespread adoption is largely attributed to theirg cycle life,high energy density, and
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technological maturity. Conventional LIBs typically consist of solid electrddegeh as
graphite anodes and transitioretal oxide cathodéscombined with organic liquid

electrolytes that enable ionic transport.

Despite their success, LIBs present several critical limitations. The use of flammable organic
electrolytesintroduces safety concerns, particularly under thermal or mechanical abuse
conditions, where thermal runaway may occur (Wesselkgrdperu and Wagnez024). In
addition, lithium dendrite formation can lead to internal short circuits and catastrophic
failure, especially at elevated temperatures (Wesselkdmper et al. 2024). From a sustainability
perspective, LIB production depends on raw materials sadithéum 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. Stéite batteries (SSBs), which replace
liquid electrolytes with solid ionic conductors, have been proposed asattafaeantives due

to their improved thermal stability, absence of leakage, and enhanced mechanical integrity
(Wu and Wu 2023; Schmalteélan and MaieR023). In parallel, sodiusion batteries (NIBs)

have gained attention as a sustainable alternative to dW8sg to the natural abundance,

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

and Brag&024). Although NIBstypically exhibit lower energy densities compared to LIBs,
they offer improved safety and reduced dependence on critical materials, making them
attractive for largescale stationary applications.

The combination of soligtate architectures with sodidmased chemistries has led to the
development of solibtate sodiunion batteries, which integrate the safety advantages of

solid electrolytes with the sustainability of sodimaised systems. Withimis context, a

novel class of solid electrolytes based on glassy aikalit a | oxychlorides |
Na) has been proposed (DanZiamanho and Brag2021; Danzi Valente, Terlicka and
Braga2022). Among these materials, the soddbased composition &N . B a

attracted particular interest due to its unique combination of ionic conductivitfearw
properties (Danzi et al . 2022, Braga and (
by Baj induces | ocal structural di st ort
mediated hopping mechanisms, contributing to the ionic conductivity ohéterial (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 rmetattrolyte interfaceeading 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, metélelectrolyté metal configurations have been shown to generate
measurable opecircuit voltages without the need for traditional electrode materials (Danzi
et al. 2021; Freitas et al. 2024). Furthermore, these systems have been tepextabdit
self-charging and seltycling 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 ferroelec@iure 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 deatedsthat such solidtate
sodium batteries exhibit voltage responses under both-spadsi and dynamic mechanical
loading conditions, correlating with excitation frequency and structural deformation
(Christoff et al. 2024). These findings suggest thahsystems can operate as-pelivered
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 (Christo#t al. 2024).

Despite these promising developments, several fundamental aspects remain insufficiently
understood. In particular, the role of interfacial phenomeswch as electrical double layer
formation, contact quality, and polarization couplingemains critical for determining
device performance. Additionally, the influence of passembly thermal and mechanical
conditioning on bulk ionic conductivity and interfacial resistance has not been systematically

investigated.
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1.3.Research Objective® Contributions

This studydelves into the feasibility of implementing a novel sdtdte sodium battery

(SSB)as a sensing element for vibratibased structural health monitoring of aeronautical

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

formulated

(0]

(0]

(0]

(0]

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.

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.

To study the extent of and accuracy tbé finite element model irthe case of
interpretation and validation ekperimentally measured responses obtained with the
battery.

To analyse whether frequenbgased 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

(0]

Introduction of a novel sensing conceftite SSB is investigated as a multifunctional

device, as it can function as a sefffarging sensing element.

Experimental validation the SSB sensor is experimentally evaluated under

controlled vibration tests involving several undamaged and damaged states of a PPS
cantilever beam, along witliccelerometerso compare its performance.

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.

o0 Frequencybased 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. Methodoloy

This chapter presents the numerical and experimental methodology adopted to develop a
vibrationbased structural health monitoring framework for a composite cantilever beam.
Finite element modal analysis is employed to establish a baseline dynamic nadelisw
subsequently correlated with experimental measurements obtained throuegxditese
vibration testsn multiple stages with different sensors and damage condiéartsfinally,

the groundwork for damage metric calculation using those experidyentehsured 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 éssential
understand the systembébs response, behaviou
of the composite structure in undamaged and pseastaged situations. Hence, this section
delves into how a system can be discretized into a-ehelireeof-freedom system and how

the sensor (SSB) works.

2.1.1.Single Degree of FreedorBI)OF) System

A single degree of freedon8DOF) system is the simplest dynamic model capable of
representing structural vibration phenomena. A single generalized coordinate is sufficient to
describe its motiorDespite its simplicity, the SDOF model forms the theoretical foundation

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

complex structures

Two fundamental excitationonfigurationsare commonly considered during the study of
single DOF systems

A ExternalForcéHarmonically Excited/ibrationi an external timelependent force

"0O0 is applied/acts directly on the mass.
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A Base Excitationi the support of the system undees 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 excitatiomr fa linear viscously damped SDOF system
subjected to an external foré@o,t he equation of motion is ob

law.
Gdo o Qo 0o (2.1)
Whered hih andQrepresenequivalentmass,viscous dampingandlinear stiffnesof the

system respectively, while ¢ 6 denoteshe absolute displacemerithis 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
shakesinducedmotion as the inpugxcitation Hence, the relative displacement between the
base and the structureimportantfor transmissibility analysisDefining w 0 as the base
displacement andt 0  as the displacement of the structure/mass) a0 @O

represents the relative displacement of the base
In absolute coordinatesith no external forcehe equation of motion can be writtenias
G0 o Q| (2.2)
Substitutingd 6 a0 wohond ao6 wohdé Q0 a6 wo in Eq.2.2
yields,
God @wo Qu Adwo (2.3)
a w0 in Eg. 2.3 is dynamically equivalent to the external fé@e in Eq. 2.1. Moreover,

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

GO o QW o Qw (2.4)

Based on this formulatiothe response of the vibration can be derived.
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L
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(a) (b) Free-body diagram

Figure 1. Harmonically Excited vibration: A sprirgassdamper system (Obtained from
SS. Ra®017, 262

To obtain the response forelfiree vibration cas€ 06  mhis assumed in Eq. 2.1. This

yields,
G0 o Qw 06 T (2.5)
An exponential solution is assumed for Eq. 2.5,
a0 0Q (2.6)

Which leads to the characteristic equation,

G w_Q m (2.7)
The roots of Eq. 2.7 aile
—h — - = (2.8)

Extending this formulation for an undamped system, 1, is assumed. And Eq. 2.8

becomes
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0— (2.9)

I
5¢

Therefore, undamped natural frequency can be defined as,

1 - (2.10)

Now, rewriting the roots in Eq. 2.8 in terms of natural frequéndy
_h = = (2.11)

In the limiting case between the oscillatory and nonoscillatory motien, —, and the

radical is zero. The corresponding dampiegeis known as critical dampingp.

