
sensors

Article

Numerical Analysis and Experimental Verification of Damage
Identification Metrics for Smart Beam with MFC Elements to
Support Structural Health Monitoring

Andrzej Koszewnik 1,* , Kacper Lesniewski 1 and Vikram Pakrashi 2

����������
�������

Citation: Koszewnik, A.; Lesniewski,

K.; Pakrashi, V. Numerical Analysis

and Experimental Verification of

Damage Identification Metrics for

Smart Beam with MFC Elements to

Support Structural Health

Monitoring. Sensors 2021, 21, 6796.

https://doi.org/10.3390/s21206796

Academic Editor: Zdenek Hadas

Received: 19 August 2021

Accepted: 8 October 2021

Published: 13 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Robotics Control and Mechatronics, Faculty of Mechanical Engineering, Bialystok University
of Technology, Wiejska 45C Street, 15-351 Bialystok, Poland; k.lesniewski@doktoranci.pb.edu.pl

2 UCD Centre for Mechanics, Dynamical Systems and Risk Laboratory, School of Mechanical and Materials
Engineering, University College Dublin, D04 V1W8 Dublin, Ireland; vikram.pakrashi@ucd.ie

* Correspondence: a.koszewnik@pb.edu.pl; Tel.: +48-571-443-052

Abstract: This paper investigates damage identification metrics and their performance using a
cantilever beam with a piezoelectric harvester for Structural Health Monitoring. In order to do
this, the vibrations of three different beam structures are monitored in a controlled manner via two
piezoelectric energy harvesters (PEH) located in two different positions. One of the beams is an
undamaged structure recognized as reference structure, while the other two are beam structures
with simulated damage in form of drilling holes. Subsequently, five different damage identification
metrics for detecting damage localization and extent are investigated in this paper. Overall, each
computational model has been designed on the basis of the modified First Order Shear Theory
(FOST), considering an MFC element consisting homogenized materials in the piezoelectric fiber
layer. Frequency response functions are established and five damage metrics are assessed, three of
which are relevant for damage localization and the other two for damage extent. Experiments carried
out on the lab stand for damage structure with control damage by using a modal hammer allowed to
verify numerical results and values of particular damage metrics. In the effect, it is expected that the
proposed method will be relevant for a wide range of application sectors, as well as useful for the
evolving composite industry.

Keywords: Structural Health Monitoring; piezoelectric; energy harvesting; damage detection; macro
fiber composites (MFC); damage sensitive feature; finite element method (FEM)

1. Introduction

Modern mechanical and civil structures are becoming increasingly flexible and com-
plex with time. Beams, pipes, and cables in disparate areas of engineering (e.g., aeronautical,
bridge, petroleum, renewable energy) remain critical structural elements which continue to
degrade and remain susceptible to both external excitation and internal disturbances, lead-
ing to increasing risk and maintenance costs [1–5]. Critical components in these complex
structures are typically designed around limit state principles for a certain level of damage
tolerance and their maintenance and inspection schedules may not necessarily provide an
appropriate evolution of damage due to logistic and procedural aspects, epistemic and
aleatory uncertainties around such processes, and due to human effects.

In this context, damage detection or assessment of the current condition of structure
can be addressed effectively through Structural Health Monitoring (SHM) by reducing the
number and frequency of inspections, uncertainties, and also provide some information
about the capacity of a system, which is not possible from the more popular visual inspec-
tions, thereby also increasing the value of information from such systems and eventually
create more resilient structures. A wide range of SHM systems are widely studied by
both academia and the industry, including vibration, optical, thermal, or impedance-based
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methods [6–8]. In particular, the vibration method is intensively developed by many
researchers due to the simplicity of implementation of chosen sensors on real structures
and fast detection of damage in the structures with the use of real-time monitoring systems.
The instance of these considerations are papers [9,10], where the behavior of the intact and
damaged mechanical structures has been assessed based upon natural frequencies, mode
shapes, frequency response functions, and also power spectral density or based on spatial
wavelet analysis [11].

Many investigations in this field have shown that one-layer piezoelectric patches or
piezo harvesters with lightweight fiber materials allow identifying changes in different
kinds of vibrating structures [12–16]. The relevant properties of these element, especially
their fragility or extreme value effects allow to use them in many applications to monitor
structure or detect damage [17–21]. A core aspect behind energy harvesting not being a
part of SHM is the relative lack of sector specific examples and benchmarks, where the
damage detection markers are compared in terms of their performance. Such markers can
relate to damage existence, location, extent, and a combination thereof and it is important
to discover and distinguish which markers are relevant for which purposes. In recent times,
there has been some effort in creating benchmarks yielding sector specific challenges and
energy harvesting sensors, along with markers for damage detection. A recent work [22]
uses energy harvesting (EH) systems to assess the leak localization in water pipes. Here,
the authors investigated several pipes with different widths of leak to propose and calibrate
a leak index based on the monitoring voltage from a piezoelectric energy harvester (PEH)
and the power spectrum of the output signal generated from particular polyvinylidene
fluoride (PVDF) piezoelectric transducers. Subsequently, the use of Pb-free biomolecular
piezoelectrics was also used to enhance SHM of water pipes [23]. Similar examples are
available for bridge monitoring under operational conditions via Pb-zirconate titanate (PZT)
patches [24,25]. Similar investigations have been also performed with piezoelectric PVDF
sensors for wireless monitoring of tension conditions in a cable stayed bridge [26]. Similar
applications have also been considered for the aerospace sector in terms of component
monitoring in airplanes [27], including those harvesting energy from fuselage vibration
with one-layer piezo transducers [28].

While the potential of an energy harvesting system for supporting SHM is established
in principle, the implementation of it in specific engineering sectors is still fraught with
several questions around interpretation and performance of responses, their analyses, and
metrics developed for monitoring features of interest. An initial computational model is
helpful in this regard to assess sensor location, potential impact of nonlinearities of the
energy harvesting element, and the eventual translation of such information into designing
appropriate SHM systems. The advantage of an energy harvesting-based monitoring often
lies in the low-power aspect of it and the ease of use, which can lead to the possibility
of extensive instrumentation. Model updating and digital twinning are also becoming
more common in such industries and, consequently, a work like this will also provide a
connectivity of harvesters integrated to such updating processes, for operational structures
and those which are evolving through varied technological readiness levels.

