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Abstract

Fibre-reinforced composites are increasingly being used in maritime structures. Piezoelectric sensors
can be used to monitor both loads acting on a fibre-reinforced composite structure and elastic waves
emitted from damage initiation within the structure. In certain marine applications, due to a harsh
environment or for hydrodynamic reasons, piezoelectric sensors cannot be placed on the surfaces
of the structure. Fortunately fibre-reinforced composite materials allow piezoelectric sensors to be
embedded inside the structure.

The focus in this research is on embedded piezoelectric sensor design, performance and behaviour.
Carbon fibre beam specimens with embedded piezoelectric sensors have been manufactured and sub-
ject to low-frequency bending, high-frequency elastic wave emission, electrical excitation and mono-
tonic bending to failure.

The low-frequency bending test has given insight in the effects of sensor discharge, that is, decreas-
ing and distorting the sensor response. Also it has been used to check consistency between different
specimens. The effect of electrical discharge is practically absent around 1.8Hz but becomes appar-
ent at lower frequencies. The test was simulated numerically. The simulation captures the effects of
electrical discharge but underestimated sensor response amplitude by 40% to 65% for the small and
large sensor respectively.

High-frequency elastic wave emissions, originating from fibre-reinforced composite failure duringmono-
tonic bending, have been measured by an embedded piezoelectric sensor. The signals measured by
the embedded piezoelectric sensor have a median signal-to-noise-ratio of 17dB. Using the spectral ele-
ment method, a parameter study has been performed for a similar, two-dimensional setup. Embedded
piezoelectric sensor length and embedment location in the plate thickness has been varied. Both a
symmetric and antisymmetric elastic wave have been excited. It has been found that increasing sen-
sor size has a negative effect on the sensitivity of the sensor. The antisymmetric elastic wave is better
captured by the sensor response than the symmetric elastic wave. Effects of electromechanical reso-
nance were not noticeable.

Monotonic four-point bending failure tests were performed to compare structural integrity of a carbon
fibre-reinforced beam specimen with an embedded piezoelectric sensor to a specimen without sensor.
With embedded specimens, an average stiffness drop from 3 to 8% is noted. Specimens with small
sensors on the tension side of the composite had a decrease lower than 4% in ultimate strain and at
maximum 8% reduction in ultimate load and failure toughness. For specimens with embedded sensors
on the compression side, the decline was larger, with the larger sensor outperforming the smaller
sensor.
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1
Introduction

In maritime applications, there is a rising interest in the use of fibre-reinforced composites for structural
purposes [27, 42]. Such structures typically are subject to capricious dynamic loads and subsequently,
damages can occur. Results of loads and damages in marine structures are given in fig. 1.1. It is
of significance to have online insight in the applied loads and any related damage that is generated.
Piezoelectric sensors can be used to monitor both dynamic loads acting on a composite structure as
well as the structural health. Composites, due to their layered shape, have the ability to accommodate
sensors inside the structure. This embedding would allow sensors to be used in areas where the
environment is harsh or where hydrodynamics are sensitive and should not be disturbed by surface-
mounted sensors.

First a background on the general themes involved in measuring with piezoelectric sensors embedded
in composites is given. Based on the background, the primary research question is formed. This is
followed by the subdivision of the research question into a variety of research subquestions. Subse-
quently, the setup of the research is elaborated upon.

1.1. Background
Research in embedding piezoelectric sensors and similar objects into fibre-reinforced composites com-
menced in the 1990’s in the field of aerospace structures. Initially the objective of these investigations
laid in active vibration control but gradually it spread out, including towards structural health monitoring
[38].

1.1.1. Embedment design and host material structural integrity
There have been a number of investigations regarding the method of embedding a piezoelectric sensor
into a composite material. In general two approaches exist: either by placing the piezoelectric sensor
and attachments between host plies [3, 7, 14, 20, 43, 44, 46, 59, 63, 68, 71, 74], or by cutting an
aperture that can accommodate the piezoelectric sensor in one or more plies [7, 20, 34, 43]. In a
glass-fibre host material, the piezoelectric sensor can be directly embedded. In the case of conductive
fibres, such as in carbon fibre-reinforced plastics, electrical insulation between the piezoelectric sensor
electrodes and the host material is needed. Typical solutions are by means of a layer of Kapton or
polyimide [3, 20, 40, 43, 44, 58, 59], a layer of glass-fibre [3, 20, 67], or through a thermoplastic foil
[38]. It is acknowledged by Lin and Chang [40] and Andreades et al. [3] and Liew and Veidt [38] that
a polyimide layer insulation requires surface preprocessing to prevent delamination between the host
material plies. Lin and Chang [40] stated embedding glass fibre insulation inside a carbon-fibre host
results in strength deterioration. The results of Andreades et al. [3] do not confirm this statement.

Prior investigations feature amultitude of methods to obtain tensile, compressive and flexural properties
of both graphite fibre and glass fibre composite structures with sensors or similar objects embedded.

1
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(a) (b)

Figure 1.1: Loads and damages in marine structures. (a) Dynamic loads on marine structures can be temperamental. In such
a situation, assessment of damage is of key importance. Painting by Théodore Gudin [9]. (b) Strains in lengthwise direction
experienced by a glass fibre-reinforced composite marine propeller blade. The figure is a continuation of the work of Maljaars

[42].

Tensile failure tests were executed by Shukla and Vizzini [70], comparing different types of embedding
glass plates in a carbon fibre-reinforced plastic composite. It was concluded a cut out with intermitted
ply cutting (interlacing) had a beneficial effect on its strength compared to a conventional cut out. The
ultimate strength however was notably lower than a specimen without sensor. Both tensile and com-
pressive failure testing of carbon fibre-reinforced plastic specimens with embedded specimens were
done by Christophe A. Paget [8]. No degradation due to the sensor was observed. In 2002, Mall [43]
experimentally tested carbon fibre-reinforced plastic specimens with embedded sensors under mono-
tonic tension and fatigue and compared stiffness and strength between pristine specimens, specimens
with a cut out for the embedded sensors and those without cut out but with embedded sensors. As
a result, it was reported there was no difference in stiffness and ultimate strength values were within
5% of each other for monotonic loading. In the case of fatigue, no deterioration due to the sensor was
experienced. Shear, compression and out of plane tensional tests were performed by Lin and Chang
[40] for graphite fibre-reinforced composites with a SMART layer embedded. From these tests, it is
concluded structural integrity is not inherently impeded by the additional layer. Andreades et al. [3]
compared carbon fibre-reinforced plastic specimens with either a glass fibre-reinforced plastic insula-
tion or a kapton foil insulation. Structural integrity was assessed by means of shear, compressive and
flexural tests. In the results, glass insulated embedded specimens were statistically indistinguishable
from pristine specimens. Kapton insulated embedded specimens generally were not. A finite element
model was developed by Butler et al. [6] to study the effect of embedded piezoelectric sensors with Kap-
ton insulation on delamination in a carbon fibre-reinforced plastic composite rotor blade part. It was
concluded embedding has a limited impact on delamination damage propagation and is dependent on
the sensor location with respect to critical locations.

In a woven glass fibre-reinforced plastic composite with embedded sensors placed without cut out, Tang
et al. [71] experienced tensional fatigue failure at the electrical leads of the sensor. It was stated the
sensors increased local stresses and caused the formation of resin pockets. Chilles et al. [7] performed
monotonic four-point bending tests with glass fiber epoxy composite beams. Sensors with induction
coil for wireless data acquisition, to counter the effect reported by Tang et al. [71], were embedded with
cut-out and without cut-out at different heights in the laminate stack. A finite element model for the
beam bending was created. The conclusion was made that embedding such a sensor reduced flexural
strength insignificantly. Four point bending was also described in Lampani et al. [34], for glass fibre-
reinforced plastic embedded specimens. The sensor was embedded by means of a cut-out. Stiffness
and maximum force of the embedded specimen was slightly higher than the reference specimens.
Maximum strain was lower. Failure was near the sensor due to a stress concentration, visualised
using the finite element method. Masmoudi et al. [47], in three point bending of glass fibre-reinforced
plastic specimens, did not find a change in stiffness when embedding sensors. Maximum strain and
stress however were lower, with the effect increasing with a larger sensor. The effect of host material
(glass fibre-reinforced plastic) strength with different materials for embedded (with cut out) piezoelectric
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sensors were compared by Konka et al. [31]. Ultimate tensile strength was decreased by 3 to 6%
depending on sensor type, and 7 to 15% in interlaminar shear. Yang et al. [74] did a study on strength
drop due to embedded sensors and wiring inside a glass fibre-reinforced plastic composite. Ultimate
strength drops were 13.8 and 12.3% respectively.

1.1.2. Modelling sensor behaviour

Piezoelectric materials provide a linear1 coupling between the mechanical field to the electrical field and
vice versa [26]. Typically of interest is the sensor voltage due to a certain imposed strain field of the
structure or the induced strain field of the structure as a function of an imposed sensor voltage. In these
cases either one-way coupling, translating a predetermined strain field or voltage to a resulting voltage
or deformation, or two-way coupling, which includes reciprocal interaction between the electric and me-
chanical fields, are used. Depending on external conditions, the former may be calculated analytically
or numerically whereas the latter usually involves coupled-field finite element analysis.

One-way coupling was used by Lin and Giurgiutiu [39] and Shin et al. [69] to explain an experimental
sensor voltage of a vibrating beam. A method was provided by Erturk and Inman [16] that includes
resistance in the electrical system. Gopalakrishnan et al. [22] described a solution for simulating elastic
wave measurements with one-way coupling.

A two-way coupling method for piezoelectric sensor layers embedded in a composite was explained
by Lam et al. [33] and Reddy [64] by means of the finite element method and classical laminate theory.
Similarly, Ha et al. [23] used three-dimensional coupled field elements to simulate composite beam
vibration with piezoelectric actuators and sensors attached.