® ca — cal N Qab (2.12)

The damping ratic-his a dimensionless parameter used to characterize the behavior of a
damped system. Depending on its value, the system can be classified as underdamped

p), critically damped — p) oroverdamped—  p).

- - (2.13)
_ i can beexpressed in terms efas follows:
—_ - — 3 (2.14)
Eqg. 2.8 therbecomes,
—h - B P (2.15)
Replacing—in Eq. 2.5, the normalized equation of motisin
@0 ¢4 a0 S a0 ™ (2.16)

In the case of this study, underdamped vibratiaorssidered For which the general
solution is presented in Eq.2B, which is expressed in terms of natural frequencyand

damped frequengy

1 1 P - (2.17)
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a0 Q 0Q 6Q (2.18)
The equation can also be written iguevalent forms expressed as:
G0 Q OET o %o (2.19)
Q 61 NEO B wgio (2.20)
Where the arbitrary constanfs %.or A and Bare determined frorthe initial conditions

& 1 andd 1t handEq. 220, whichdescribes exponentially decaying harmonic mqtaam

be reduced to
a Q — g io ami N&o (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 steaebfate 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 analysi€onsidering asingle DOF system with viscous dampingxcited by a

harmonic force, its equation of motion can be written as

The freevibration 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 excitatioe ehdker.

Therefore, the steadstate response under a harmonic excitation (sinusoidal loading) is of

primary interest for the FRF analysis and modal identification.

~ ~

Gao o Qoo Ol QE] o (2.22)
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| TT

Figure2. Harmonic Basé&xcitation(Thorby 2008).

Eqg. (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
ud :0EJSO n (2.23)
where Zis the amplitude of oscillation amlis the phase of the displacement with respect

to the exciting forceBy substituting Eq(2.23) into the differential equatiokq. (2.22),
amplitude and phase can be approximated.

& (2.24)

And
% OAT—— (2.25)

Amplitude and phase can be expressed in nondimensional expressions by substituting Eq.
(2.24) and Eq. (2.25vith Eq. (2.10, 2.12, and 2.13).

— (2.26)

And
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0 DE B (2.27)

The abovementioned equations can be expressed using complex notatidresh&omonic
forceand displacemerdan be presenteas

O wé il R QE1OQ (2.28)
W WQ wQ  Q wQ (2.29)

Whereis the complex displacement vector,
AR ) (2.30)

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

outcomes are obtained

1 a4 Q0] Qd O

& = (2.31)

The compleXrequency respons®] describes the relationship betweenthe 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,

o1 — (2.32)

In this context,]( ) is the natural frequency and) (s 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.

(o} ge) (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
O] Q- (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-Degreeof FreedomiDOF) Systen& Modal Analysis

Even though simplified SDOFsare usefulin describing the fundamental dynamic behaviour,
the composite beam studied in this work exhibits multiple vibration modes within the
frequency range of interest. Consequently, a rodgreeof-freedom (MDOF) systa is

required to describe the coupled torsional and bending phenorbaakey 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 BIDOF vibration system analysis.

The equations governing the motion of MODF systems can be derived using multiple
anal ytical met hods, sluadir aansg eNoesamd dogmrdasple soencso |
of vitual work Lagrangedéds formulation is adopted
framework for handling complex systems and its compatibility ygltrix-basedstructural

dynamic models.

For a system described by generalized coordinpgtes Lagr angeb6s equati o

3 (2.35)

Where" Yo arethe total kinetic energgndtotal potential energyespectivelyand0 is the

generalized external force associated whiticoordinateyy 8This 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 composetin discrete masses is considered, then the vector of

generalized coordinates can be expressed as

n n n8n (2.36)

Hence, 11 represents the velocity of the generalized coordinates. Then the total kinetic

energy of the system can be written as

oy

P .
— a &
C n Co X

-n 0N 2.3

In Eq. (2.37),0 representshe 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
®» -B On & W
-n 0N (2.40)

While 'Q denotes the stiffness related to each elastic elerardt)) representshe global

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

potenti al energy Eq. (2.40) into Lagrangec¢

0 n 0 n 0 & p

In the case of free vibration without external excitation, the governing equation reduces to
0 n O ™ ¢8 ¢

Eqg. (2.42) can be further developed using the harmonic form of the motion, ere

denotesthe mode shape vector, andis the circular frequency. And substituting this

harmonic form in Eq. (2.42) yields
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n %0'Q 8 o
0O 1 - % T c8 1

Eqg. (2.44) is the representation tfe classical eigenvalue problem, where sowial

solutions exist only when the determinant is zero.
QQw 1 - 1 g8 v

The resulting eigenvalues, denoted asrepresent specific frequeassat 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, representebho a 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 éresiess) 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 charactesiss 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 si&pasd %o, the following

relationships are
%o O %o ] Q ko) 8 o
%o U %o ] Q o) 8 X

These orthogonality conditions allow ttransformatiorof thecoupledequations ofmotion

into independent modal equations. The eigenvectors obtained from the eigenvalue problem
can be assembled into a modal matrix, expressed as

() %o %o 8 %o 8 Y
The displacement vectoan beexpressed in terms of modal coordinated transforms into
n oa 8 w

Substitutingthis transformation and multiplying Eq. (2.42) yields
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® U ®q ® L ©a ®» 0 ¢® T
Due totheorthogonality propertyf the eigenvectorsthe 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

0 O 0 © ¢® p
0 ® L ® C® ¢
0O & OO a 0 ® o
Where
0 ®» 0 C® T

The modal decomposition technique significantiyakes it easier to analy intricate
dynamic systems. By breaking down the system into individual mea&ek, mode can be
assessed separatelbhis 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 novelsalid-statepouch celldeveloped by a research
group at the University of Porto, Portug@aptista et al. 2023)The device employs a
ferroelectric electrolyte based onasodiunon compound (Na . a Ba

copper electrode as the positive termiaabla zinc electrode as the negative termires
illustrated in Figure3(a).