There exists papers which address elements of the abovementioned challenges. The
influence of non-linear geometric responses of a piezoelectric composite plate considering
von Karman large strain theories into the classic plate solution has been investigated by
using a 3D element model [29], with results indicating that the problem cannot be omitted
especially when correct prediction of the stress-strain over the PEH is analyzed. A piezo-
electric element modeled as a shell element acting under d31 effect of the crystal [30] noted
that the effect of non-linearity is small and can be neglected, especially when commercial
piezoelectric patches are used. Other scientific works in this field focused on introducing
piezoelectric coupling to the shell element [31,32] and the results indicate the influence of
non-linearity for piezoelectric laminated shell is significant and should be further analyzed.
As a result, this led to developing investigations and modeling the piezo structure as a
higher order layer-wise plate finite element considering piezoelectric coupling [33]. In
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summary, despite many scientific contributions related to formulations of plates and shells
for piezoelectric laminated elements, there is a gap in verification of numerical results
considering the shell finite elements of the piezoelectric element. This paper addresses
this knowledge gap by carrying out numerical analysis and subsequently validating them
against experimental results.

Studies similar to what has been presented in this paper are also of particular relevance
for new sensors that are being developed from environmental perspectives to avoid Pb-
based systems [23] or multi-functional materials [34]. As their material properties and
uncertainties become lower, the possibility of their use in many sectors get higher and
the current work can make them better adapted to the composites sector where energy
harvesting based SHM still requires significant research. While the presence of damage
is often easier to detect with a sensor, the localization of such damages often provides
further challenges, especially when the damages are relatively closely spaced. The impact
of closely spaced damages have been studied before [11,20], and while there is a natural
understanding that indicators of damage at some point would present a coalesced effect
of two damages after a certain proximity, there is a paucity of literature in investigating
quantitatively what the effects are for patch based systems. Furthermore, the use of
composite materials for this topic is important as a benchmark due to their extensive use
in new sectors, especially in marine environments [21]. Over time, their degradation,
especially in the durability aspects for saline and harsh marine environments [35], will be
of particular relevance around this topic. There is thus a need for a detailed numerical
and experimental investigation of a relatively generic example which can be used in the
future for similar studies, but also as an evidence base for current performance of patch-
based energy harvesting and SHM, future adaption to new sensors, and to new structural
systems and environments. This will also lend eventually to estimates on their lifetime
risk levels [36] and comparative performances [37] around such levels, especially when the
exposure is of a stochastic nature.

Therefore, this paper is focused on damage identification in thin structures by using
piezo fiber composites. In contrast to [20,21,23], the piezo harvester with three dimensional
material in the piezoelectric fiber layer is considered to enhance the harvesting effect,
especially in resonance regions with the host structure. To establish this, three different
structures have been investigated, where the first one is intact, while the other two are
damaged. The damage is introduced by drilling holes in the area of the beam closer to the
end of the piezo-composite located closer the fixed end of the beam. The numerical results
obtained from the finite element (FE) models of both sensors and also the damage indexes
were determined next based on the frequency response functions, which subsequently
allows for damage localization assessment. An experimental test on a real structure was
finally carried out to verify the numerical results.

The paper is organized as follows: Section 2 describes the methodology of modeling
a piezo-harvester based on the First Order Shear Theory (FOST) and also presents the
procedure of determining the shell finite element of the laminated structure of the piezo-
composite. Section 3 presents the computational models of all structures (intact and
damage) with a homogenous model of macro-fiber composite (MFC), which is also a core
novelty of this manuscript. In Section 4, experimental investigations were carried out for
all structures with the use of an impact modal hammer. The measurement signals from
both MFC elements allow calculation of real values of damage matrices and for comparison
with numerical results. Additionally, the approach allows assessing the damage location.
Section 5 concludes the main findings of this work.
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2. Mathematical Model of the Smart Structure with a Laminated Model of the
MFC Element

The finite element model designed on the basis of the First Order Shear Theory (FOST)
is mainly used in many applications consisting of thin structures like beams or plates to
monitor their state via piezoelectric patches like macro-fiber composites [38]. The chosen
finite element (FE) model is described by the laminated shell quadratic finite element with
eight nodes: five mechanical degrees of freedom (three translations, two rotations) and
three electrical DOFs related to the number of the piezoelectric-active layers of MFCs.
In addition, this FE model can act as an equivalent single layer model to describe the
mechanical behavior and as a layer-wise model to describe the electrical behavior. As a
result, all the aforementioned performances of the proposed FE element caused that this
element can simulate not only layered materials (e.g., laminated structural composites)
with the piezoelectric layers embedded in the structure, but also non-layered materials
(e.g., aluminum) with piezoelectric sensors attached to this structure. Another important
aspect to note is that only displacements, forces applied to the structure (impulse inputs),
and electrical potentials can be enough to obtain the frequency response functions of this
structure and calculate the damage metrics properly. This makes the proposed FE model
more useful to increase the computation efficiency, especially for real time SHM, without
compromising damage identification accuracy.

The shell finite element, capable of simulating a plane, can be implemented in Ansys
and solved using the curvature formulation, which must be at least quadratic to describe
single or double curved shells with adequate accuracy [39]. Under such circumstances, the
problem of interpolation of the curvature field should be considered in the same way as
in the case of the issue of variables. In order to do this, it can be assumed that direction 1
is taken to be aligned to the fibers of a given lamina, direction 3 is aligned to the normal
laminate direction, while direction 2 is obtained based on the right-hand rule. Indexes of
all variables described in this manuscript are then given in the range of i = 1..3, j = 1..3,
k = 1..3, l = 1..3.

Constitutive Equations and Electrical Assumptions of the Piezo-Electric Lamina and Its Finite
Element Model

The piezoelectric MFC, as shown in Figure 1, is a five-layer smart composition with a
single active layer of the thickness of tMFCa, two electrode layers of the thickness of tMFCe,
and two Kapton layers of the thickness of tMFCk. As a result, this smart MFC element,
attached to the host structures, is described in the form of constitutive equations given by
Equation (1).