1.1.3. Structural health monitoring
The aim of structural health monitoring is to identify and characterize damages in a structure [1]. Piezo-
electric sensors can be instrumental in both damage detection and characterisation2. As a damage
event occurs, such as a delamination, fibre or matrix breakage in fibre-reinforced composites, a dis-
tinct elastic wave is emitted throughout the structure [2]. Piezoelectric sensors can measure these
emissions directly and by utilising multiple sensors, a localisation of the damage may be performed as
demonstrated by Dziendzikowski et al. [14], Yang et al. [74], Zamorano-Senderos and Elvin [76] and
Osmont et al. [58].

In the case of Masmoudi et al. [46, 47] a beam specimen with embedded sensors was subjected to a
fatigue load. At increasing cycles, elastic wave emissions were recorded, which could later be assigned
to different types of failure mechanisms. Andreades et al. [3] succesfully detected elastic waves char-
acteristic for a delamination3 using embedded piezoelectric sensors. To mimic damage-related elastic
emissions, leads from a mechanical pencil can be broken against the host structure, as is done by
Masmoudi et al. [46]. Kirkby et al. [29] used pencil lead breaks at varying locations as excitation for
damage localisation on a carbon fibre-reinforced plastic plate by means of surface bonded piezoelectric
sensors (and fibre bragg gratings).

1.2. Research question
From the context above, the following observations are made:

• the effect of embedding a piezoelectric sensor into a fibre-reinforced composite on the structural
integrity of that composite is strongly case-dependent;

• a number of models describing general sensor behaviour have been established;

1That is, at a low electric field intensity [64].
2Other methods, such as by using the piezoelectric material as active transducers or by reading out the sensors’ electrical
impedance, are not discussed here but may be found in the work of Giurgiutiu [21].

3Based on the excitation of a transducer.
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• embedded piezoelectric sensors have been demonstrated to capture certain vibrations and
damage-related elastic waves.

It is of interest to place these separate observations into a single coherent framework, leading to the
following research question:

Under what conditions is it feasible to measure loads and damage growth in composites
using embedded piezoelectric sensors without compromising the structural performance?

1.3. Research subquestions
With regard to the feasibility and the conditions required by the research question, three topics are
defined in which related research subquestions are clustered:

1.3.1. Theoretical working principle
To accurately reconstruct loads acting on a structure from sensor measurements, understanding in the
working principle of the piezoelectric sensor and the behaviour of the host material is essential. Hence
the following subquestions are posed:

What are the governing physics of piezoelectricity and how can they be modelled in sensor
applications?

What are elastic waves and how can they be modelled in composites for analysis of elastic
wave emissions?

1.3.2. Sensor design and performance
A suitable design of the sensor and its embedding is needed to answer the research question. The per-
formance of an embedded piezoelectric sensor under certain conditions is of interest as well. Related
subquestions are formed accordingly:

How can a piezoelectric sensor be embedded in a composite structure?

To what extent does the embedded piezoelectric sensor design survive the manufacturing
process?

How does embedding a sensor affect its electromechanical resonant behaviour compared
to a non-embedded sensor?

What is the variation of responses between measurements and between piezoelectric sen-
sors?

To what extent in terms of signal quality and maximum strain is the embedded piezoelectric
sensor able to measure damage-related elastic wave emission?

Given the measurement set-up, what is the minimum frequency the piezoelectric sensor
can measure strain accurately?

How does the location and size of the sensor influence elastic wave sensor responses?

1.3.3. Host material mechanical properties
The applicability, and feasibility, of embedding piezoelectric sensors into a fibre-reinforced composite is
limited by the sensors’ influence on the mechanical properties of the host material. Therefore a related
subquestion is presented:

To what extent are flexural mechanical properties of the composite host material influenced
by embedding a piezoelectric sensor?
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1.3.4. Comparison between experimental results and modelling
Accurate modelling is required to translate loads acting on the structure to the voltage captured by
the embedded piezoelectric sensors. This statement can be reshaped into the subsequent subques-
tion:

How is the agreement between modelled and measured sensor responses?

1.4. Report structure
The research performed follows the general structure given in fig. 1.2. Theory regarding piezoelec-
tricity and elastic waves is discussed in chapter 2. The design for the specimens and descriptions of
the experiments are given in chapter 3. Results with respect to the experiments are presented and
discussed in chapter 4. In chapter 5 simulations are performed and compared to experimental results
in the case of low-frequency excitations and a parameter study is displayed for elastic wave emissions.
On the basis of the results of the above chapters, conclusions are drawn and research subquestions
are answered. These are summarised in chapter 6. Recommendations with respect to experiments,
modelling and applications are presented in chapter 7. The thesis is ended in chapter 8, containing the
acknowledgements.

Piezoelectric theory
Mechanical theory
Elastic wave theory

Specimen design

Experiments

Results

Simulations

Parameter study

Comparison

Explanation
of results

Figure 1.2: Generalised structure of the research performed.





2
Theory and modelling

2.1. Introduction
This chapter is focused on implementing a model for the voltage response of piezoelectric sensors
when excited under strain. Also a method is given for modelling guided waves. The chapter aims at
evaluating research sub questions:

What are the basic physics of piezoelectricity and how can they be modeled in piezoelectric
sensor applications?

What are guided waves and how can they be modeled in composites for analysis of acoustic
emissions?

First a short background on the piezoelectric effect is given. The background includes a description of
piezoelectric materials and the introduction of piezoelectric equations. Second, an analytical model for
the strain-voltage response is presented. This model is verified with literature.

Third general phenomena of guided waves are described. This is followed by an explication of the
numerical method used to simulate guided wave propagation.

2.2. The piezoelectric effect
2.2.1. Piezoelectric material
Piezoelectric materials are materials whose microstructure, under mechanical deformation, becomes
polarised. The mechanical deformation distorts the crystal structure such that positive nuclei come
closer to one side of the crystal and negative electrons come closer to another. In the used piezoelec-
tric sensor material, PZT (lead-zirconite-titanate mixed ceramics), the crystal structure is aligned such
that the deformation-induced polarisation results in a macroscopic electric field ([19], [21], [66], [11],
[52]).

2.2.2. Constitutive equations
The phenomenom decribed above adheres to the principle of conservation of energy. This principle
leads to a set of constitutive equations that relate strains and electric displacements 𝑆።፣ to stresses 𝑇፤፥,
electric field intensity 𝐸፤ and temperature 𝜗. For small variations in above parameters, these constitu-
tive equations are considered linear [66]. A set of linear constitutive equations is given below.

𝑆።፣ = 𝑠ፄ።፣፤፥𝑇፤፥ + 𝑑፤።፣𝐸፤ + 𝛼ፄ።፣𝜗 (2.1)
𝐷፣ = 𝑑፣፤፥𝑇፤፥ + 𝜀ፓ፣፤𝐸፤ + 𝜌ፓ፣ 𝜗 (2.2)

7
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The terms in eq. (2.1) and eq. (2.2) will be individually addressed by setting other terms to zero (see
subscripts).

𝑆።፣,ፄ዆ኺ,Ꭹ዆ኺ = 𝑠ፄ።፣፤፥𝑇፤፥ (2.3)
𝐷፣,ፓ዆ኺ,Ꭹ዆ኺ = 𝜀ፓ፣፤𝐸፤ (2.4)

In eq. (2.3), strain tensor 𝑆።፣ is linked to stress tensor 𝑇፤፥ bymeans of elastic compliance 𝑠ፄ።፣፤፥ at constant
electric field intensity 𝐸. This is equivalent to Hooke’s law for linear elastic material. eq. (2.4) states
electric permittivity 𝜀ፓ።፣ at constant stress 𝑇 translates electric displacement 𝐷፣, which can be seen as
measure of polarization of a material1, to electric field intensity 𝐸፤. eq. (2.4) is used as a general
constitutive equation in dielectric material.

𝑆።፣,ፓ዆ኺ,Ꭹ዆ኺ = 𝑑፤።፣𝐸፤ (2.5)
𝐷፣,ፄ዆ኺ,Ꭹ዆ኺ = 𝑑፣፤፥𝑇፤፥ (2.6)

eq. (2.5) and eq. (2.6) are characteristic for piezoelectric material. Here, mechanical strain 𝑆።፣ is a
function of electric field intensity 𝐸፤ and electric displacement 𝐷፣ is a function of mechanical stress 𝑇፤፥.
𝑑፤።፣ and 𝑑፣፤፥ are the piezoelectric coupling terms.

𝑆።፣,ፓ዆ኺ,ፄ዆ኺ = 𝛼ፄ።፣𝜗 (2.7)
𝐷፣,ፓ዆ኺ,ፄ዆ኺ = 𝜌ፓ፣ 𝜗 (2.8)

In eq. (2.7), temperature 𝜗 leads to strain 𝑆።፣. 𝛼ፄ።፣ is the linear thermal expansion coefficient. eq. (2.8)
describes the pyroelectric effect; temperature 𝜗 gives an electric displacement 𝐷፣ by means of pyro-
electric coupling coefficient 𝜌ፓ፣ at constant strain.
Voigt notation can be used to reduce the tensor ranks. For modeling, this results in a simplified set
of constitutive equations, given in eq. (2.9) and eq. (2.10). A version in tensor notation is given in
eq. (2.11) and eq. (2.12).

𝑆። = 𝑠ፄ።፣𝑇፣ + 𝑑፤።𝐸፤ + 𝛼ፄ።፣𝜗 (2.9)
𝐷፥ = 𝑑፥፣𝑇፣ + 𝜀ፓ፥፤𝐸፤ + 𝜌ፓ፣ 𝜗 (2.10)
{S} = [sፄ]{T} + [d]{E} + [𝛼ዏ]𝜗 (2.11)
{D} = [d]፭{T} + [𝜀ፓ]{E} + [𝜌ዞ]𝜗 (2.12)

The tensors given in eq. (2.9) and eq. (2.10) are not full for the materials discussed here. A certain
amount of entries are zero due to symmetry in the crystal structure [15, 21, 66]. Manufacturers typically
provide values for the contributing tensor entries of their material.