To ensure environmental stability, the battery is encapsulated within a protective polymeric
film, as shown in Figur&(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. FigU@ presents one of the batteries used

in the experimental investigation, along witie 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. Neverthelessjlthefdesigned to

be sufficiently thin so that its presence does not significantly influence the mechanical or
electrical behaviour of the device.

Protective Shell

-
s
o B

Electrode (-)
Electrolyte
Electrode (+)<

(a) (b)

Figure 3. Schematics of the ablid-state batteryff a) EIl ectrodes (zinc
and sodiurrbasecklectrolyte (b) battery assembly and protective polymeric st@tiristoff
et al. 2024)
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Figure4. (a) Solidstate 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 x 2 cm2. The electrolyte is impregnated into a memhbraue of cellulose

resulting in a total device thickness of approximately 1 (@hmistoff et al. 2024)

Froman operational point of view, the sensing capability of this batteryelatesdirectly

with the intrinsic properties of the electrolyte. Tinaterial isferroelectric and hence exhibits
spontaneous polarizatiowhich can be altered under certaixternalstimuli. It belongs to

the broader class of dielectric materials wherehibearchicalrelationship can be presented

as1 dielectric i piezoelectrici pyroelectrici ferroelectric. And so, the spontaneous
polarization behaviour inherently employ®zoelectric 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 selpoweral 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 EERSSP. Along with the apparatus available

at the lab, which includes coupons of P@8lyphenylene sulphida)sed as beant® be
examined, two accelerometers, split clamps, and -stéitek batteries constructed the
University of Porto were used. This section discusses the material properties andigeometr

of thebeam used in numerical and experimental analyses
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M4 Screws ——>

Upper clamp ———>

PPS beam

M6 Fixing Screw
to shaker

Lower clamp ———>

Figure5. Exploded view of the assemblypeam and clamps (CarpeN&to, 2025).

The structural materigdnalysedn 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 polypherstptede
(PPS) reinforced with carborfibores The lamina configuration is defined as
MmwmMmwrn] T uNmwn] T v w7 wn) The properties of the PPS
beampresented in Tabl@ are obtained from theechanical testing conductatthe GEA

laboratory.

Table 2. Material properties of the PPS beam

Parameter Value
Density,” QT PULUYX
Elastic Modulus in Direction @ "O0 & VB o
Elastic Modulus in Direction @ "00 & V@ w
Shear Modulus in Pland-2°0  "00 & o T
Shear Modulus in Plane B,"0 "00 & o T
Shear Modulus in Plane B,"0 "00 & o T

t2Aaa2y0a O02S8FTFAOA T8t v
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40 mm

Area for Clamping PPS Catbon Beam
the Beam to Shaker

130 mm |

190 mm

Figure6. Dimension of the beanCarpena Netc2025).

The composite beam used in this study has a total lengthwodt & and a width ob 10 4.
During the experimental teststartt & section of the beam length is allocated for clamping

to the shaker in order to ensure arigid connection and effective transmission of the excitation
force. Consequently, the effective vibrating length of the begmuigit &. Considering the
laminate thickness of&t ax &, the effective dimensions of the beam for the dynamic

analysis are therefopv dtd o T & ¢8ta a8

2.3.Numerical Model

The Finite Element model of the system was carried olABAQUS CAE (Complete
ABAQUS Environment). Initially, a simple composite cantilever beam was designed as
close as possible to the real structwith the lamina configuration and material properties
mentioned inSection 2.2 The original beam ip wid o ™ dhand an area of

T T & o 14 ais clamped rigidly with the shaker. Hence, it was modellec fised

boundary condition at this specific area. So, all six degrees of freedtime fdamped region
were constrained.

A finite element model was developedABAQUS CAE to reproduce the dynanbehavior
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 $yistem, clamps,
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accelerometerssolid-state battery, and additional mass to represent damage conditions.
The numerical model was formulatedaasechanical model with the objective of predicting

the structural dynamic response and the associated freqdepeyndenbehaviorof the
assembly.

2.3.1.Modeling Strategy

Since the beam is a relatively thin structure compared to-ptaire dimensions, it was
modeled using shell elements, which provide an efficient and accurate representation of
bending and torsionabehaviorin a thin composite structuréeThe 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 cteistics compad to using an

isotropic model.

In contrast to the beam, the sefithte battery was represented as a tdmensional solid
component. This approach allows its physical dimensions and mass contribution to be
incorporated directly into the model. The accelerometers and the additisslused to

simulate structural damage were also explicitipdelledas solid components in order to
account for their influence on the dynamic response of the system.

The accelerometers were modelled as cylindB€akolid element$or better visualization
whereas modelling them as point masses and attaching them to their respective nodes or
reference points was another viable optBottom 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 psed@dmage was also part of the

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

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 componenssnd their geometric and structural properaesdescribed
below.
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0) Beam

Figure7. Vibration test numerical model part: beam

Dimensions and properties of tR@Sbeam are presented$ection2.2.1.Table 2 contains

the physical properties of the beam.

Table 3. Physical properties of the PPS beam

Parameter Value
Mass(Q 1.77 p
Volume(& 114114 p 1
Density,” (Q'¥h PLU W

() Bottom Clanp

(@) (b)
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Figure 8. Vibration test numerical model palktottom clamp (a) Isometric view, (b) Cress

section geometry.

Table 4. Physical& material properties of the bottom clamp

Parameter Value
Mass Q'Q ™ P X
Volume a P& Y p T
Density,” "QT# XyuTm
Elastic ModulusQ "0O0 & CTQ
t2A4842y'Qa wl iA22 ™® W

@iy  Top Clamp

(@) (b)
Figure 9. Vibration test numerical model parttop clamp (a) Isometric view, (b) Cross

section geometry

Table5. Physical & material properties of the top clamp.