σij = CE
ijklεkl − ekijEk,

Di = eijkεkl + dε
ikEk

(1)

where:
σij—the laminate stresses;
Dk—the electrical displacement;
Ek—the electrical field;
CE

ijkl—the short-circuit elastic properties of the piezo-laminate;
εkl—the laminate strains;
eijk—the piezoelectric coupling coefficients;
dε

ik—the dielectric properties of the piezo-laminate.
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Figure 1. The structure of the macro-fiber composite.

From the measurement point of view, a proper polarization direction of the active
element attached to the structure is required. In many applications, especially in those
related to SHM, this problem has been solved by choosing the transverse direction of the
active element polarization. As a result, Equation (1) can be simplified to the form given by
Equation (2) when the Voigt notation is used, and also the normal transversal stress can be
considered by omitting (σ33 ≈ 0).

σ11
σ22
σ12
τ23
τ13
D3


=



Q11 Q12 0 0 0 −e′31
Q12 Q22 0 0 0 −e′31

0 0 Q66 0 0 0
0 0 0 Q44 0 0
0 0 0 0 Q55 0

e′31 e′31 0 0 0 d′33





ε11
ε22
ε12
γ23
γ13
E3


, (2)

where the material matrix components are

Q11 = CE
11 −

CE2
13

CE
33

, Q12 = CE
12 −

CE2
13

CE
33

, Q22 = CE
22 −

CE2
13

CE
33

, Q66 = 2
(
CE

11 − CE
22
)
,

Q44 = CE
44 +

e2
15

d11
, Q55 = CE

55 +
e2

15
d11

, e′31 = e31 −
CE

13e33
CE

33
, d′33 = dε

33 −
e2

33
CE

33
.

Application of smart elements in the form of macro fiber composites in mechanical
structures requires also considering their mechanical and electrical properties. In the case
of the mechanical behavior of the laminated structures, the Equivalent Single-Layer (ESL)
approach has been used. Then, according to Figure 1, actuating and generalized forces
and moments, like: shearing forces (Q), bending moments (M), normal moments (N), and
torsion moments (T) in relation to the thickness of the piezo, can be written in the local
coordinate system in the following forms:

Nx
Ny
Nxy

 =

tMFCa/2∫
−tMFCa/2


σxx
σyy
σxy

dz +
nlp

∑
op=1

tMFCp/2∫
−tMFCp/2


σxx
σyy
σxy

dz +
nlk

∑
ok=1

tMFCk/2∫
−tMFCk/2


σxx
σyy
σxy

dz, (3)


Mx
My
Mxy

 =

tMFCa/2∫
−tMFCa/2

z


σxx
σyy
σxy

dz +
nlp

∑
op=1

tMFCp/2∫
−tMFCp/2

z


σxx
σyy
σxy

dz +
nlk

∑
ok=1

tMFCk/2∫
−tMFCk/2

z


σxx
σyy
σxy

dz, (4)
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{
Qx
Qy

}
=

tMFCa/2∫
−tMFCa/2

5
6

(
1− 4s3

2

tMFCa
2

){ τyz
τxz

}
dz +

nlp

∑
op=1

tMFCp/2∫
−tMFCp/2

5
6

(
1− 4s3

2

ttotal_MFCp
2

){
τyz
τxz

}
dz +

nlk
∑

ok=1

tMFCk/2∫
−tMFCk/2

5
6

(
1− 4s3

2

ttotal_MFCk
2

){ τyz
τxz

}
dz, (5)

{
Trx
Try

}
=

tMFCa/2∫
−tMFCa/2

5
6 z
(

1− 4s3
2

tMFCa
2

){ τyz
τxz

}
dz +

nlp

∑
op=1

tMFCp/2∫
−tMFCp/2

5
6 z
(

1− 4s3
2

ttotal_MFCp
2

){
τyz
τxz

}
dz +

nlk
∑

ok=1

tMFCk/2∫
−tMFCk/2

5
6 z
(

1− 4s3
2

ttotal_MFCk
2

){ τyz
τxz

}
dz, (6)

where:
nlp—the amount of the electrode layers of the MFC element, op = 1..nlp;
nlk—the amount of the Kapton layers of the MFC element, ok = 1..nlk;
nl—the total amount of layers of the MFC element: nl = nlp + nlk + 1;
tMFCa—the thickness of the active layer of the MFC element;
tMFCp—the thickness of the passive layer of the MFC element;
tMFCk—the thickness of the Kaption layer of the MFC element;
ttotal_MFCp—the total thickness of the passive layers of the MFC element;
ttotal_MFCk—the total thickness of the Kaption layers of the MFC element.

In the case of determining the electrical behavior of this laminate piezo structure, the
layer-wise approach has been used. Then, according to this method, electrical displacement
of this piezo-composite for the active piezoelectric layer is expressed in the following form:

D3 =

−tMFCa/2∫
−tMFCa/2

{E3}dz, (7)

where:
D3—the electrical displacement of the active layer of the MFC element
E3—the electrical field of the MFC element with the vertical polarization.

Determining the representative mechanical behavior of the smart structure with the
attached laminate to its surface is also required and is relevant for SHM. To do this, the
degenerated shell theory with an implicit curvature [38] is used. Displacements, strains,
and the electrical field can be written then as a function of the nodal degree of freedom of
the finite element in the following form (Equations (8)–(10)), respectively:

ui = un
i φn, θk = θn

k φn, ϕp = ϕn
pφn, (8)

ε11
ε22
ε12
γ23
γ13

 =

(
Bm + Bb0 + s3Bb1
Bs + Bt0 + s3Bt1

)
ũ, (9)

E3 = Bφ ϕ̃, (10)

where: φn is the shape function for n-th node of the finite element, Bm, Bb0, Bb1, Bs, Bt0,
Bt1 are the curvature-displacement components calculated versus in-plane membrane
strains (m), b0 is the uniform term of in-plane bending strains, b1 is the linear term of
in-plane bending strains, s is the out-of-plane shearing distortions, t0 is a uniform term of
out-of-plane torsions, and t1 is a linear term of out-of-plane torsions, respectively.