1Electric displacement ፃᑛ can be written as ፃᑛ ዆ ᎒Ꮂፄᑜ ዄፏᑛ, where ፏᑛ is electric polarization and ᎒Ꮂ is the permittivity of vacuum
[66].
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2.3. Piezoelectric piezoelectric sensor response
The constitutive equations described above play a crucial part in the determination of a strain to voltage
relationship. While it is mathematically possible from the constitutive equations alone to retrieve a strain
to voltage relationship, this disregards other phenomena. In this regard, it is possible to distinguish three
regions, see fig. 2.1.

𝑈ፚ

𝑓𝑅𝐶 region 𝐶 region resonance region

Figure 2.1: Schematic piezoelectric sensor response.

Here, 𝑈ፚ and 𝑓 represent voltage amplitude at constant strain amplitude and frequency respectively.
The 𝑅𝐶 region response is governed by the resistance. The piezoelectric sensor itself, and addition-
ally the measurement system and wiring have a finite resistance. This resistance allows discharge of
the sensor, thereby decreasing voltage amplitude with decreasing frequency [19]. At sufficiently high
frequencies, piezoelectric sensor discharge becomes negligible, resulting in the 𝐶 region. This means
response is only compromised by possible external capacitance, resulting from wiring and measure-
ment system. At a certain frequency, electromechanical resonance and antiresonance will occur, which
is not desired in measurements [57]. First, a method is presented for the low frequency response. This
is followed by a method to define resonance and anti-resonance frequencies.

2.3.1. Low frequency piezoelectric sensor response
Themethod described here is based on Lin andGiurgiutiu [39], Giurgiutiu [21], Shin et al. [69] and Erturk
and Inman [16], who have used this in context of vibration measurement and vibration-based energy
harvesting. As described in section 1.1.2 the method is a one-way coupling, utilising a predefined strain
field.

Both effects from resistance and capacitance can be captured by assuming resistance 𝑅፦ and capac-
itance 𝐶፦ parallel to the piezoelectric sensor. Using lumped elements, this results in the diagram in
fig. 2.2 [39], [66], [16]. Here the data acquisition system measures voltage 𝑈 generated by the charge
𝑄፬ of the piezoelectric sensor.

𝑄፬ 𝐶፦ 𝑅፦ 𝑈

Figure 2.2: Simple piezoelectric sensor measurement circuit.

The governing equation of above circuit is Kirchhoff’s current law, given in eq. (2.13). For this particular
circuit, it eq. (2.13) can be rewritten to eq. (2.14), where 𝐼፬ is the current based on the charge 𝑄፬ of the
piezoelectric sensor and 𝐼፦ is the current through the external elements.

∑𝐼 = 0 (2.13)

𝐼፬ + 𝐼፦ = 0 (2.14)



10 2. Theory and modelling

𝐴ኽ

1 2
3 Electrode

PZT
Electrode

ℎ

Figure 2.3: Piezoelectric disc sensor orientation.

First, let us zoom in on the piezoelectric sensor. It is known that the current 𝐼፬ is the rate of charge
𝑄፬, eq. (2.15). Given that the charge is the surface integral of the local electric displacement over
piezoelectric sensor electrode area A (fig. 2.3), eq. (2.16) emerges [21].

𝐼፬ =
𝑑
𝑑𝑡𝑄፬ (2.15)

𝐼፬ =
𝑑
𝑑𝑡 ∫{D} ⋅ 𝑑A (2.16)

Constitutive equation eq. (2.12) can be substituted into eq. (2.16). Note that for this eq. (2.11) should
be substituted first into eq. (2.12). The result is given in eq. (2.17). Note that electric field is assumed
constant over the electrode area in the evaluation of the integral in eq. (2.16), whereas strain and
temperature is not. eq. (2.17) can be simplified to eq. (2.18).

𝐼፬ = ∫[d]፭[sዏ]
ዅኻ {𝑑S𝑑𝑡 } ⋅ 𝑑A + {A} ⋅ ([𝜀

ዞ] − [d]፭[sዏ]ዅኻ[d]) ⋅ {𝑑E𝑑𝑡 } + ∫([𝜌
ዞ] − [d]፭[sዏ]ዅኻ[𝛼ዏ])

𝑑𝜗
𝑑𝑡 𝑑A
(2.17)

𝐼፬ = 𝐹ፒ + {A} ⋅ ([𝜀ዞ] − [d]፭[sዏ]
ዅኻ[d]) ⋅ {𝑑E𝑑𝑡 } + 𝐹Ꭹ (2.18)

Additionally, assuming electric field constant over thickness ℎ, given in fig. 2.3,

{𝑑E𝑑𝑡 } =
𝑑
𝑑𝑡 [𝐸ኻ 𝐸ኼ 𝐸ኽ]፭ = [𝐸ኻ 𝐸ኼ

1
ℎ
𝑑𝑈
𝑑𝑡 ]

፭
.

For piezoelectric discs, 𝐸ኽ is the only electric field intensity that contributes to voltage 𝑈. This is due to
electrode geometry A, that is:

{A} = [0 0 𝐴ኽ].

Next to the piezoelectric sensor, current is running through the resistor and capacitor as well. Their
combined current 𝐼፦ can be calculated through Ohm’s law:

𝐼፦ =
𝑈
𝑅፦

+ 𝐶፦
𝑑𝑈
𝑑𝑡 (2.19)

Getting back at eq. (2.14), the following nonhomogeneous differential equation is obtained2:

𝐹ፒ + 𝐹Ꭹ + 𝐶፬
𝑑𝑈
𝑑𝑡 + 𝐶፦

𝑑𝑈
𝑑𝑡 +

1
𝑅፦

𝑈 = 0 (2.20)

In this case, 𝐹ፒ and 𝐹Ꭹ are current source termswhereas 𝐶፬ is representative for the capacitive behaviour
of the piezoelectric sensor itself. Differential equation eq. (2.20) reveals the underlying circuit of the
piezoelectric element and the full system for low frequency (fig. 2.4).

To analytically solve eq. (2.20), generally strains are assumed harmonic3. Neglecting 𝐼፦ simplifies the
solution to the one given by Gopalakrishnan et al. [22]. The method is verified using two sources.
2Similar to eq. (6b) of (Shin).
3In most applications, temperature effects are neglected.
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𝐹ፒ 𝐹Ꭹ 𝐶፬ 𝐶፦ 𝑅፦ 𝑈

Figure 2.4: Simple piezoelectric sensor measurement for low frequency applications.

property unit [39] this research
strains measured 𝜇m/m 338 -
voltages measured V 30.8 -
voltages calculated V 30 30

Table 2.1: Comparison of voltage with Lin and Giurgiutiu [39].

2.3.2. Verification of 𝐶 region
Lin and Giurgiutiu [39] did free vibration tests on an aluminium beam with a piezoelectric sensor
mounted on the top surface. Shin et al. [69] performed forced vibration tests on a glass-epoxy com-
posite with sensors embedded. In both cases, the environment was considered isothermal and there
were comparisons with strain gauges.

In the case of Lin and Giurgiutiu [39], piezoelectric sensor behaviour was regarded as one-dimensional,
whereas experimental measurements were performed with square sensors. Also, an external capac-
itance was assumed. Values calculated in Lin and Giurgiutiu [39] should correspond perfectly with
those determined in this verification, since both values for measured strain and measured and calcu-
lated voltage are given. Indeed this is the case, as can be seen in table 2.1.

Sensor response in Shin et al. [69] was based on three-dimensional strains and electromechanical
properties. As a result a voltage to strain ratio was given. It was assumed that strain measured by the
strain gauge is equal to the weighted average strain in the embedded sensor. In their geometry, this
was valid for lower modes while the embedded piezoelectric sensor is close to the surface near the
strain gauge [69]. While no direct strains are given in the comparison, a figure4 gives a range of strains.
In table 2.2 estimations of the strains are given, together with voltages based on these estimations. It
can be clearly seen the voltage to strain ratio presented in Shin et al. [69] falls in the range of estimated
voltages.

2.3.3. Low frequency limit
Getting back at eq. (2.20), all terms except for the resistance term are dependent on time derivatives.
For low frequencies, terms with a time derivative decrease, including the strain source term, whereas
resistance remains unaltered. The result is a decreasing voltage when frequency is decreasing. Phys-
ically this effect can be regarded as electrical discharge. For low frequency measurements, it is of key
importance to have insight in the parallel resistance of the system. As mentioned in the introduction
of this subsection, the sensor, the wiring system and the measurement device are sources of finite
resistance. Furthermore, for embedded sensors, the material surrounding the electrodes are a source
as well.

2.3.4. Electromechanical resonance
In order to assess whether elastic wave emission signals are affected by electromechanical resonance
it is needed to get a grasp on the frequencies associated with electromechanical resonance.

Implications of electromechanical resonance are that amplitudes of certain frequencies within signals
are reduced whereas, due to subsequent antiresonance, others are strengthened. The potential loss
and deformation of information can be a reason to avoid having sensors with resonance in the frequency
4Figure 12 of Shin et al. [69].
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property unit [69] this research
average strain estimated 𝜇m/m - 140, 200, 260
voltage/strain measured Vm/𝜇m 0.086 -
voltage/strain calculated Vm/𝜇m 0.081 0.1262, 0.0883, 0.0679

Table 2.2: Comparison of voltage with Shin et al. [69].

band of interest [57]. On the other hand the increased sensitivity provided by antiresonance might allow
acoustic wave detection at a relatively large distance.

Although it might not be expected from the circuitry given in eq. (2.20) and fig. 2.4, piezoelectric equa-
tions are prone to electromechanical resonance. During electromechanical resonance, there is an
increase in strain to voltage ratio. Physically, the phenomenon is linked to mode shapes having strain
distributions which are akin to the distribution of the electric field over the electrodes of the piezoelectric
sensor [21]. In the electrical system, electromechanical resonance is followed by electromechanical
antiresonance, sporting the opposite effect [14].

To provide a link to fig. 2.4 and eq. (2.20), electromechanical resonance can be modelled by expanding
current source term 𝐹ፒ to include a motion equation. Whilst omitting temperature dependency 𝐹᎕ and
system particulars 𝐶፦ and 𝑅፦, this leads to fig. 2.55. Inherently, the motion equation introduces me-
chanical resonance through inertia𝑀 and stiffness𝐾. In electromechanical antiresonance, inertia𝑀, an
inductor in electrical analogy, interacts with the capacitance of the electrical system 𝐶፬ [5, 28, 56].