Parameter Value
Mass(Q"Q PP Y
Volume & pg8 Y p T
Density,” QT X Yo

Elastic ModulusQ "00 & CTQ



(iv)

t2Aaaz2y’Qa wlk GA

T8 W

Tip Accelerometer

g

Figure 10. Vibration test numerical model pattp accelerometer

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

v)

Parameter Value
Height & T pT
Radius a T pT
Mass('Q"'Q p& p T
Volume a C®dpgpTm
Density,” Q& ONOEe: L0
Elastic ModulusQ "00 & X T
t2Aaaz2y'Qa wlkiaAaz2z ™ o

BaseAccelerometer

38



39

Figure 11. Vibration test numerical model patiaseaccelerometer

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

Parameter Value
Height(& PR pT
Radiugd ) VY pT
Mass 0Q o® TP T
Volume(a U 0T }p Tt
Density,” (QTh T ¢ &P
Elastic ModulusQ "O0 b X T
t2Aaa2y'Qa wlh GA; 0.33

(vi)  Added mass

26.02

(@) (b)
Figure 12. Vibration test numerical model paddded mas&) Isometric view, (b) Cross
section geometry.

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

Parameter Value
Dimensionéa ad& d&a VR Y ¢®0 ¢d
Mass(QQ 403 pT
Volume(a 248439 p 1

Density,” (QTh PLUL W
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Elastic Modulus in Direction © (‘00 & v @@
Elastic Modulus in Direction@, "O0 & L @
Shear Modulus in Pland-2,"0 "00 & o8
Shear Modulus in Plane B,"0 "00 & o8
Shear Modulus in Plane B8,"0 "00 & o8
t2Aaaz2yQa O2SFTAOA T8t v

(vi)  Solid-State Battery

Table 9. Physical properties of the Solgtate battery.

Parameter Value
Dimensiona a@ & a CT CT
Mass Q'Q od pT
Volume & 2400
Density,” (QTh PLUL W

All the geometric properties presented in Tablés\Bere 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 iIMBAQUS CAE to reproduce the configuration in teeperiments The beam

was positioned between the clamps to represent the experimental cantilever condition.
Figures 13-16 illustratethe assembled finite element model, displaying the relative positions

of all component$or undamaged and damaged conditidwso accelerometers were placed

at the opposite ends of the beam (Figuresl@3 And just behind the tipccderometer,

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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ol

@) (b)
Figure13. Assembly of the numerical test setup for no damage condition (D0), (a) without
battery, (b) with battery.

R Y o

@) (b)
Figure 14. Assembly of the numerical test setup @t damage condition(a) without
battery, (b) with battery.

IR LT S

(@) (b)

Figure 15. Assembly of the numerical test setup for2jlamage conditign(a) without

battery, (b) with battery.
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@) (b)
Figure 16. Assembly of the numerical test setup for3jl@lamage 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 surfaSBRAQUS,

this was achieved through the implementatiortiief constraint8at the relevant interfaces.

This method enforces uniform displacement fields at the connected sufrizssr and

slave surfaces) effectively simulating a rigid bond between the components. The
accelerometers, solistate battery, and additional mass were mounted tcethra lising the

same bonding assumption, replicating the rigid mounting conditions thatwieieved by

using adhesiveduring the experimental setupVhile 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 cond(@onastre)was
applied at theclamps' vertices to effectively constrain all the degrees of freedom and
subsequently constrain the translatiofidll, U2, U3)and rotationalUR1, UR2, UR3)

DOFs of the beam section that is clampé&his boundary condition limits the translational
movements of the support base, effectively preventing any-bigey mdion 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. Figdrédepicts the boundary conditions incorporated
into the finite element model.
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Figure 17. Encastre (fixed) bundary 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 cl|l ampedeseadrfixehoéundary corfdidon b e a n
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 conducfeBAQUS/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 discretizatiategyto accurately
capture the primary deformation mechanisms while ensuring computational efficiency.

For the composite beam and the added mass componenhoershell 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 thesr telatively small
thickness compared tbeir in-plane dimensions, making the shell formulation suitable for

precise modeling of bending and torsional deformations while optimizorgputational
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resourcesHowever, this approach may limit the ability to capture thretgtkness stress

variations and localized effects.

The clamping system, accelerometers, and sbhtle battery were modeled with three
dimensional solid elements of type C3D8. These are-aigtie linear brick elements within

the 3D stress element family MBAQUS, selected to represent fully thrdenensional
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 degtion of threedimensional stress and defmation 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 #ir@ensional characteristics
of the support structures and mounted devidesummary 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 tioteyawith
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
guadrilateral 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 ABAQUS. This approach promotes regular

element shapes and enhances numerical stability during eigenfrequency aQalgsi,
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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 considieited w
interpreting and comparing numerical results with experimental results.

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

Figures18 and 1dllustrate the finite element meshes generated for the complete assembled
modek for D2 and D3 conditions, respectiveljphese figures showcase the distribution of
shell and solid elements throughout the structure and emphasize the discretization of the
beam, clamps, accelerometers, battery, and added Im&3sgure 19, the mesh refinement

is modified due to the introduction of a holhe mesh pattern exhibits a local variation in
element topologyn the region surrounding the geometdiscontinuity, 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 acceptablenefe quality, conforming geometric

boundary, and preserving numerical stability.
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Figure19. Complete discretized assembly wéfdrilled 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 eigenfcgquen
calculations detailed in the following sections.

2.3.6.Modal & Harmonic Analyses

The dynamic characteristics of the structure were investigated through a fretpasedy
eigenvalue analysis performed using the Lanczos method implemem&RARQUS, whose
algorithm is illustrated in Figure 2@iang et al. 2028This approach allows efficient

extraction of the natural frequenci@sst 10 modesandcorresponding vibration modes of
large finite element models.
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Algorithm 1 The Classical Lanczos method