Taking in Equations (8)–(10) to account, the strains, displacements, and electrical
potentials of the laminated elements can be expressed in terms of the nodal variables.
Subsequently, taking a solution of the elemental equilibrium equation adopted from [38]
into account, equations for the piezoelectric problem of laminate structure where wi and wj
are Gauss’ Quadrature weights, can be expressed as

M
..
u + C

.
u + Kuuu + Kuϕ ϕ = F

Kϕuu + Kϕϕ ϕ = Q
(11)
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where:

M =
j=3

∑
i,j=1

det(J−1)wiwjρ

[
h
2

HT
0 H0 +

h2

4

(
HT

1 H0 + HT
0 H1

)
+

h3

12
HT

1 H1

]
, (12)

Kuu =
j=3

∑
i,j=1

det(J−1)wiwj

(
[Bm

u ]
T
[

A B
B D

]
[Bm

u ]

)
+

j=2

∑
i,j=1

det(J−1)wiwj

([
Bt

u
]T
[

G Gh
Gh H

][
Bt

u
])

, (13)

Kϕu =
j=3

∑
i,j=1

det(J−1)wiwj

(
[But]

T
[

e1
e2

]
[But]

)
, (14)

Kϕϕ =
j=3

∑
i,j=1

det(J−1)wiwjBuϕ
TdBuϕ, (15)

C = αM + βKuu, (16)

Bm
u =

[
Bb0 + Bb0

Bb1

]
, Bt

u =

[
Bt0 + Bt0

Bt1

]
, Buϕ =

[
Bb0
Bb1

]
, H0i,5(n+1)+j

= δijφn, H1i,5(n+1)+j
= δ(i,j+3)

h
2

φn Hn
ij. (17)

From a numerical point of view, the electrical and mechanical degree of freedom,
as well as the generalized mass, damping and stiffness matrices need to be transformed
to modal coordinates in such a way that the nodal variables for a given element can be
obtained in a single vector ordered by node numbering. In order to do this, the transforming
matrix R should be used. Then, a general mechanical-electrical system in modal coordinates
can be express in the following form, respectively:

û =

{
u1

1 u1
2 u1

3 θ1
x θ1

y ϕ1
p(1) . . . ϕ1

p(last) . . .
un

1 un
2 un

3 θn
x θn

y ϕn
p(1) . . . . . . ϕn

p(last)

}T

, (18)

û = R
{

ũ
ϕ̃

}
, (19)

K̂ = R
[

Kuu Kuϕ

Kϕu Kϕϕ

]
RT , (20)

M̂ = R
[

M 0
0 0

]
RT , (21)

Ĉ = R
[

C 0
0 0

]
RT , (22)

F̂ = R
{

F
Q

}
, (23)

M̂
..
û + Ĉ

.
û + K̂û = F̂ (24)

3. Numerical Analysis of a Smart Beam as a Laminated Structure

The numerical calculations of the cantilever beam of a length of 380 mm, width
of 31 mm, and a thickness of 1.8 mm, with two piezo-stripe elements (MFC 8528 P2),
consisting of a three-dimensional homogenized material in the active layer, is described in
this section. The parameters of a homogenized material for the MFC taken from [40] are
collected in Table 1. To assess the values of damage identification metrics, the considered
structures (intact and damage structures with first one, two and three drilled holes) were
modelled in the Ansys software with the assumption that the first MFC element is located in
the distance of 40 mm from the fixed end of the beam, while the second one is at a distance



Sensors 2021, 21, 6796 8 of 21

of 15 mm from the free end of the beam. Taking into account the structure of the cantilever
beam with MFC attached to its top surface, the host beam structure is modelled by using
an 8-node coupled-brick element Solid186. For the MFC element, the electrode and Kapton
layers are modelled similarly with the use of a Solid186 element, while the piezoelectric
fiber layer with a homogenized material is modelled by using a Solid226-node coupled
brick element. In addition, it has been assumed that modelling of the adhesive layer can be
omitted due to its thickness which is less than 15 µm. Finally, this leads to determining the
computational model of the considered structure shown in Figure 2 consists of 120 of finite
elements Solid226 of the length of 10 mm for the cantilever beam, 102 elements of type
Solid226 for each passive layer (electrode and Kapton) and 102 elements of type Solid226
for the active layer.

Figure 2. The numerical model of the smart intact structure with both piezo composites attached to
the host structure.

Table 1. Material properties of homogenized MFC layer of MFC8528 P2.

Mechanical Parameters

Young’s
Modulus

(GPa)

Poisson’s Ratio
(-)

Shear
Modulus

(GPa)

Piezoelectric
Charge

Coefficient
(pC/N)

Relative Permittivity (-)

Ex 31.6 vxy 0.4 Gxy 4.9 d31 −173 εr
T 2253

Ey 17.1 vyz 0.2 Gyz 2.5 d32 −150

Ez 9.5 vxz 0.4 Gxz 2.4 d33 325

Geometrical parameters

overall length
[mm]

overall width
[mm]

active length
[mm]

active width
[mm]

thickness of
fiber layer [µm]

thickness of
electrode layer

[µm]

thickness of
Kaption layer

[µm]

103 31 85 28 180 25 30

In the first step of numerical calculations, the eigenvalue problem of such a modelled
structure is solved by using the Ansys software. For this purpose, the behavior of three
different structures (one intact and two damage structures with one hole and two holes,
respectively, of the diameter of 8 mm) are compared in the selected frequency range
1–400 Hz. The example of the damage structure with two holes is shown in Figure 3. The
obtained eigenvalues for each structure are listed in Table 2.
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Table 2. Values of natural frequencies of the intact structure and damage structures.

Mode of Vibration
Eigenvalues [Hz]

Intact Structure Damage with One Hole Damage with Two Holes

First 10.27 10.23 10.20

Second 63.74 63.52 63.25

Third 183.04 182.84 182.85

Fourth 369.79 369.12 368.13

Figure 3. The numerical model of the damage structure with two holes drilling in region close to the
end of the piezo-patch MFC1.

Taking into account the obtained result shown in Table 2, it can be noticed that the
values of the first four lowest natural frequencies of the damage structures for the increasing
number of holes in the structure decreases slightly. The obtained effect is insignificant
from the point of view of considering an SHM system since the decrease is of about 0.5%
versus the values of eigenvalues of the intact structure. This is thus can be omitted in
further analysis.

Next, a harmonic analysis for each structure is performed. To do this, the computa-
tional models of intact and damage structures with shell models of the MFC elements were
excited by an impulse load of 48N magnitude, while the vertical displacement was taken
from specific nodes of brick models of piezo composites MFC1 and MFC2, respectively.
Taking into account the results presented in Figure 4, it can be observed that the accuracy
between the frequency responses of intact and damage structures is high, especially in reso-
nance regions, where the vibration amplitudes of the damage structure are lower than that
of the intact structure (see Figure 5). This leads to difficulties related to proper identification
and interpretation of damage in the structure and the calculation of damage identification
metrics as damage indicators. This issue is taken up in detail in the next section.