𝑀 𝐷 𝐾

𝐹 𝐶፬ 𝑈

Figure 2.5: A visual explanation of electromechanical resonance. Blue and black colours represent the mechanical and
electrical system respectively.

Undescribed elements in the system include external mechanical forcing 𝐹 and displacement velocity
፝፮
፝፭ , which in electrical analogy is equal to potential difference and current. 𝐷 is damping in the equation
of motion. The two coils, a transformer, couple between the mechanical and electrical system.

It is expected that the embedding procedure results in changes of the resonance behavior of the piezo-
electric sensor when compared to a freely vibrating sensor. On the mechanical side, this is due to the
host material constraining the piezoelectric sensor in both normal and shear strains, altering its stiffness
term. Also damping and mass terms are considered to be affected.

On the electrical side, embedding can result in an altered capacitance due to excessive pressure and
temperature disturbing the crystal alignment [19]. The latter effect is expected to be limited due to
the piezoelectric sensor material having a maximum working temperature and a Curie temperature
significantly higher than the experienced maximum temperature, 250 °C and 350 °C versus 180 °C
[50].

To characterise electromechanical resonance behavior, typically impedance measurements are per-
formed [14, 21, 26, 63, 66]. Electromechanical resonance is associated, next to an increase in de-
formation, with an increase in current. Through 𝑍 = ፕ

ፈ , impedance 𝑍 is affected. Coupled field FEM
can be employed and for simple geometries, such as freely and constrained vibrating discs or rods,
analytical models exist [21].

5The system drawn may be seen as a Butterworth-Van Dyke circuit, and contains simplifications that render it invalid away from
the electromechanical resonance of the modelled mode. A more complete system is provided by [48].
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2.4. Elastic waves in a composite beam
As described in section 1.1.3 damage growth is accompanied with a sudden emission of mechanical
energy. Depending on the frequency content in this emission and the dimensions of the structure, either
vibrations, elastic bulk waves, guided waves6 or surface-guided waves7 are formed within the structure
[21]. Each are formed due to a specific interaction with the structure’s boundaries. In the case of fibre-
reinforced composite plate-like structures, typically damage-related elastic wave emission propagates
as a guided wave.

Fundamental guided waves exist in three types of propagating modes. Symmetric modes are related to
axial motion while antisymmetric modes relate to flexural motion [21]. Shear horizontal modes exist as
well, but are not relevant in this research and are therefore disregarded. Their propagation is parallel
to the plate surface. The direction of the particle motion is for either mode a combination of in-plane
and out-of plane motion [37]. The interaction with the plate boundary gives that both modes show
dispersive behaviour. This means the propagation velocity of the excitation is frequency-dependent.
Detailed descriptions can be found in Giurgiutiu [21], Nayfeh [55] and Lempriere [37].

Guided plate waves adhere to the general theory of linear elasticity8, meaning

𝜌 {ü} + ∇ ⋅ {T} = {fዺ} (2.21)

is evaluated to retrieve deformations {u}. Here ∇⋅ and {T} represent the divergence operator and the
stress tensor whereas 𝜌 and {fዺ} define specific mass and external body force. Finite element methods
can be used to solve the equations. To accurately model guided waves in composites, relatively small
elements or higher order shape functions are used [36] or both. The spectral element method9 is
a finite element method where high-order shape functions are employed. In this research the used
shape functions are Legendre-Gauss-Lobatto-Lagrange polynomials, making the simulation efficient
with regard to the computational power[60]. A visualisation of the shape functions in use is given in
fig. 2.6. For time integration, an explicit method using the central difference approximation, given in
eq. (2.22), is applied [60]. Here 𝑖 represents the time step. For a more detailed description of the
spectral element method Komatitsch and Tromp [30] and Pahlavan [60] may be consulted.

[M] { ̈u።} + [K] {uይ} = {fዺ,ይ}
with: (2.22)

{ ̈u።} =
{uይዄኻ} − 2{uይ} + {uይዅኻ}

𝑑𝑡ኼ

2.5. Conclusions
Referring to the introduction chapter 1, the research subquestions can be answered:

What are the governing physics of piezoelectricity and how can they be modelled in piezo-
electric sensor applications?

The piezoelectric effect is a small scale crystal deformation, altering electric polarity. This is captured
in electromechanical constitutive equations. In piezoelectric sensor measurements, additional effects
regarding parallel resistance and reactance are to be accounted for. Assuming one-way coupling,
piezoelectric sensor response is retrieved by solving differential equation eq. (2.20).

What are elastic waves and how can they be modelled in composites for analysis of elastic
wave emissions?

Guided elastic waves are high-frequency elastic deformations that propagate across a plate due to the
interaction with a boundary of the material. The phenomenon adheres to the theory of linear elasticity.
For computational efficiency, a spectral element method is used in this thesis.
6Lamb waves and shear horizontal waves.
7Rayleigh waves.
8In this description, damping is not taken into account.
9In time-domain, not to be confused with the spectral element method in frequency domain.
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Figure 2.6: Legendre-Gauss-Lobatto-Lagrange polynomials of order 8. The local coordinate is represented by ፱∗.



3
Experiments

3.1. Introduction
As part of the feasibility study, experiments were performed involving measurements with embedded
piezoelectric sensors. Furthermore insight is provided in the mechanical properties of the host mate-
rial.

The design of the specimen is given and clarified first. Subsequently, for each experiment the underlying
motivation is explained, followed by a description of the conduct of the experiment.

3.2. Specimen design
The development of a composite structure with embedded piezoelectric sensors relates to research
subquestion:

How can a piezoelectric sensor be embedded in a composite structure?

This question is answered by first giving an overview of the resulting design, followed by an elaboration
with regard to the piezoelectric sensor, wiring, electrical insulation and the host material.

3.2.1. Design overview
A general overview of the design is given in fig. 3.1, showing the different components involved. Each
of the components is elaborated upon in sections 3.2.2 to 3.2.5.

3.2.2. piezoelectric sensor type
In general applications of piezoelectric sensors, such as strain measurement and damage localisation,
in-plane directional sensitivity requires extra attention. Disc shaped piezoelectric sensors provide om-
nidirectional sensitivity [22]. Therefore, in this research disc shaped piezoelectric material, with the
electrodes on the faces of the disc, was used.

The dimensions of the disc were a based on what was readily available by the manufacturer. A thin
disc is opted to ease accommodation into the layered host material. To gain insight into the effect of
piezoelectric sensor radius on measurements, two radii were used. In total, six piezoelectric sensors
with a radius of 10mm and a thickness of 0.29mm (called large piezoelectric sensors or L) and twelve
piezoelectric sensors with a radius and thickness of 3.5mm and 0.24mm (small piezoelectric sensors
or S) were embedded.

The piezoelectric material chosen is PZ27, a product of Ferroperm TM Piezoceramics. This is a PZT

15
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Figure 3.1: Cut-through visualisation of the specimen design showing its different components.

composite material with a depolarisation temperature1 and recommended maximum working temper-
ature of 350°C and 250°C [50], both which were higher than the host material curing temperature of
180°C [24]. Electrodes were made of silver.

3.2.3. Wiring
To connect the piezoelectric sensor to the data acquisition system, it is opted to lead wiring in-plane
through the host material. This is a convenient choice since little extra preparation of the host material
is needed. Known alternatives are leading wiring perpendicular to the ply stack [20, 47, 71], embedding
inductive coils [7] or embedding an analog-to-digital converter and wireless transmitter [35]2. It is known
thick wiring can impede host material structural integrity for both glass and carbon fibre-reinforced
plastic host material [45, 71, 74]3. Enamelled4 copper wiring with a diameter of 0.15mm was used5.
The wiring was bifilar, to easemanufacturing. To prevent breakage of the wiring at the interface between
the host material and the outside world, at the edge of the host material, a SMC type connector was
embedded. To join the piezoelectric sensor to wiring, S-Sn95Ag4Cu1 solder was used, since the silver
electrodes of the piezoelectric sensor were incompatible with lead-containing solder. The wiring and
connectors are depicted in fig. 3.2.

3.2.4. Insulation
As experienced during manufacture, the carbon fibre-reinforced plastic host material used is electrically
conductive. The piezoelectric sensor electrodes are conductive as well, creating a need for insulation.
Based on the works of Andreades et al. (2018) and Sala et al. (2004) [3, 67], before embedding the
piezoelectric sensor in the host material, first the piezoelectric sensor is embedded manually between
two layers of woven glass fibre-reinforced plastic (HexForce 00106 and Araldite LY 5052), by means of
a wet lay-up method. Polyimid/Kapton insulation is not opted for due to the relatively complex nature of
processing the surface whilst retaining the risk of premature delamination. A thermoplastic layer, during
host material curing, might flow away from certain locations on the piezoelectric sensor, exposing the

1Generally known as Curie temperature. At higher temperature the crystal structure changes, which allows misalignment of the
crystals when cooling down [11, 19, 21, 52, 66].

2It was deemed the former alternative is cumbersome during manufacture whereas developing the latter alternatives was not
feasible.

3The first source describes optical fibres. In this context, the effect of wiring and optical fibres on host material structural strength
is considered equivalent.

4Urethane lacquer.
5In an earlier prototype, 0.05mm diameter wiring was used, but this proved to be very sensitive to breakage during manufacturing.
Also, coaxial wiring with an outer diameter of 0.15mm was considered, but connecting this to the piezoelectric sensor and
connector was prohibitively complicated.
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(a) (b)

Figure 3.2: Wiring. (a) Small piezoelectric sensor after soldering, prior to glass insulation. (b) SMC connectors, milled to shape.
This proved to be a sturdy method for communication with the embedded piezoelectric sensor.

electrodes to conductive fibres. After curing the insulation is trimmed around the piezoelectric sensor
and wiring, leaving a drop-like shape. No processing of the glass surface is performed afterwards to
ensure an intact insulation. The total thickness of the insulated piezoelectric sensor ranges from 0.7mm
to 1.2mm. For manufacturing convenience and since the connector is in a remote area with respect to
mechanical loading during the failure experiment, the connector is insulated using Kapton tape.