1; Input a symmetric matrix X and a unit initial vector v,
2: Define yy=0, vy =0
3% for j=1,23,...,ndo
ol X, oI Xu,
4 Compute ; = !
) 1%~
5 Compute 0y = Xv; —0y0; = 75105
6:  Compute y; = [|8;4]
7. ify; is small enough then
8
9

stop
. else
10: set V31 = 8 /¥
11:  end if
12; end for

Figure 20. Algorithm of theclassical Lanczos method (Qiaagal.20258

The eigenvalue analysis yields the natural frequencies sfgtem which can subsequently

be contrasted with the modal properties measured experimentally. These numerical
outcomes also provide a foundation fiaterpretng the dynamic behaviour of the system

and assessing the impact of the sglidte battery and the additional mass on the vibration
characteristics of the beaifo evaluate theesponsef the structure over a frequency range

of 1 Hz to 2000 Hza dynamic frequenegomain analysis was germed. 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 {AZ axis, A2 i 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 vibrationitestsler to
characterize the dynamic behavior of the instrumented beam and evaluate the sensing
capability of the integrated solstate battery. The configuration enables both constant
frequency excitation and frequency sweep excitation, allowing theifidation of the
systembs dynamic properties through the es
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 dataacquisition system, measurement sensors, and the instrumented
beam assembly. The primary components include an electrodynamic shakenala sig
generator, a power amplifier, a data acquisition system (DAQ), two accelerometers, and the
instrumented beam containing the sddidte battery. These components are connected to a
computer responsible for recording and processing the measured siHmplee 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-gfosgew of the connection

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

Signal Signal
Generator Processing

\—)

==

Shaker

. o]

Power Amplifier

 acquisition

Base accelerometer
Solid-State Battery

Tip accelerometer

Figure21. Assembly diagram of the experimental setup for the vibration test.
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Power Amplifier Signal Processing

Signal Generator

Shaker with the Battery Data acquisition system
Attached and Accelerometers (DAQ)

Figure22. Actual assembly of the experimental sefGarpenaNeto, 2025).
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Figure23. Assembly of the battery to the beam.

The vibration excitation is provided by an electrodynamic shaker, specifically the Modal
Exciter Type 4824 manufactured by Briel & Kjeer. This device is commonly used for modal

testing due to its ability to generate controlled mechanical vibrations ovieledrequency
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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 emwkistency of
the dynamic measurements.

The shaker is driven by a Power Amplifier Type 2732, also manufactured by Briel & Kjeer,
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-426%C
arbitrary function generator, which utilizes direct digital synthesis (DDS) technology to

generate stable and accurate signals. Through this de¢k&excitation waveform and
frequency rangeould be setluring 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 accelerdmsetEmsor
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 Briel & Kjeer
(model 4517), is positioned at the free end of the beam to measusérdhtural 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 conditiorsuppert 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 strucingelokeitests.

The signals from the accelerometers and the-sbéte 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 throetyhnoe
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-droplitude excitation tests

were initially conducted to confirm the integrity of the measured sidrefisre proceeding
to the full experimental measurements.

2.5.Signal Processing and Modal Identification

The experimental signals acquired during the vibration tests were processed using
frequencydomain analysis techniques to identify the dynamic structures and later compute
the damage metrics. The signal processing procedure was implemented in MATLAB
(20243 and consisted of several stagepreprocessing 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 faur-column data file
0 QR 6 OO 0N @WoD QRw 6 DIGHOQA QI ié QTG "Q
YA O'Qa Qi i& '@ AHDEREQ .
The accelerometer signals were converted into S| units using

O 0w QN Q o Ei ¢® v

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

o P B
0 Co @

Wheres-ddenotes the average sampling interval. The total number of safmpéesl the
measurement duratioivare therefore calculated by
"y Y 2
0 Cd X
These parameters define the temporal resolution of the recorded sifmalstructural
dynamic response wamalysedby 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

Y'Q w—Q ¢d Y
® Q
O Qwnt& "Qrepresent thEBouriertransform 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 guantities were estimated usi
signal into overlapping segments, applying a Hann window, computing the Fourier
transform of each segment, and averaging the resulting spdetoeet 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 wagse®¥o of the

window length to enhance statistical averaging and reduce variance in thalspstotrates.

The number of frequency bins for the Fourier transform was also determined accordingly
using Eq. (2.59).

0 C C® w

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

be identified easily. The crosgpower spectral density (CPSD) between the signals was
calculated as

® Q® "Q CH T

And the autepower spectral density of the base signal was computed as

0 QY 0

5 o c@p
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® "Qrepresents the Fourier transform of th windowed segmentg * represert the
complex conjugate and) is the total number of averaged segmerfisese spectral

guantities are used to compute the transmissibility function experimentally through the ratio
Y'Q O "QFO "Q, 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 excitatiothanefore suitable for modal
identification. Themagnitudesquaredcoherence function is

. Y Q8

Q - @ -

r N O CH ¢

Y "Q is the crosgpower spectral density between the tip and base signals, and
Y 'Qand Y "Q are the autgoower spectral densities of the tip and base signals,
respectivelyCoherence 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 eliminatefriequency drif 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 semoi@d Butterworth
bandstop filters and applied with zemhase filtering ¢ prevent phase distortion.
Subsequently, Welch's method was utilized to estimate the power spectral density (PSD) of
the processed signal.

e w P
o

VP Q w Q C®o

W Q pH I @W® Q CH T

C

where® "Qis the Fourier transform of th@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 Eqg. 2.64. And then correlated
with the resonance frequencies obtained from the accelercbhzted FRF analysis.

Signal Processing Workflow for Structural Health Monitoring

DataAcquisitionW ( Preprocessing 1 (Spectral Estimation (welch)} ( Power Spectral Densities |

)« Time, Voltage . Unit Conversion Hann Window | _1E ()
& ﬂ _ A I (M L th (f) K Z Xrip X[base.
«ifie « Acc_base </ Detrending & 80% Overlap w w‘f\ﬁ I x?
e+ Acc_tip {J Notch Filtering (60 Hz) | ~& FET(NFFT) T G,(f) = % chl IXbase|2
v
~
Battery PSD d Natural Frequency Identification Transmissibility & Coherence N
1 <&y, 02 Peak Detecti G
PSme(f): fz v;ﬂl ' s Pea etection T(f) = th
it ===-®| & Coherence Filter (>0.5) < Ghp /\
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Figure 24. Roadmap of signal processing and SHM.

A general roadmap of the whole experimental procedure is presenféglie 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 periagiccontinuous
assessment of the integrity and operational condition of engineering structures through
sensors and data analysis. The primary objective of SHM is to detete, Ead quantify
damage in the early stages to prevent catastrophic fail®d81 improves structural
reliability, reducing maintenance costs. Damage occurring in a structure typically alters its

physical properties, such as mass, stiffness, and damping charastefistése 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.