Further analysis of the harmonic responses performed for the FEM models of the intact
and damage structures indicates that the distance between the location of the measurement
and excitation is the cause of obtaining two different kinds of systems from a control
strategy view point, linked to collocated for MFC1 sensor and non-collocated for MFC2
sensor, respectively. An example of the frequency response for the collocated system is
the upper diagram shown in Figure 4, where resonance and anti-resonance frequencies
are occurring. An example of the frequency response of the non-collocated system is
presented in the lower diagram in Figure 4 where the increase of the distance between the
point of measurement related to the location of the piezo MFC2 and the point of impact
lead to omitting the first antiresonance frequency. Consequently, a proper location of the
piezo-sensor on the structure should be also considered for SHM deployment.
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Figure 4. The frequency response function for the intact and damaged structures calculated in
the selected frequency range of 1–400 Hz in terms of (a) the piezo MFC1 location, (b) the piezo
MFC2 location.

Figure 5. The frequency response function for the intact and damaged structures calculated in the selected frequency range
in terms of (a) the piezo MFC1 location, (b) the piezo MFC2 location.

4. Experimental Verification

The process of frequency response function (FRF) verification of the intact and damage
structures are further used to compute damage identification metrics. Two piezo-patch
sensors, MFC 8528 P2, were attached to the host aluminium beam structure with the help
of an adhesive UHU Plus (Figure 6). The first piezo MFC1 is located 40 mm from the fixed
end, while the second one in the distance of 15 mm from the free end of the beam. The
laboratory stand is retrofitted into the modal hammer developed by Bruel and Kjaer used
to excite the considered structures to vibrations. The data acquisition module PXI 4496 is
used to measure and record vibrations from the beam.

Taking numerical investigations of Section 3 into account, experiments on a real
structure were carried out. An impulse load with a magnitude of 48 N is applied to the
structure to a chosen point located 10 mm before the piezo MFC1 and 30 mm from the fixed
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end of the beam while structural vibrations are measured with both laminate composites,
MFC1 and MFC2, respectively.

Figure 6. The view of a real laboratory stand during a lab test (a) the smart beam with both piezo-
composites MFC 8528 P2, (b) the data acquisition module PXI 4496a.

First, the intact structure is investigated by applying the aforementioned impulse load
to the beam at 4.2 s of measurement. Taking into account the recorded voltage from both
piezo elements shown in Figure 7, it can be seen that the transient response measured
with MFC2 is longer than that measured with MFC1. This is due to the fact that the piezo
MFC1 is located closer to the fixed end of the beam where the damping is higher. Further
analysis of the intact structure behavior requires transformation of input/output signals to
the frequency domain and determining two frequency responses functions (FRFs) at MFC1
and MFC2 locations, respectively, as presented in Figure 8.

Figure 7. The excitation signal and measurement signals measured by MFC elements during analysis
of the intact structure.
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Figure 8. The comparison of the amplitude plots of the intact structure measured by using (a) piezo-patch MFC1,
(b) piezo-patch MFC2.

In Figure 8, collocated piezo MFC1 and non-collocated piezo MFC2 aspects are ob-
served and this allows to verify FRFs determined from computational models. The fre-
quency response for piezo MFC1 has interchangeable character of the resonance and
anti-resonance frequencies, while in the case of MFC2, the generated frequency response is
without the first anti-resonance frequency. Thus, the distance between the sensor and the
actuator is crucial to describe the behaviour of the structure.

Further analysis of the recorded frequency responses from both piezo-sensors showed
also a high convergence between them, especially in the resonance areas, where the am-
plitude of vibrations from tests is close to the amplitude from the numerical model. In
other areas it can observe mismatch between both FRFs that are due to a heterogenous
adhesion between the piezo elements and the host structure and nonlinearity of the MFC,
especially in the strain-displacement relation. In the effect, the real frequency response
generated on the basis of the noisy measurement signal contains additional slight ampli-
tude peaks especially in higher frequencies. However, despite these discrepancies, from
monitoring point of view, it can be still conclude that those responses properly verify the
numerical responses.

In the next step, an experimental test was carried out for the damage structure with
one hole drilled in the distance of 25 mm from the end of the MFC1 piezo-patch sensor
and 150 mm from the place of impact. Similarly to the previous case, this structure was
excited to vibration again by using a modal hammer and applying the impulse load with
the magnitude of 48 N at the same point. As a result, two measurement signals from both
piezo-composites were measured by a PXI module that next allow to generate two separate
frequency response functions showed in Figure 9.

Observing diagrams in Figure 9, it can be noticed again that the experimental fre-
quency response functions are close to the frequency responses obtained based on the
numerical model, especially in the resonance areas of the first four natural frequencies. In
this case, it can be seen that the natural frequencies of the structure measured with the help
of both piezo-composites, MFC1 and MFC2, are identical with those calculated from the
numerical model, while their amplitudes, especially for those measured by using the MFC1,
are less convergence. This behaviour results from higher damping in the real structure
than it was assumed for the numerical model. Moreover, as it was just mentioned, it is
caused by heterogenous adhesion between the sensor and the host structure, nonlinearity
of the piezo sensors, as well as the noisy measurement signal that is used to generate real
frequency response. The mismatch is also representative of typical tests.
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Figure 9. The comparison of the amplitude diagram of the damage structure with one hole measured by using (a) piezo-
patch MFC1, (b) piezo-patch MFC2.

In the same way, the structure with two holes located very close to the MFC1 sensor
was investigated. In this case, the second hole was located 12 mm from the first one and
37 mm from the end of the piezo MFC1. Taking into account Figure 10, it can be observed
that the amplitudes of the structure vibration on the generated FRF from the piezo MFC1
are close to the amplitudes vibrations calculated based on the numerical model. Another
behaviour that can be seen in the case of the FRF analysis from the piezo MFC2 is the high
convergence only in resonant areas. The main reasons of this mismatch can be attributed to
a heterogenous adhesion between the bottom surface of the piezo MFC2 and the top surface
of the aluminium beam, nonlinearity of the piezo-composite and noisy measurement signal.
Again, despite some discrepancies between them located outside the resonance areas, the
FRF generated from the lab stand can be assumed as correct.