3.2.5. Host material
From the faculty of aerospace a batch of Hexcel AS4/8552 unidirectional carbon fibre-reinforced plastic
prepreg material6 was accessible. Material properties were retrieved from the manufacturer [24]. This
material came in rolls with a width of 150mm and a ply thickness of 0.18mm. To simplify manufactur-
ing procedure, the lay-up of the host material was in a symmetric cross-ply fashion in the sequence
[[0, 90]዁, 0]፬, resulting in a thickness of 5.4mm. From the 20th to the 25th layer, cut-outs were made to
accommodate the piezoelectric sensor and the connector. Initial trials of embedding the piezoelectric
sensor without cut-out failed due to the relative height of the piezoelectric sensor in combination with
the stiffness of the prepreg. The specimens were made from plates with a length and width of 150mm.
These plates contain at maximum 5 piezoelectric sensors, as given in fig. 3.3. The manufacturing pro-
cedure was performed in accordance with the guidelines [24], setting the autoclave at a pressure7 of
7bar and a temperature of sequentially 120°C and 180°C. A smooth surface finish was obtained by
means of a backing plate.

After curing and performing measurements on nondestructive elastic wave emissions, explained in
section 3.3 the plates were cut into strips with a width of 27mm, using a Proth diamond saw. In total
25 specimens were made; 12 with a small piezoelectric sensor embedded, 6 with a large piezoelectric
sensor embedded and 7 specimens without piezoelectric sensor. After performing the experiments,
spare specimens 1S and 1L were cut open (fig. 3.4) to check both the general placement of the piezo-
electric sensor, as well as the condition of the fibres. It can be seen the cut-out introduces distortion
of surrounding fibres. Also the glass insulation has a varying thickness over the piezoelectric sensors
and seems to show a void, or remnants of an inclusion, in the large piezoelectric sensor.

3.3. Nondestructive elastic wave emissions
Pencil leads were broken to excite guided elastic waves in the specimens that are analogous to damage
related elastic waves. The guided waves were captured by both an embedded piezoelectric sensor as
well as by a surface-mounted commercial piezoelectric sensor. The experiment gives insight in the
functioning of the sensor as well as in its signal quality.
6At the date of manufacture, the material was over the formal date of expiration.
7Relative to ambient pressure.
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(a) (b)

Figure 3.3: Specimen manufacture. Depicted is the 22th layer, showing the piezoelectric sensors. (a) A full plate containing
small piezoelectric sensors. (b) piezoelectric sensor 4S during embedding. Note the glass insulation and the cut-out in the

carbon fibre-reinforced plastic lay up.

(a) (b)

Figure 3.4: Through-thickness cuts of specimens 1S and 1L. (a) Small piezoelectric sensor 1S. Fibre waviness is visible near
the cut-out region. (b) Large piezoelectric sensor 1L. Also here, fibre waviness is visible. The darker dot close to piezoelectric

sensor is either an air pocket or an inclusion that was released after cutting.

To what extent do piezoelectric sensors survive embedding procedure?

During testing, pencil leads (2H 0.5mm) from amechanical pencil with a Nielsen shoe [4] were broken at
predefined locations, being 20mm, 40mm or 60mm away from the piezoelectric sensor centre, parallel
to 0∘ fibres. The specific setup is given in fig. 3.5. The testing contains two phases. In the first phase,
at least 10 leads per piezoelectric sensor were broken in order to separate functioning piezoelectric
sensors from malfunctioning ones, using the full 150×150mm plates. In the second phase, specimen
beams with a width of 27mm were subject to the same pencil lead breaks. The commercial sensor is
used as a reference. Results are given in appendix A.

A commercial piezoelectric sensor (Mistras R15I-AST) was placed on the specimen surface at the loca-
tion and side of the embedded piezoelectric sensor. The commercial piezoelectric sensor was secured
to the specimen by means of a gummy coupling agent (Pritt poster buddies) and hot glue in the first
and second phases. To increase the signal to noise ratio, the embedded piezoelectric sensor response
was amplified with 40dB using a Vallen AEP-5H charge amplifier. The commercial piezoelectric sen-
sor has an amplifier of 40dB build-in. Both the embedded and commercial piezoelectric sensor were
connected to a Vallen AMSY-6 data acquisition system. Thresholds for the data acquisition were set
to 70dB and 35dB in the first and second phase for both the embedded and commercial piezoelectric
sensors. A band pass filter was applied, filtering anything outside 90 to 300 and 20 to 960kHz in the first
and second phase. Pretrigger time was 200𝜇s. The total length of the measurement varied depending
on the signal. The AMSY-6 system has an upper limit of 94dB. Higher responses were clipped. A visual
overview of the measurement systems is given in fig. 3.6.
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20mm

40mm

60mm

∘ ∘ ∘

Commercial piezoelectric sensor

Coupling agent

0∘

Figure 3.5: Guided wave experimental set-up. Black, white and blue represent composite host material, embedded
piezoelectric sensor and locations of pencil breaks.

(a) (b)

Figure 3.6: Performing pencil lead breaks, second phase. (a) gives the general arrangement, with the AEP5H preamplifier in
red and the AMSY6 data acquisition system in grey. (b) shows the specimen set up, with the mechanical pencil with Nielsen
shoe on the top, commercial R15I-AST sensor in the middle and the SMC connector for the embedded piezoelectric sensor on

the bottom of the figure.

3.4. Electrical impedance
It is expected that the embedding procedure results in a change in the resonance behavior of the
sensor when compared to a freely vibrating sensor. This is due to the host material constraining sen-
sor motion as well as altering mass characteristics. This experiment is complementary to research-
subquestion:

How does embedding a sensor affect its electromechanical resonant behaviour compared
to a non-embedded sensor?

To quantify the effect of embedding on electromechanical resonance, impedance measurements are
performed [14, 21, 26, 63, 66, 68]. The measurements are compared to an analytical model of the
impedance. Two Large and two small piezoelectric sensors where examined, two of each embedded
and at two of each virtually unconstrained. The latter is pictured in fig. 3.7a.

As explained in section 2.3.4 the experiment involves exciting the piezoelectric sensor electrically with
a constant amplitude and varying frequency voltage. In the meantime system impedance is monitored.
Electromechanical resonance is associated, next to an increase in deformation, with an increase in
current. Through 𝑍 = ፔ

ፈ , impedance 𝑍 is affected. Next to this, at resonance, current and displacement
velocity are in phase with voltage, meaning phase angle 𝜃 is shifted from -90°to 90°[73].
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(a) (b)

Figure 3.7: Impedance measurements. (a) Virtually freely vibrating sensors. (b) Agilent 4292A network analyzer measuring
embedded sensor impedance.

𝐿 =120mm

ፋ
ኽ

0∘

⌀ =10mm

Figure 3.8: Bending test experimental set-up. The colours black, white and blue relate to the host material, piezoelectric sensor
and strain gauge placement.

To prevent wiring inductance and capacitance to possibly disturb measurement results, wiring is kept
as short as possible. The system used is an Agilent 4292A precision impedance analyzer, exciting the
sensor with a 1V voltage amplitude. Impedance magnitude |𝑍| and phase angle 𝜃 are first monitored
over a domain of 1000Hz to 10MHz to determine the domain of interest, which receives a second
sweep. Increments of the frequency are logarithmic by default, resulting in a better resolution at low
frequencies compared to higher frequencies. A view of the measurement of an embedded sensor is
given in fig. 3.7b.

3.5. Bending tests setup
In the following subsections, sections 3.5.1 to 3.5.3, three experiments are described. The material
and methods of those experiments were similar. In this section a general description of the set up is
given. The tests revolve around four point bending of the beam-shaped specimens.

It was opted to adhere as much as possible to the applicable standard, being ASTM D6272 [10]. The
machine used was a computer controlled Zwick/Roell 1455 universal testing machine with a maximum
load of 20kN. The machine has an integrated system for monitoring the load (with a load cell) and
the displacement. The specimens were placed, as displayed in fig. 3.8, between steel load pins and
support pins with a diameter of 10mm.

To complement the load cell and to get a more accurate description of the longitudinal strains expe-
rienced by the specimen in bending, strain gauges were placed on the top and bottom sides of the
specimen at the middle of the length and width. These were of type KFGS-5-120-C1-11 and had a
gauge length of 5mm and a resistance of 120.2Ω[32]. A cyanoacrylate adhesive was used to attach
the strain gauges to the composite material.

During testing, the strain gauges were attached to individual inlets of a Peekel Picas amplifier system,
resulting in the two strain gauges both working in a quarter wheatstone bridge. Via a NI-USB 6229 data
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(a) (b)

Figure 3.9: Low-frequency bending. (a) gives the general arrangement. (b) shows the real-life placement of the specimen.

acquisition system, the amplified signal was stored in the machine computer. Pictures of the bending
tests are given in fig. 5.1.

3.5.1. Low-frequency excitation
Bending tests were performed to evaluate the piezoelectric sensor response at controllable low fre-
quencies. Also, the experiment provided insight in the minimal frequency that can be measured by
the piezoelectric sensors. The measurement results of this experiment are presented in section 4.4
and used in chapter section 5.2 to validate the electromechanical model presented in sections 2.3.1
and 2.3.3. Four subquestions are related to this experiment:

To what extent do piezoelectric sensors survive embedding procedure?

How is the agreement between modelled and measured sensor responses?

What is the variation of responses between measurements and between piezoelectric sen-
sors?

Given the measurement set-up, what is the minimum frequency the piezoelectric sensor
can measure strain accurately?

The testing machine (from section 3.5) was configured to perform a cyclic motion with a predetermined
vertical head velocity 𝑣፦. The displacement was load governed, with a minimum and maximum down-
ward load of 𝐹ፋፂ,፦።፧ =0.5N and 𝐹ፋፂ,፦ፚ፱ =20N respectively. The stroke was based on a presumed
piezoelectric sensor response amplitude, which may not be over 10V to spare the data acquisition
system [53].