Vibrationbased SHM methods are popular for detecting global structural changes with
simple instrumentationIn vibrationbased SHM, the changes may be observed through
variations in parameters such as natural frequenmesie shapesgamping ratiosand
Frequency Response Functions (FRFs). In this stl@yage detection is performed using
metrics derived from measured FRFs and transmissibility functions obtained from
accelerometeand battengignals as it provides a comprehensive description of thadyn

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.

() Mickens Damage IndexOne of the damage indicators used in this study was proposed
(Mickens Schulz, Sundaresan, Ghoshal, Naser and Reichm&@@B8). This method
considers the difference between the magnitudes of the FRFs obtained from the intact and
damaged structures.

Then the Damage Index (Dl)s calculated by integrating this difference over a certain
frequency range, whef@iQ are the lower and upper frequency limits of that certain band.

p

00 a0

“»QQQ C® U

During the implementation of Eq. 2.65 to develop DI for battery and accelerometer data,
"Qwas taken higher thaiftBANnd so a slight rearrangement was made to the equation to have

a consistent sign. So, the modified equation is

P
O 0

00 wQQQ CH o

(i) 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 rangé&artoratoMedeiros, Vandepitte and Tita017)
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Where'ORO denote the FRF of the intact structure and damaged structure, respectively.

(i) Change in Measured Ratio Metric (CMRM) measures the relative change between the
damaged and intact FRF magnitudes
O Q 0Q

60 YD 0 0s CH Y

CMRM emphasizes relative differencaghe 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 batterged and accelerometssed results offers
insights into the proposed sensing method's effectiveness in detestinguantifying
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 findingse 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 evaluatednd hence, four structural conditions were
introduced, and the conditions are characterized as DO, D1, D2, and D3, and presented in
Table 11. The study combines finite element predictions, conventaowadlerometer
measurements, and S$Rrived electrical responses. The numerical study is divided into
frequencybased eigenvalue analysis and dynamic analysis to obtain the frequency response
function (FRF). Accelerometers were used as they are reliablleaamnserve as the basis for
comparison and validity checks. The battery voltage signals are analysed through spectral
methods and correlated with acceleroméi@sed transmissibility in order to compare and

assess the ability of SSB to capture vibraiimhuced modal characteristics.

Table11l. Damage conditions.

Damage Condition Remark
DO No damage
D1 +49
D2 +8¢9
D3 -29

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 thdamagednetricsi 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& ExperimentalResults

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 identifing structural dynamics. The input signal amplitude had to be amplified

to a very high level for the other batteries, i.e., PM9, which was potertaigful 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 frequain@®50 Hz. Later, the datawere

filtered and converted into the frequency
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.FrequencyResponsé&unctions (FRFs) from Numerical Analysis

The frequency response functions derived from the numerical analysis (Figt28sshow

clear resonance peaks associated with the structural modasdamaged and damaged
conditions A dynamic mode analysis was performedABAQUS over a frequency range

of 0 Hz to 2000 Hz, using 2 Hz increments to produce a comprehensive FRF for the
numerical studyAs output, accelerations on the x (Al) and y (A2) axes are selected, and
the base acceleration is taken as infigtdamage severity increases from DO to D2, these
peaks shift consistently towards lower frequenclésgs pattern reflects a gradual decrease

in structural stiffnescaused by the added masdvioreover, a shift towards higher
frequencies is noticeable in the D3 conditionjrestia was reduced in this case with the
reduction of massFurthermore, 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 DO condition.
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Figure27. FRF obtained from numerical analysis in ABAQUS for the D2 condition.
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Numerical FRFs in Figures 2B are very smooth and show clear, stable peaksthe
numerical model is assumed to be perfect. The beam is moastedy, with a perfect
rectangular crossection, a constant thickness, and the orthotropic properties are
homogeneously distributedhese 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 betweaeoeleration directiodl and A2, the
resonance frequencies remain stable, validating that the idergdads represent global

structural modes.

3.1.2.Battery Sensor Response and Correlation with Structural Vibration

The dynamic response measured by the sthdle sodium battery (SSB) was analysed
through the power spectral density (P@iDjhe voltage signal and then compared with the
transmissibilitybased FRFs obtained from the accelerometers for the undamaged (D0O) and
damaged (DD3) conditions. The analysis enables evaluation of the extent to which the
electrical response of the baty reflects the mechanical behaviour of the PPS beam
structure. FRFs derived from accelerometers clearly identify the dominant eesom
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 beinaMaltiple 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 illustrate8igures 2932. 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 baRaryicularly, inthecase of

the first mode, the modal peakclearly distinguishable for all structural conditions. As the
conditions transitionfrom DO to D2, the resonance peaks shift toward the left (lower
frequency) due to an increase in system inertiijenin 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, demonstratitigeir sensitivity to global changes in méssstiffness

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 assated with higher modes at the battery location and the reduced

signal amplitude at higher modes.
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Figure29. Experimental Transmissibility FRF (tip/base) and battery voltage PSD for the DO

condition.
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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 mitig&setissues, narrebhand

stop filters were applied to remove the dominant interference frequencies (60 Hz and its
multiples), and the signal was processed
representation. The traaédf is that some structural infimation is lost. These steps improve

signal clarity but do not eliminate the noise entirely.
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Comparing the experimental FRFs (Figures329 with those of numerical FRFs (Figures
25-28), the influence and limitations of the modelling assumptions can be ascedimied.

the beam is assumed to be perfectin 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, am@uniformity in resin
distribution are observed in the bidirectional fabric larr@daPPS beanAdditionally, 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 presenthen 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. Thisis more likely due to ampalies of manufacturing and/or assembly processes,
rather than being an actual structural md€isowledge of these uncertainties/impurities is
crucial for detecting actual structural modes amid fptsstive cases.