Figure 10. The comparison of the amplitude plots of the damage structure with two drilled holes measured by using
(a) piezo-patch MFC1, (b) piezo-patch MFC2.

The last step of the experimental test was collecting all the generated FRF from both
piezo sensors—MFC1 and MFC2—to perform their analysis and assess the real value of
the damage identification metrics. Taking into account Figure 11, it can be observed that
the increasing number of holes in the damage structure and the decreasing stiffness of the
structure in chosen areas of the beam do not lead to a change in the natural frequencies but
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affects only the amplitude of the structure in the resonance areas. It this way, the conclusion
from the analysis of the computational model has been verified. Further analysis of these
diagrams indicates also that the decrease of the beam stiffness resulting from drilling the
holes in the areas located very close the MFC1 sensor leads also to the amplitude increase
of vibrations measured by the MFC1 sensor but only for the first lowest natural frequencies.
In the case of the piezo MFC2, it can be observed that drilling one hole leads firstly to the
increase of the vibration amplitude while drilling another hole leads to its decrease. A
similar effect is also presented in Figure 12 where the power spectrum of measurement
signals from both piezo-sensors is analyzed. Finally, taking into account the generated
FRF’s and the power spectrum of signals from the piezo composites, it can be concluded
that those diagrams are insufficient to identify the damage in the structure properly. For
this reason, the damage identification metrics should be calculated.

Figure 11. The comparison of the FRF of the intact beam and damage structures with one hole and two holes measured by
(a) piezo-patch MFC1, (b) the piezo-patch MFC2.

Figure 12. The comparison of power spectrum of the intact beam and damage structures with one hole and two holes
measured by (a) piezo-patch MFC1, (b) the piezo-patch MFC2.

5. Damage Identification Metrics and Discussion

The numerical and experimental investigations of the intact structure and damage
structures presented in the previous sections showed problems with a proper identification
of damage in the structure only in terms of FRFs, because the dynamics of these structures
is scattered when the frequency increases. Therefore, in order to assess the precision of
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the damage type and the damage localization, the damage identification metrics should
be calculated. Taking this fact into account, five different damage identification metrics
M1–M5 taken from [41–45] were calculated for each considered damage structures, and the
results of the calculations are presented in this section. In addition, in order to perform
better analysis, the metric M2 for the intact structure is calculated as a reference value
as well as the damage indicators M1–M5 on the basis of the computational model with
three holes. The calculation of damage indices M1, M3, M4, and M5 cannot be done for a
healthy baseline because they represent a relationship between the damaged and the intact
structure, and consequently a reference M2 marker can link the performances together.

In the first step, their values were calculated based on the frequency responses
from the numerical models and then from the FRF generated (Figures 8–10) from the
laboratory setup.

The metrices considered in this paper can be divided into two groups: quantitative
indicators M1–M3 given by Equations (25)–(27)and qualitative indicators M4–M5 given by
Equations (28) and (29). The calculation of these metrics for the first group were performed
in terms of a specific frequency value to assess the damage localization in the structure,
while in the case of the second group, in terms of the selected frequency range 1–400 Hz,
to assess the level of damage. Finally, the results obtained from the computational model
considering the damage structure with three holes were collected in Table 3, while results
for the experimental response without the structure with the most number of holes are
presented in in Table 4. In addition, in order to easier analyze, the damage metric M2 for
the intact and damage structures with one and two holes is also presented in the form of a
diagram in Figure 13.

M1 = max
(

HI( fi)

Hd( fi)

∣∣∣∣
P1

,
HI( fi)

Hd( fi)

∣∣∣∣
P2

)
, (25)

where:
HI( f ), Hd( f ) denotes frequency response of the intact and damage structure, respectively.

M2 = max
(

Hd( fi)|P2
Hd( fi)|P1

)
, (26)

M3 =
log(HD( fi)− HI( fi))

log(HI( fi))
∗ 100%. (27)

Table 3. Results of the damage metrics M1, M2, and M3 calculated in terms of numerical models.

Frequency Response Function Damage Metrics

Metric M1 Metric M2 Metric M3 [%]

Frequency [Hz] 10.1 60.8 13.5 9.97 60.8

Sensor MFC_1 MFC_2 - MFC_1 MFC_2

Intact structure - - 66.18 - -

Damage structure (1 hole) 5.874 1.340 26.23 234.1 203.2

Damage structure (2 holes) 7.403 1.682 9.44 253.0 237.5

Damage structures (3 holes) 9.508 1.956 3.37 286.3 265.3

Table 4. Results of the damage metrics M1, M2, and M3 calculated in terms of the generated FRF from the lab stand.

Frequency Response Function Damage Metrics

Metric M1 Metric M2 Metric M3 [%]

Frequency [Hz] 10.1 60.8 13.9 10.1 60.5

Sensor MFC_1 MFC_2 - MFC_1 MFC_2
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Table 4. Cont.

Frequency Response Function Damage Metrics

Metric M1 Metric M2 Metric M3 [%]

Intact structure - - 65.10 - -

Damage structure (1 hole) 5.399 1.278 26.41 230.1 209.1

Damage structure (2 holes) 7.620 1.569 10.07 257.0 241.5

Figure 13. The comparison of damage identification metric M2 of the damage structures with one hole and two holes
calculated based on (a) numerical approach, (b) experimental approach.

Taking into account the results collected in Tables 3 and 4 and Figure 13, it can be
noticed that the experimental tests and the obtained values of the damage metrics M1,
M2, and M3 verify in their numerical results. The analysis of the values collected in
Tables 3 and 4 show that a gradual decrease of the structure stiffness in a chosen area
of the structure leads to the increase of the values of M1 and M3. The inverse effect
can be obtained in the case of the analysis of the damage metric M2 (Figure 13), where
the increasing number of holes in the structure relative to the intact structure leads to a
decrease of its maximum value. It is, however, important to note that all metrics exhibit a
monotonicity of calibration against damage, which is important for SHM. Further analysis
of these tables also shows that the calculated maximum values of the damage metrics M1
and M3 for the piezo-composite for MFC1 cases are higher than their values calculated
for the piezo-patch MFC2. This leads to a conclusion that the damage in the structure
is located closer the piezo MFC1 and the piezo MFC2. With adequate sensors, this can
lead to the localization of damages better. The actual demand of the spacing of sensors
will eventually depend on the demands of detection of the feature of interest in terms
of extent and resolution, noise in the measured signal, and the excitation that generates
the responses.