The specimens with embedded piezoelectric sensors were tested. The specimens were placed such
that piezoelectric sensors were on the compressive side of the beam, for the piezoelectric sensor
material has a larger strength in compression than in tension [51, 65]. Per specimen at least three tests
were performed, one for each head velocity 𝑣፦=10mm/min, 1mm/min and 0.1mm/min. The velocity
relates to frequency through 𝑓፦ ≈ 0.18𝑣፦Hz. Accordingly, excited frequencies were 𝑓፦ ≈ 0.018Hz,
0.18Hz and 1.8Hz.

For head velocities 𝑣፦=10 and 1mm/min the specimens were subjected to 20 cycles. This amount of
cycles derives from the machine showing slight deviations during the first cycles. At 𝑣፦ = 0.1mm/min,
only 5 cycles were performed, due to the large amount of time needed per cycle.

As pre-qualification, first each specimen was tested at the 𝑣፦ = 10mm/min excitation. If no signal or
only noise was recorded, the piezoelectric sensor was considered faulty and the lower velocity tests
were not executed. Before each test, strain gauges were calibrated. Also, during all tests, the load cell
response was monitored to check for machine nonuniformity or lagging8. Tests were redone when this
8In this case, the sudden and unexpected temporary stopping of the machine before finishinig the loading sequence.
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Specimen type piezoelectric sensor loading Number of specimens
no piezoelectric sensor (N) - 4
small piezoelectric sensor (S) compression 2
small piezoelectric sensor (S) tension (T) 2
large piezoelectric sensor (L) compression 2

Table 3.1: Number and types of specimens tested for stiffness and failure.

was encountered.

The setup as described in section 3.5, is supplemented by two NI-USB 6002 data acquisition systems.
One handles the piezoelectric sensor response, while the other was connected to the machine load cell.
Having separate systems prevents cross talking between the piezoelectric sensor and the load cell9.
These data acquisition systems were connected to a PC, allowing direct assessment of the results.
The load cell data, which was also recorded by the test machine computer, was used to correct for time
lags between measurements of the strain gauges and the piezoelectric sensor.

3.5.2. Specimen flexural properties
To retrieve flexural mechanical properties of specimens with embedded piezoelectric sensors com-
pared to pristine specimens, monotonic destructive bending tests were performed. Topics researched
were failure modes, flexural stiffness, maximum strain, maximum load, and toughness. This section
discusses research question:

To what extent are flexural mechanical properties of the composite host material influenced
by embedding a piezoelectric sensor?

The experiment, for each specimen, was divided into two parts. In the first part, the aim was to de-
termine stiffness characteristics, the specimen was placed in the machine as per section 3.5. A force
of 200N was exerted by the machine monotonically at 𝑣፦ =1mm/min. Afterwards, the specimen was
relieved of the force. In the second part, failure of the specimens was examined. AL6082 alloy tabs
were placed on the support and loading pins to prevent compressive failure as calculated per Young
et al. [75] and Hexcel corporation [24]. The tabs had a width and thickness of 15mm and 3mm respec-
tively. Three piezoelectric sensors were used in the test, the embedded piezoelectric sensor, and two
commercial piezoelectric sensors. The aim of these piezoelectric sensors was to acquire ultrasonic
elastic waves related to damage growth and specimen failure. More on this is given in section 3.5.3.
The specimens were loaded, again at 𝑣፦ =1mm/min. The test stopped once the force needed to con-
tinue monotonic deflection dropped to less than half the maximum force exerted in the test. Due to
time constraints, less specimens were tested than the recommended 5 per type by ASTM-D6272 [10].
Specifics of the tested specimens are given in table 3.1.

3.5.3. Specimen failure and elastic wave emissions
Destructive bending tests present an opportunity for the piezoelectric sensors to capture real life dam-
age related elastic wave emissions. Furthermore, they provide the means to identify to what strain
levels the piezoelectric sensors can pick up guided wave signals. Also, general performance of the
embedded piezoelectric sensors to real-life damage emissions was compared to commercial piezo-
electric sensor performance. This is linked to research subquestion:

To what extent in terms of signal quality and maximum strain is the embedded piezoelectric
sensor able to measure damage-related guided elastic wave emissions?

As mentioned in section 3.5.2, during failure testing, the embedded piezoelectric sensor and two com-
mercial piezoelectric sensors were connected to the AMSY-6 data acquisition system. Similar to sec-
tion 3.3, the embedded piezoelectric sensor was amplified 40dB with a AEP-5H preamplifier. The two
commercial piezoelectric sensors were placed 32.5mm away from the specimen centreline (centre to
9That effect was experienced during trial measurements.
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centre) on the bottom side of the specimen. In order to reduce noise capture, thresholds of 70dB and
35dB were set for the embedded and commercial piezoelectric sensors respectively. A band pass filter
was applied, filtering anything outside 20 to 960kHz. Pretrigger time was 200𝜇s. Total length of the
measurement varied depending on the signal. The AMSY-6 system has an upper limit of 94dB. Higher
responses were clipped. Results of the test described are given in section 4.6.





4
Experimental results and discussion

4.1. Introduction
Following the conduct of the experiments, described in chapter 3, results are presented and discussed
in this chapter.

Among the results first the survival of the embedded piezoelectric sensors inside the CFRP host ma-
terial is assessed. This is followed by the results and discussions related to the nondestructive elastic
wave measurements, electrical impedance tests, low-frequency excitation, specimen failure and elastic
wave emissions during specimen failure.

4.2. Sensor survival
During different experiments, it appeared a reasonable number of sensors were functional. For low-
frequency flexural excitation experiments, nondestructive elastic wave excitations and the flexural fail-
ure tests, the functionality of the sensors is mapped, given in table 4.1. The specific results of the
nondestructive elastic wave excitations per sensor are given in appendix A.

Specimen nr. 1S 2S 3S 4S 5S 6S 7S 8S 9S 10S 11S 12S 1L 2L 3L 4L 5L 6L
Low-frequency excitation x v x x v v x v v x v v x v v x v x
Elastic wave emissions x v v v v v x v v x v v x v v x v x
Specimen failure x x x x x v

Table 4.1: Functioning sensors per test. a x represents malfunctioning, v properly functioning.

Sensors that do not collect any data coincide with completely short-circuited systems, having a resis-
tance in the order of 1Ωto 10Ω. Sensors not able to capture pencil breaks but collecting noise-like data
relate to zero capacitance measurements. This may be an indication for broken wiring.

The effect of sensors functioning at high frequency but not at low frequency can be due to a limited short-
circuit. Resistances in the order of 1000Ωhave been measured1, far lower than a pristine embedded
sensor would have, but higher than complete short-circuit. As explained in chapter section 2.3.3, this
resistance shifts the low-frequency limit of the system, resulting in high-frequency guided waves being
detectable only.

During the failure tests, 5 out of 6 previously working sensors did capture noise before commence of
the testing to such extend it interfered with the measurements of commercial sensors. Possibly this is
due to either prior breakage of the sensor or wiring or the connection from the specimen to the pre-
amplifier was malfunctioning, causing the assembly to work as an amplified antenna. However, this
1Using a Fluke 117 multimeter.
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phenomenon could not be reproduced afterwards with remaining unbroken embedded piezoelectric
sensors using the same cabling as used during the failure test. The source of this malfunctioning will
be the subject of future investigations.

As an answer to research subquestion:

To what extent does the embedded piezoelectric sensor design survive the manufacturing
process?

The piezoelectric sensors used in the design were able to survive themanufacturing process and record
data. Out of 12 small sensors, 7 did record low-frequency cyclic bending. In the case of large sensors,
this number is 3 out of 6. Nondestructive elastic wave emissions were detected by 9 out of 12 small
sensors, and 3 out 6 large sensors.

4.3. Electrical impedance
Electrical impedance measurements were performed as described in section 3.4. Results are given in
figs. 4.1 and 4.2 for impedance magnitude |𝑍| and phase angle 𝜃.
The values are compared to an analytical method given by Giurgiutiu (2007)[21] and Qing et al.
(2006)[63]. Impedance characteristics are retrieved using a similar procedure as followed in sec-
tion 2.3.1, except for current 𝐼 ≠ 0 due to the external electric excitation. Axisymmetric in-plane vi-
brational modes were considered. Variations over the thickness are disregarded. At the circumfer-
ential edge of the sensor, boundary conditions are applied, being zero radial stress for unconstrained
vibration. A damping term of 0.01 ⋅ 𝑗 ⋅ 𝑠ፄኻኻ is added for the sake of stability.
For the freely vibrating sensors, it is clear that, during electromechanical resonance, impedance
reaches a minimum, whereas, during electromechanical antiresonance, impedance goes to a maxi-
mum. Accompanying to this, a distinct phase shift for resonance and antiresonance is visible. For
lower modes, there is a good correspondence between the measured and the analytical resonance
frequencies. The experimental results show more modes in the same frequency region. Possibly this
is due to solder affecting stiffness differently over the piezoelectric sensor. For higher modes, visible
in the large piezoelectric sensor, there is a slight shift in resonance and antiresonance with respect
to frequency. This may be attributed either to the solder, or to the modelling assumption of invariant
excitation over the sensor thickness.

For the embedded piezoelectric sensors, the resonance behaviour is different from the freely vibrating
piezoelectric sensors. For the small piezoelectric sensor, the behaviour seems to be strongly weak-
ened, as noticed likewise by Dziendzikowski et al. (2016)[14]. Given phase angle 𝜃, it appears there
is a movement in the resonance-antiresonance region from 250-350kHZ to 400-500kHz. This shift is
echoed by the results of Qing et al. (2006)[63] and Schulze et al. (2014)[68] and can be related to
the stiffness of the host material2. For the large embedded piezoelectric sensors, both the weakening
effect as well as the phase shift effect are less pronounced compared to the small piezoelectric sensors
for the fundamental mode.

As a response to:

How does embedding a sensor affect its electromechanical resonant behaviour compared
to a non-embedded sensor?