Additionally, in Figures 282, 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 SSthe@aye a lot of
periodic peaks that are not true modal peaks. To extract the regdesfrom the battery

PSD, prior information on the location of basmndition peaks is strongly need&dhtafrom

the digital twin can be crucial in identifying damagewdes with SSBOtherwise, false

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

3.1.3.Comparison between Numerical and Experimental Results

Althoughthe firstten modes were numerically calculated, only the first three are relevant to
this study, as the higher frequencies are outside the scope of irttenese, the first three

modal information are also extracted from experimental anallygisires 3336 show the

relative mode shapes with displacement and associated natural frequency for the damage
conditions, DO, D1, D2, and D3, respectivelfe first and third modes (Figug3-36. a, c)
areflexural, while mode 2 represents the torsionald® (Figure33-36. b).
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In the initial damage condition, DO, the beam remains undamaged to establish a baseline for
subsequent experiments. Takpresents the natural frequencies for the DO condifiod.

the mode shapes of these first three modes, along with their natural frequency and
displacement, are shown in FiguB3. Regarding the measurements, the discrepancy
between the numerical predictions and accelerometer datais mingpe¢senting that the
global stiffness and mass distribution of the beam are reasonably ergpobsin the
numerical modelThoughit is slightly more pronounced for the battesgnsor datathe
estimation also identifies the same modal region, confirming that this novel sensor is capable
of detecting dominant structural dynamidsevertheless, 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 Fogtier 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 frequenciesvetpwt 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 DO condition.

NaturalFrequency(Hz)

Mode 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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mode 3.

In the case of D1 condition, the addition of mass is expected to induce a decrease in natural
frequency as t he syst e hisélsehaviqureis consistentwibhuted i
fundamental relationship governing structudghamics. This trend is clearly observed for

the first mode presented in Table 13where both numerical and experimental
(accelerometers and battery) results show a consistent reduction in the natural frequency,
with a difference of 1.39% I he differences for the other 2 modes eelatively small tod

3.32%, and 7.43%But in the cases of modes 2 and 3, the behaviour does not follow the
theoretical trendwhich 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 phydiael con
between the mass and the PPS beam introduced a local stiffening effect, especially in the
zones of high modal curvawir 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 needrfaccurate representation in
the numerical model for simulating damage conditions.

Table 13. Numerical and experimentabtural frequencies of the first three modes obtained
for the D1 condition

Natural Frequency (Hz)

Mode Finite Element model Accelerometers Battery

1 62.143
2 470.92
3 522.99
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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 radsStion casewhere another 4g mass was
added on top of the previously attached mass using adhésitlee case of D2similar
arguments can be presentediratheDl1condi ti on. Again, t hereo
decrease in natural frequency for the fundamental mode (mode 1) presented in Table 14.
Confirming that the fundamental mode is highly sensitive to alterations oftoyasffness

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

is particularly important for SHMypplications 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& dsigdons at

higher frequenciesmodes 2, 3 (Figur&5. 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 experimentahtural frequencies of the first three modes obtained

for the D2 condition

Natural Frequency (Hz)

Mode .
Finite Element mode Accelerometer: Battery
1 50.61 54.93 56.46
2 445,57 447.1 424.96

w

508.80 521.9 544.74
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Figure 35. Mode shapes and natural frequency for D2 condition (a) mode 1, (b) mode 2, (c)

mode 3.

For the last damage condition DBaterial removal reduces inertia and slightly modifies the
distribution of local stiffness.fe results are presented in Table 14, where the difference
between the two experimental methods is as folle®s3%, 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 theoreticalhssudy

confirms that the proposed methodology is capable of distinguishing between opposite
strudural modifications and also ensures the sensitivity of the battery as a sensor.



72

Table 15. Numerical and experimentahtural frequencies of the first three modes obtained
for the D3 condition

Natural Frequency (Hz)

Mode  Finite Element mode Accelerometer:  Battery

1 83.43 73.24 75.75
2 46306 440.22 430.3

w

513.91 521.1 550.84
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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-DR), the second mode is the torsional
mode, and the third mode is the bending mode. However, after drilling antwthe beam,

the modal characteristics changadd the torsional mode shiftedtteethird position This
phenomenon indicates the local reduction of stiffness, and such modal reordering is
commonly associated with localized structural modificationt thHects 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 locatjomsd therefore is more accurate in sensing
bending responses compared to torsional deformations. A similar challenge was observed
for the solidstate sodium battery sensor as well. As the batter covers a finite surface area of
the beam, the deformation éto torsion may produce a strain field with oping directions

across the sensor region. These opposite strdirced 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 strongeelatan 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 bha#sed measurements is
presented in Table 16. Overall, the numerical model shows a satisfactory agrestment
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 nefsdhis discrepancylhese
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 (D:D3), where the error ranges around 10% for both battery and
accelerometersith respect to numerical resulBut interestingly, the differencesin the two
experimental methods are below 3%his shows that numerical predictions are based on

ideal conditions wheresalcasescenarios 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 capahiliBut the offset occurs due to the positioning of the
sensors, presence of electrical noise, and, most importantly, the removal of accelerometers
in some batterpnly experiments resulted in lower inertia and eventually higher natural
frequencies captured by thieattery. The accelerometers were removed to reduce
electromagnetic noise and apply high str&ind so, the input signal waamplified during

testing with batteries, which could potentially damage the accelerometers.

Table 16. Comparison betwedrinite Element (FEand experimentalaccelerometers and

battery)natural frequencies.

Damage Mode FEvs FE vs Battery Battery vs
Condition Accelerometers (% (%) Accelerometers (%)
1 2.49 1019 7.5
DO 2 1.5 3.32 4.82
3 0.89 6.34 5.81
1 9.49 10.76 1.41
D1 2 5.99 8.79 3.32
3 2.10 5.76 8.03
1 7.86 10.36 2.79
D2 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 7.19 540

In summary, the quantitative comparison validates the finite element model as a reliable tool
for predicting structural behaviour with certain limitatios.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 sesithte sodium battery can function as a-pelfvered

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

low-frequency range dominated by global modes. This offers a pngmeandidate 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 foBHM

A quantitative evaluation of structural damage was conducted using fredgo@sey
damage metrics that are based on the identified modal pararobtaised from the FRFs

of the battery signalThe selection of the damage metiicBl, CMPM, and CMRM in this

study is justified by their suitability for vibratiemased 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 fyntlde FRF.These
metrics offera structured method for comparing the undamaged baseline condition (DO) with

various levels of damage (DI3), facilitating the identification and assessment of stiffness
loss.