Next, the values of the qualitative indicators M4 and M5, given in Equations (28) and (29),
were calculated to assess the level of damage in the structure in the selected frequency
range of 1–400 Hz, with a frequency increment ∆f of 0.00024 Hz (reciprocal of sampling
frequency fs = 4096 Hz). Similar to previous cases, the first frequency responses functions
from the numerical model (Figures 7–9) were taken to calculate these values, and next, the
FRF from the laboratory experiment to verify them. The obtained results for the damage
metric M4 are shown in Figure 14, while the results for the damage metric M5 in Figure 15.

M4 =
∆ f

fhigh − flow

n

∑
i=1

∣∣∣∣Hd( fi)− HI( fi)

HI( fi)

∣∣∣∣, (28)
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where:
∆f —the frequency increment;
fhigh—the upper frequency;
flow—the lower frequency.

M5 =

n
∑

i=1
|Hd( fi)− HI( fi)|

n
∑

i=1
|HI( fi)|

. (29)

Figure 14. The comparison of damage identification metric M4 of the damage structures with one hole and two holes
calculated based on (a) numerical approach, (b) experimental approach.

Figure 15. The comparison of damage identification metric M5 of the damage structures with one hole and two holes
calculated based on (a) numerical approach, (b) experimental approach.

As observed in Figures 14b and 15b, the experimental results of the damage metrics
M4 and M5 carried out for only two damage structures with one and two holes allow
verifying the values obtained from the computational model. Analysis of M4 indicates a
decrease of its values for a gradually increasing number of the drilled holes in a chosen
area of the beam even for more damaged structure (see orange line in Figure 14a). A similar
observation was noted during the analysis of M5 where its value for the structure with
three holes were the lowest. Overall, damage metrics M1–M5 are useful to identify damage
and its localization, and can support SHM for beam-like structures. Moreover, these results
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can be useful to build equivalent damage model and also create a fundamental, low-fidelity
system which can lend itself to further studies.

6. Summary and Conclusions

The use of piezoelectric patches in SHM has expanded the possibilities of use of energy
harvesting in recent times. Nonlinearity in the piezo patches with a potential application
for SHM has led to investigations in this paper on structures composed of thin piezo-stripes
by creating computational models for them. With the current focus on using traditional
and modern sensors to aid digital twinning and model updating, such a focus on the
behavior of the sensors becomes even more important. Composite structures are making
new inroads into a range of sectors, including renewable energy, and so this example is
also relevant for future expansion in terms of sustainability of such solutions.

Taking this into account, the stress–strain effect in the laminate structure was analyzed
first in this paper to create a fundamental background model. Next, a modal analysis of the
chosen structures (intact and damaged) with piezo patch MFCs were carried out using FEM,
establishing a homogenized model of MFC elements. Results presented in Figures 4 and 5
indicate that a gradual increase of the number of the holes drilled in the beam in a cho-
sen area slightly affects the values of the resonance and antiresonance frequencies and
leads to a decrease of the vibration amplitude due to changes in local stiffness. Further
analysis of response to harmonic loading, performed on the FEM models for the intact
and damage structures indicates that the distance between the measurement location and
excitation leads to collocated (sensor MFC1) and non-collocated (sensor MFC2) systems.
Taking the FRF of the collocated system into account (Figures 8a, 9a and 10a) the inver-
sion of resonance and anti-resonance frequencies is observed. For non-collocated system
(Figures 8b, 9b and 10b), the increase of distance between the sensor and the location of
excitation leads to the estimation of FRFs while omitting the first antiresonance frequency.

Next, FRFs of the FEM models of the intact and damaged structures are used to
assess the damage location. Five different damage indexes were calculated in this regard,
comprising of three quantitative and two qualitative indicators, estimated as a function of
locations of the sensors on the structure. Estimated damage indices in Table 3 show that
a gradual decrease of the beam stiffness leads to consistent and monotonic change of the
indexes (26% increase of M1, 20–30% increase of M3 and decrease of M2) with respect to
the reference value. This consistency of the damage indicators in the presence of realistic
conditions is desirable and is indicative of their robustness.

Additionally, taking into account the values in Tables 3 and 4, it can be noticed that
the damage of the structure is located closer to the MFC1 sensor and consequently, higher
values of damage indicators closer to the harvesting sensors can also be used to identify
the approximate location of the damages. With reasonably spaced sensors in the context
of damage detection resolution requirements, this can provide information in terms of
detection of the damage location. The qualitative metrics also show a decrease in values
for increasing number of holes in the structure, as observed from numerical simulations.
This consistency of multiple metrics to describe same damage changes also opens up the
possibility of using combined metrics to have a more robust detection scheme.

Experimental investigations carried out in the laboratory (one intact and two damage)
with an attached PEH allowed to verify the numerical results indicate that estimated
FRFs from piezo-sensors MFC1 and MFC2 are consistent with changes due to damage.
Subsequent analysis (Figures 11 and 12) also confirms that the beam stiffness decreasing
in a chosen region by drilling an increasing number of holes slightly affects the values of
resonances and antiresonances, but significantly affects their amplitude within the range of
low frequencies. This is especially illustrated in the vicinity of the first natural frequency
where drilling subsequent holes leads to the increase of their values (Figure 12a—MFC1),
while in the case of the measurement using MFC2 sensor, the amplitude of vibrations
increases and then decreases. Heterogenous adhesion between the harvesting elements
and the host structure can lead to such a situation. Summarizing the experimental tests, it
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can be said that the damage location on the basis only on the analysis of FRF is difficult for
energy harvesting and it must be processed further to create relevant markers of damage
detection. The proposed damage metrics in this paper illustrate how such markers can
be developed and combined, especially in an output-only context. The results of Table 4
indicate similar trends of the proposed metrics as compared to what was observed through
numerical simulations. Higher values of damage metrics were observed for sensor closer
to the damage (Figures 14b and 15b) along with distinctive and consistent difference over
the entire testing range of 1–400 Hz.