When the sensors were embedded, electromechanical resonant behaviour was observed at frequen-
cies higher than for freely vibrating sensors. Also, the effect of resonance on the electrical impedance
of the sensor was strongly weakened as compared to freely vibrating sensors.

4.4. Low-frequency excitation
Low-frequency bending tests have been performed as specified in section 3.5.1. First, the variation of
responses between measurements and between piezoelectric sensors is discussed, followed by the
2Relative to host density.
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Figure 4.1: Electrical impedance absolute value |ፙ| over excitation frequency.

Figure 4.2: Electrical impedance phase angle ᎕ over excitation frequency.
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minimum frequency that can be measured by the set up. The comparison of data to modelling is made
in section 5.2.

Examples of acquired data is given in fig. 4.3 for specimen 3L.
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From the plots, a few observations are made. All the data show an offset on the vertical axis. This
is due to loading configuration, which may be seen as a superposition of a static load of and a dy-
namic load. For the higher velocity 𝑣፦=10mm/min, the machine load does not necessarily have the
precise minimum and maximum as imposed beforehand. This implies the other data needs to be com-
pensated for the varying load. Also, at lower velocities 𝑣፦=1 and 0.1mm/min, the strain gauge result
seems to become unstable compared to the other outputs. Possibly this is due to the quarter bridge
configuration[61]. Hence, values of the piezoelectric response are compared to load cell response and
not not to strain gauge response as in [39, 69]. A linear relationship between applied force and strain
is assumed.

With regard to the piezoelectric sensor response, three anomalies are noticed. First of all, the ear-
lier described offset decreases over time. Secondly, for the lower velocities, the response is distorted
to an asymmetric saw tooth shape. At last, for the bulk of the sensors, the response amplitude at
𝑣፦ =0.1mm/min, tends to be significantly lower than for the higher velocities. The above are all phe-
nomena related to the finite resistance of the system. Following from modelling (section 2.3.3), the
voltage drop due to discharge follows an exponential function over time, explaining the decreasing off-
set and the odd shape. As discharge is a continuous process, it hampers the total build up of voltage
during a cycle, leading to a lower overall voltage amplitude.

To compare sensor responses, ratio ፔᑇᑑᑋ,ᑒ
ፅᑃᐺ,ᑒ in V/N is introduced. This corrects for deviations of the load

applied. Only peak-to-peak amplitudes are considered, as direct comparison of the full signals would
give a biased view due to the distortion of the signal at the lower velocities. The values of ፔᑇᑑᑋ,ᑒፅᑃᐺ,ᑒ are
recovered by means of a peak finding function.

Evolution of the ratio ፔᑇᑑᑋ,ᑒ
ፅᑃᐺ,ᑒ in V/N is shown in the boxplot of fig. 4.4 for different head velocities and

sensor number. The box describes the lower to upper quartile while whiskers extend to 1.5 times
the inter quartile range as suggested in [12]. Remaining values are known as outliers, given in black
dots. From the graphs, it becomes clear there is small variation in the sensor response over different
cycles. The lowest velocity measurements are more prone to variation. Assuming a normal distribution,
the coefficient of variation3 is less than 7%, 6% and 14% at 𝑣፦ =10mm/min, 1.0mm/min, 0.1mm/min
respectively for each sensor. Between sensors however there is more fluctuation. The coefficient of
variation of all sensors of one type collectively is 25%, 21%, 42% for small sensors and 14%, 14%, 19%
for large sensors. This variation can be attributed to sensor placement in the host material. The sensor
can be located somewhat higher or lower in the thickness direction. Tilting of the sensor is possible as
well. Furthermore, the glass-epoxy insulation has a slight variation of shape over different sensors. By
improvement of manufacturing quality, the effect of these causes can be limited. Also, resistances can
vary due to slight differences in manufacture.

4.4.1. Conclusion
Measurement results with embedded piezoelectric sensors for low frequency excitation were pre-
sented.

Two research subquestions can be addressed:

Given the measurement set-up, what is the minimum frequency the piezoelectric sensor
can measure strain accurately?

The sensor captured loads having a frequency as low as ≈ 0.018Hz. Below ≈1.8Hz, the result became
distorted due to electrical discharge. Using a different set-up with higher impedance materials can lead
to an improvement in this aspect.

What is the variation of responses between measurements and between sensors?

In the conducted low-frequency bending experiments, the variation of responses between cycli is lower
than 7%, 6% and 14% at 𝑣፦ = 1.8Hz, 0.18Hz and 0.018Hz for each sensor. Between different sensors
the coefficient of variation turned out to be 25%, 21%, 42% for small sensors and 14%, 14%, 19%

3This measure allows for comparison between different sensor types.
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Figure 4.4: Box plot of ᑌᑇᑑᑋ,ᑒᐽᑃᐺ,ᑒ for all functional small (’S’) and large (’L’) sensors. ፧ stands for the number of data points for
each sensor, and is slightly different per sensor.

for large sensors. It is considered that by improving the embedding process these variations can be
lowered.

4.5. Specimen flexural properties
Specimen flexural strength tests are carried out through section 3.5.2. Regarding the results, first a
dilatation is given on the found failure modes. This is followed by the force-displacement results and
by values derived from force-displacement, such as flexural stiffness, maximum strain, maximum load
and fracture toughness.

4.5.1. Failure mechanisms
During the failure tests, a few phenomena related to specimen damage and failure were captured. First,
between 𝐹ፋፂ = 6000N and 7000N, parts of the upper lamina failed in compression. This manifested
itself through fibre matrix debonding and fibre fracture near the tabs. In the mentioned load range, this
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did not lead directly to gross failure.

Above 𝐹ፋፂ =7000N, in specimens without sensors (N), the compressive failure gradually extended to
approximately the upper four laminae and lead to gross failure in one specimen. In these specimens,
the location of compressive rupture was near the load tabs. For three out of four specimens, sud-
den gross tensile failure occurred (fig. 4.5). Tensile rupture was between 8mm and 21mm from the
centreline.

50 10mm

Figure 4.5: Thickness view of specimen 4N. On the top side of the specimen, superficial compressive failure is visible. Tensile
rupture can be seen on the bottom of the specimen. The centreline of the specimen is indicated by the light-coloured vertical

line.

For the specimens with sensors on the compression side (S and L), the superficial compressive failure
extended to the laminae that had a cut-out for the sensor. In three out of four specimens with sensors
in compression, the location of rupture was near the interface between the sensor and glass fibre, as
given in fig. 4.6. In the fourth case, the rupture was about in the middle of the specimen.

≈ 𝑟፬፞፧፬፨፫

50 10mm

Figure 4.6: Thickness view of specimen 2L. On the top side of the specimen, extensive compressive failure is visible.

The observed local compressive failure did not develop beyond the upper two laminae for the speci-
mens with sensors on the tension side (S (T)). In these specimens, abrupt gross failure on the tension
side occurred, as can be seen in fig. 4.7. The rupture was 4.5mm to 8mm away from the centreline.
This corresponds to the location of glass fibre insulation.

Given the above descriptions, it is clear the type of failure that occurs is determined by the sensor
embedment details, either through rupture at the sensor, or at the glass-epoxy insulation. In the next
sections, ultimate load, ultimate strain and fracture toughness are derived from failure. It is considered
that any deviation in the value of these parameters from baseline (N) specimens is due to the specific
type of failure and not due to inherent variation in host material properties.

4.5.2. Force-displacement
A force-displacement plot of the described failure tests is given in fig. 4.8.

In the plot, the force is load cell output 𝐹ፋፂ and the displacement 𝑤፦ refers to the motion of the machine
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50 10mm

Figure 4.7: Thickness view of specimen 5S. On the top of the specimen, superficial compressive failure is visible. Tensile
rupture can be seen on the bottom of the specimen.

Figure 4.8: Force-displacement graph of tested specimens. Markers indicate the maximum applied force per specimen.

crosshead. The jagged lines in fig. 4.8 show a stiffness drop due to local compressive failure, which
was not severe enough to be considered gross or final failure. It appears that baseline N specimens,
without sensor, and S (T) specimens, with sensors on the tension side, can take a large amount of
these local strength drops, compared to S and L sensors, that tend to show little recovery after local
compressive failure. It is interesting to note the L specimens can take a larger deflection compared
to the S specimens. From above plot, ultimate strain, ultimate load, toughness, as well as flexural
stiffness can be determined4.

4.5.3. Flexural Stiffness

Flexural stiffness 𝐸 is determined for each tested specimen with two methods, (i) using load cell and
crosshead displacement according to ASTM-D6272[10], and (ii) using load cell and strain gauge mea-
surements. The former method makes use of:

𝐸ፂፇ = 0.21𝐿ኽ
𝑚
𝑏𝑑ኽ . (4.1)

The flexural stiffness is given by 𝐸ፂፇ, 𝐿 denotes the support span in mm, 𝑏 specimen width in mm and
𝑑 specimen thickness in mm. Here, force-displacement slope𝑚 is determined through a least squares

4Both mean values and actual values per specimen are given. Standard deviation is only calculated for N specimens, due to the
relatively low sample size of the other types, id est four samples for N specimens, and two for the other types.
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approach. The latter method makes use of Euler-Bernoulli beam theory5, resulting in

𝐸ፒፆ =
1
12
𝐿𝑑
𝐼
1
𝑛

፧

∑
።዆ኻ

𝐹ፋፂᑚ
𝑆ፒፆᑚ

. (4.2)

In this equation, strain gauge response 𝑆ፒፆ is averaged over the absolute value of the top and bottom
strain gauge strains. 𝐼 equals the applicable moment of inertia, whereas 𝑛 is the number of data points
used. The flexural stiffness is representative for the global beam, not for individual laminae. Stiffness 𝐸
instead of flexural rigidity 𝐸𝐼 is compared to account for thickness variations between specimens. The
initial data with a load range of 0 to 200 N was not used due to a toe region. The values used are based
on the 𝐹ፋፂ =1000N to 5000N region of the failure test. Note that the aluminium tabs can influence the
data. However, it is assumed the influence of this is similar over the specimens. The results for 𝐸ፂፇ
and 𝐸ፋፂ are given in terms of mean 𝜇 and standard deviation 𝜎 in tables 4.2 and 4.6.