Figures37 and 38llustrate the Frequency Response Functions (FRFs) for all four damage
conditionsobtained from battery PSD and accelerometer transmissibility, respectively
focusing specifically on the first mode within theiB0 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 variatiigsire 37, no peaks

can be seen at 60 Hz due to forcing a filter at that 8peftequency. 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 mearfialgmetric values.
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First-Mode Spectrum Comparison for All Damage States - Battery
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Figure 37. First mode spectrum obtainém batteryPSDfor all damage conditions.
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Figure 38. First mode spectrum obtain&®m accelerometer transmissibility for all damage

conditions.

The Damagelndex (DI) was determined as the average integrated difference across a
specified frequency rangdhe 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-aated for detecting global structural
changes in the beam. But DI lacks the sensitivity, and so other metrics, such as CMPM and
CMRM, are also calculatedrurthermore, theChange inMeasuredParametersMetric
(CMPM) and theChange inMeasured Ratio MetriElCMRM) were employed to measure

the absolute and relative changes in FRF magnitudes, respec@MRBM 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 focusesapopional differences and is
therefore more sensitive to subtle local variations. This characteristic makes it useful for
detecting small modifications thanay not produce large global changes in the FRFs.
Therefore, for lowseverity or earhstage damages, CMRM can be very sensitifeese
metrics were utilized to evaluate the sensitivity of the dynamic response to structural

damage.

Table17. Calculated damage metritem battery PSDOor 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 Dl CMPM CMRM
D1 41771 0.72792 14.239
D2 5.1318 0.90073 19.79

D3 2.383 0.41557 8.3373
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Damage Metrics - Battery Damage Metrics - Accelerometer
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Figure39. Damage metricsdeveloped from the first mode for all damage conditigsisg
batteryPSD (left), accelerometer transmissibility (right)

Calculated damage metrics gmesented in Tabdel7 and 18&nd illustrated in FigureBfor
both experimental method$he algorithm for structural health monitoring was revised to
assess damage using various respbased 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 altematiedynamic
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 smalkriations 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 &a@ly low, indicating very low

sensitivity. Since DI expresses the aver:
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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 andecas 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 (Tahleobiared

to their respective DO condition valueBut 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 differentidbetween positive and negatipseudalamages.

The analysis indicates that frequerigsed damage metrics serve as effective tools for
detecting and quantifying structural damage. The trends observed emphasize the significant
relationship betweerthange infrequencyand stiffness, while also showing that both
traditional and sefsensing measurement methods can effectively capture alterations in the

dynamic response caused by damage.

3.3.Limitations, Uncertaintiesand FuturéaNork

The results presented in this study demonstrate the performance and feasibility of using SSB
as a sensing element for vibratibased structural health monitoring. However, several
limitations and challenges present in this study must be addressed, asfltience the
accuracy and overall acceptability of the current findings. The limitations can be categorized
as numerical, experimental, and interpretational.

From a numerical perspective, ti& model is based on several simplified and ideal
assumptionssuch asiromogeneous distribution of orthotropic properties across the beam, a
perfectly rectangular beam with even thicknessd perfect bonding conditions between all
componentsTo connect the components with the be
was used in ABAQUS. While this constraint has high accuracy for nonlinear and complex
geometry, itdoes not fully translate the effects of adhesive lage¥sent 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 differenéaddlis FEA n.d).. Adhesive layers are
responsible for local modification of stiffness and damping characteridfioseover, 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, vehitimot 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 meshdg improve the
higherorder 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 actbssstructual 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 pirend unshielded connectioasted like antennae and picked up

a lot of electrical noiseThis complicates the identification of highemder modal peaks and
increases the risk of misinterpreting retnuctural peaks as structural responbéseover,

to generate sufficient mechanical strain to fluctuages/titage in the battery, the input signal
needed to be amplified with high voltage gain. However, too high a gainttawtd amagd

the shaker and the acceleromgteence,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 &

lower signaito-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 ddgsvof
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expected modal frequencies for accurate identification. Without such reference, the presence

of nonstructural peaks in the PSD may lead to falssitive identification.

Despite its limitations, this study lays a solid foundation for $&Bed sensing experiments

and applications. Several points have been identified that can be crucial for future work.
Firstly, the electrical shielding, wiring, and signal conditioning &hdae 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 batterygrsals, which can reduce

postprocessing, loss of information, and, most importantly, the presence gbdsisee
cases.

Then,thedevelopment of coupled electromechanical models can provide a more accurate
representation of battery responses untyeamic conditions. These models can help
predict the voltage response based on the structural deformation and improve the
interpretation of experimental measurememisally, extending this methodology to more
complex structureand/orreal aeronautical componenssich as sections of a wing box,
etc.,would be an importardnd ideabktep toward practical implementation. Additionally,
environmental effects, lorgerm monitoring, and scalability of the sensing ability should

be investigated to assess itstability for practical SHM applications.
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Conclusion

This study investigated the feasibility ohplementation ofa solidstate sodium battery
(SSB) as a sensing element for vibratimsed structural health monitoring of aeronautical
composite structure$he dynamic behaviour was analyseith 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 b&ae.frequency response
function (FRF) derived from the battery signals can help interpret bothgeeanhd severity

of damageQuantitative 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 conditioir higherorder modes, larger
discrepancies were observed, typically ranging between 4% anckBé6ting 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 fluctuatfong.sq 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 dgug#ion system, such as employing
shielded cablesMoreover, specific circuitry and/orlearaday 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 sempermanent adhesive. This makes it challenging to remove the battery
without risking damage to its physical structuse 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 unabte locate the specific site of the damage aataly.
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Despite these limitations and challenges, the study was successful in employing a novel
sensor that could be compared with commeteial sensors in identifying modal
behaviourslt is noteworthy that the battery is in its earliest testing phasethangresented
results represent a starting posmtd a promising alternativeor nextgenerationsmart
structures offering the potential for integrated sensing and energy storage in aeronautical

applications.
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Appendix1l. Raw Experimental Signals

This appendix presents representative raw -filomain signals obtained from the
accelerometers artitiesolid-state battery during the vibration tests. These signals were used

for the transmissibility and power spectral density analyses discussed in Chapter 3.
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Figure 1A. Raw tip accelerometer signal obtained during vibration experiment.
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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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