This work can act as a reference point for modelling and the expectation of perfor-
mance of such energy harvesting based SHM sensors for applications in civil/
mechanical systems.
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3. Ambrożkiewicz, B.; Wolszczak, P.; Litak, G. Modelling of Electromagnetic Energy Harvester with Rotational Pendulum Using

Mechanical Vibrations to Scavenge Electrical Energy. Appl. Sci. 2020, 10, 671. [CrossRef]
4. Muller, F.; Krack, M. Explanation of the self-adaptive dynamics of a harmonically forced beam with a sliding mass. Arch. Appl.

Mech. 2020, 90, 1569–1582. [CrossRef]
5. Qiu, Z.; Li, C.; Zhang, X. Experimental study of active vibration control for a kind of two-link flexible manipulator. Mech. Syst.

Signal Process. 2019, 118, 623–644. [CrossRef]
6. Sante, D.; Fibre, R. Optic Sensors for Structural Health Monitoring of Aircraft Composite Structures: Recent Advances and

Applications. Sensors 2015, 18, 18666–18713. [CrossRef]
7. Ruqiang, Y.; Xuefeng, C.; Subhas, C. Mukhopadhyay, Structural Health Monitoring, An Advances Signal Processing Perspective;

Springer Publisher: Berlin, Germany, 2017.
8. Ganguli, R. Structural Health Monitoring: A Non-Deterministic; Springer Publisher: Berlin, Germany, 2020.
9. Capineri, L.; Bulleti, A. Ultrasonic Guided-Waves Sensors and Integrated Structural Health Monitoring Systems for Impact

Detection and Localization: A Review. Sensors 2021, 21, 2929. [CrossRef]
10. Micknes, T.; Schulz, M.; Sundaresan, M.; Ghoshal, A. Structural Health Monitoring of Aircraft joint. Mech. Syst. Signal Process.

2003, 17, 285–303. [CrossRef]
11. Chang, C.; Chen, L.-W. Detection of the location and size of cracks in the multiple cracked beam by spatial wavelet based

approach. Mech. Syst. Signal Process. 2005, 19, 139–155. [CrossRef]

http://doi.org/10.1016/j.ymssp.2015.07.002
http://doi.org/10.3390/app10020671
http://doi.org/10.1007/s00419-020-01684-5
http://doi.org/10.1016/j.ymssp.2018.09.001
http://doi.org/10.3390/s150818666
http://doi.org/10.3390/s21092929
http://doi.org/10.1006/mssp.2001.1425
http://doi.org/10.1016/j.ymssp.2003.11.001


Sensors 2021, 21, 6796 20 of 21

12. Staaf, L.G.H.; Smith, A.D.; Laundgren, P. Effective piezoelectric energy harvesting with bandwidth enhancement by asymmetry
augmented self-tuning of conjoined cantilevers. Int. J. Mech. Sci. 2019, 150, 1–11. [CrossRef]

13. Koszewnik, A.; Oldziej, D. Performance assessment of an energy harvesting system located on a copter. Eur. Phys. J. Spéc. Top.
2019, 228, 1677–1692. [CrossRef]

14. Koszewnik, A. Analytical Modeling and Experimental Validation of an Energy Harvesting System for the Smart Plate with an
Integrated Piezo-Harvester. Sensors 2019, 19, 812. [CrossRef]

15. Bo, L.D.; Gardonio, P.; Casagrande, D.; Saggini, S. Smart panel with sweeping and switching piezoelectric patch vibration
absorbers: Experimental results. Mech. Syst. Signal Process. 2018, 120, 308–325.

16. Koszewnik, A. The influence of a slider gap in the beam–slider structure with an MFC element on energy harvesting from the
system: Experimental case. Acta Mech. 2020, 232, 819–833. [CrossRef]

17. Zhao, X.; Gao, H.; Zhang, G.; Ayhan, B.; Yan, F.; Kwan, C.; Rose, J.L. Active health monitoring of an aircraft wing with embedded
piezoelectric sensor/actuator network: I. Defect detection, localization and growth monitoring. Smart Mater. Struct. 2007, 16,
1208–1217. [CrossRef]

18. Gao, Z.; Zhu, X.; Fang, Y.; Zhang, H. Active monitoring and vibration control of smart structure aircraft based on FBG sensors
and PZT actuators. Aerosp. Sci. Technol. 2017, 63, 101–109. [CrossRef]

19. Na, W.S.; Baek, J. Piezoelectric Impedance-Based Non-Destructive Testing Method for Possible Identification of Composite
Debonding Depth. Micromachines 2019, 10, 621. [CrossRef]

20. Kisa, M. Free vibration analysis of a cantilever composite beam with multiple cracks. Compos. Sci. Technol. 2004, 64, 1391–1402.
[CrossRef]

21. ’Leary, K.; Pakrashi, V.; Kelliher, D. Optimization of composite material tower for offshore wind turbine structures. Renew. Energy
2019, 140, 928–942. [CrossRef]

22. Okosun, F.; Cahill, P.; Hazra, B.; Pakrashi, V. Vibration-based leak detection and monitoring of water pipes using output-only
piezoelectric sensors. Eur. Phys. J. Spéc. Top. 2019, 228, 1659–1675. [CrossRef]

23. Okosun, F.; Guerin, S.; Celikin, M.; Pakrashi, V. Flexible amino acid-based energy harvesting for structural health monitoring of
water pipes. Cell Rep. Phys. Sci. 2021, 2, 100434.

24. Cahill, P.; Hazra, B.; Karoumi, R.; Mathewson, A.; Pakrashi, V. Vibration energy harvesting based monitoring of an operational
bridge undergoing forced vibration and train passage. Mech. Syst. Signal Process. 2018, 106, 265–283. [CrossRef]

25. Cahill, P.; Ni Nuallain, N.A.; Jackson, N.; Mathewson, A.; Karoumi, R.; Pakrashi, V. Energy Harvesting from Train-Induced
Response in Bridges. J. Bridg. Eng. 2014, 19, 04014034. [CrossRef]

26. Liao, W.-H.; Wang, D.H.; Huang, S.L. Wireless Monitoring of Cable Tension of Cable-Stayed Bridges Using PVDF Piezoelectric
Films. J. Intell. Mater. Syst. Struct. 2001, 12, 331–339. [CrossRef]
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