Specimen type 𝐸ፂፇ [×10ዃN/m2] 𝐸ፒፆ [×10ዃN/m2]
𝜇 𝜎 𝜇 𝜎

Analytical 79.3
N 82.6 4.03 80.1 0.630
S 77.2 79.2
S (T) 77.2 75.6
L 73.4 78.1

Table 4.2: Mean ᎙ and standard deviation ᎟ of corrected flexural stiffness ፄᐺᐿ and ፄᑊᐾ, from the method described in [10] and
the strain gauge response respectively.

In the table, an analytical value for the stiffness, based on prepreg material data [24], is given for
reference. Through either method, it is clear baseline N specimens tend to have a somewhat higher
stiffness (3 to 8% on average) compared to embedded specimens. A decrease in flexural stiffness is
expected through the lower elastic modulus of glass-epoxy and PZT. Given the variation in data, a part
of the discrepancy may also be attributed to the small sample size.

4.5.4. Ultimate strain
Strain can be determined in accordance with ASTM-D6272[10]:

𝑆ፂፇ = 4.70𝑤ፋ/ኼ
𝑑
𝐿ኼ . (4.3)

Deflection at the centre 𝑤ፋ/ኼ is estimated to be 𝑤ፋ/ኼ = 1.15𝑤፦. Also, strains measured by the
strain gauges can be taken into account. The results for the ultimate strain are given in tables 4.3
and 4.6.

Specimen type 𝑆ፂፇ [×10-2] 𝑆ፒፆ,፦ፚ፱ [×10-2]
𝜇 𝜎 𝜇 𝜎

Analytical 1.58
N 2.03 0.205 1.58 0.146
S 1.60 1.46
S (T) 1.94 1.68
L 1.82 1.62

Table 4.3: Mean ᎙ and standard deviation ᎟ of maximum strain ፒᐺᐿ and ፒᑊᐾ, from the method described in [10] and the strain
gauge response respectively.

The analytical value given in the table is based on outer fibre 0°tensile failure. Maximum strain 𝑆ፒፆ,፦ፚ፱
is the maximum absolute value retrieved from both top and bottom strain gauges, to circumvent the
issue of broken strain gauges due to local specimen damage. In both methods, the trend is similar,
5This is considered applicable, given the beams’ aspect ratio and material shear stiffness.
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N, S (T), and L specimens have a relatively high value compared to S specimens. The strain drop
calculated for S specimens compared to N specimens is between 8 and 21%. It is interesting to note,
when comparing L to S specimens, having a larger sensor embedded does not seem to imply a lower
maximum strain can be achieved. This effect is contradictory to [47], who placed the sensors on the
neutral axis. Possibly, the discrepancy is due to the sensor being fully in compression in this research.
The compression strength is large compared to tension strength in PZT[65]. Also the larger sensor
might inhibit local fibre buckling and stress concentrations at material interfaces are spread over a larger
distance compared to a small sensor. A strain drop between 0 and 10% is measured when comparing
L specimens with N specimens. The maximum strain of S (T) specimens comes nearer to the pristine
(N) value. Having a sensor on the tension side results in a failure type which more resembles pristine
failure. This is due to the lack of disturbances on the compressive side of the specimen.

4.5.5. Maximum corrected load
Load 𝐹ፋፂ is corrected to an equivalent stress6 using eq. (4.4), to account for thickness variations be-
tween specimens. Obtained results for the maximum value are given in tables 4.4 and 4.6. From the
table, it appears that maximum loads are more or less similar throughout the specimen types, with a
slight dip for the S-specimens, accounting for a 5% decline. This can be correlated to the maximum
strain, which is also slightly less than with the other specimens.

𝑇ፋፂ =
𝐹ፋፂ𝐿
𝑏𝑑ኼ (4.4)

Specimen type 𝑇ፋፂ [×109 N/m2]
𝜇 𝜎

Analytical 1.25
N 1.14 0.0401
S 1.09
S (T) 1.20
L 1.18

Table 4.4: Mean ᎙ and standard deviation ᎟ of maximum corrected load ፓᑃᐺ.

4.5.6. Toughness
Integrating equivalent stress 𝑇ፋፂ over strain 𝑆ፂፇ, it is possible to retrieve a toughness𝑊ፋፂ for the spec-
imens. Resulting data may be seen in tables 4.5 and 4.6.

A relatively large (34%) reduction in toughness can be seen comparing S specimens to N specimens.
A decrease is visible as well for the L (19%) and S (T) (8%) specimens, albeit less profound.

4.5.7. Conclusions
Based on above data, conclusions with regard to the research-subquestion can be drawn:

To what extend are flexural mechanical properties of the composite host material influenced
by embedding a piezoelectric sensor?

Given the presented results in this section, preliminary conclusions can be made. The stiffness of
specimens with sensors embedded tends to be, depending on the method, on average 3 to 8% lower
than baseline specimens. In S specimens there is a noticeable decrease in maximum strain (8 to 21%),
load (5%) and fracture toughness (34%). This decrease is less pronounced or invisible for L specimens,
being 0 to 10% in ultimate strain, 4% in ultimate load and 19% in toughness on average. In S (T)
specimens, with the sensor on the tension side, ultimate strain compared to baseline N specimens
6This stress is not representative for the actual stress experienced by the laminae.
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Specimen type 𝑊ፋፂ [×106 N/m2]
𝜇 𝜎

N 13.2 2.14
S 8.72
S (T) 12.1
L 10.7

Table 4.5: Mean ᎙ and standard deviation ᎟ ofፖᑃᐺ.

Specimen nr. 1N 2N 4N 7N 2S 9S 4S(T) 5S(T) 2L 3L
𝐸ፂፇ [×109N/m2] 84.7 78.2 80.5 87.1 76.1 78.2 74.0 80.5 74.8 72.1
𝐸ፒፆ [×109N/m2] 80.7 80.1 80.5 79.3 77.8 80.5 76.8 74.4 76.6 79.6
𝑆ፂፇ,፦ፚ፱ [×10-2] 2.05 2.29 1.80 1.98 1.63 1.58 1.92 1.96 1.75 1.89
𝑆ፒፆ,፦ፚ፱ [×10-2] 1.61 1.77 1.43 1.52 1.49 1.44 1.71 1.65 1.54 1.69
𝑇ፋፂ [×109N/m2] 1.19 1.16 1.12 1.10 1.10 1.09 1.28 1.12 1.16 1.21
𝑊ፋፂ [×106N/m2] 13.7 15.9 10.8 12.5 8.92 8.52 12.4 11.9 10.1 11.3

Table 4.6: Stiffness, ultimate strain, ultimate load and toughness results per specimen.

had, depending on the method an average, a drop less than 4%. Ultimate load and toughness on
average had a maximum drop of 8%.

4.6. Specimen failure and elastic waves
Following the description of the test in section 3.5.3 and the assessment of section 4.2, results can
be presented and analysed for specimen 3L. To discriminate between noise and failure-related guided
waves, a signal is regarded the latter when it is captured by at least two sensors within 10𝜇s arrival
time difference. For specimen 3L, 82 emission signals are identified by embedded sensor 3L and
commercial sensor R15I-AST 1, 93 by 3L and R15I-AST 2, and 830 by R15I-AST 1 and R15I-AST 2.
Signals that are captured by 3L and R15I-AST 1 and R15I-AST 2 are 71 in number. Note, in total during
loading and until failure of the specimen, 3L and the commercial sensors caught 4150, 3657 and 5900
individual signals.

First individual signals are discussed. This is followed by an assessment of the maximum amplitude
and hit rate of the signals. Based on the acquired signals, a signal-to-noise ratio is defined.

Signals that are captured by all three sensors, at different times during the loading of specimen 3L, are
given in figs. 4.9 to 4.12. The time in the plot is relative to the earliest measurement of the hit. The
signals are corrected for their received pre-amplification. Also, signals from embedded sensor 3L and
commercial sensor R15I-AST 1 are offset for the sake of visibility. It can be seen both the embedded
and the commercial sensors capture hits clearly throughout the loading up to failure, hinting there is
no gross degradation of the embedded sensor up to the failure strain of 8.45 to 9.45m𝜀. Also, the
embedded sensor responses show a wider variety in frequencies compared to the commercial sensor.
The latter figure, fig. 4.12, gives a signal that is clipped by the AMSY6 system.

To gain knowledge on temporal variations of the emissions and the sensor response, maximum ampli-
tudes of signals can be retrieved and plotted over time. In fig. 4.13, amplitudes in dB7 are given for the
signals detected by the embedded sensor (3L) and at least either one of the commercial sensors. For
reference, the loading sequence 𝐹ፋፂ is given as well. In general, the response of the embedded sensor
tends to be higher than the related response of the commercial sensor. Also, between 𝑡= 550s and
670s, a number of signals have reached the upper threshold of the system. No clear relationship be-
tween amplitude and load is observed. This may be attributed to aforementioned clipping. Amplitudes
of signals that are captured by at least both commercial sensors are given in fig. 4.14. The data sug-
gests a linear relation between maximum amplitude measured and the loading of the specimen.

7Relative to 1᎙V, the standard of the AMSY6 data acquisition machine.
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Figure 4.9: Signal captured by all three sensors at time ፭= 509s.

Figure 4.10: Signal captured by all three sensors at time ፭= 596s.

Figure 4.11: Signal captured by all three sensors at time ፭= 622s.

Figure 4.12: Signal captured by all three sensors at time ፭= 655s. Note the different scale on the vertical axis.
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Figure 4.13: Maximum amplitude in dB of a signal captured by both the embedded sensor (3L) and either one of the
commercial sensors (R15I-AST). Triangular data represent the signal captured by the embedded sensor, whereas dots refer to

the corresponding signal of either one of the commercial sensors. Machine load ፅᑃᐺ over time is given for reference.

Figure 4.14: Maximum amplitude of a signal captured by both of the commercial sensors (R15I-AST). Machine load ፅᑃᐺ over
time is given for reference.

From figs. 4.13 and 4.14, certain points in time show a higher density of hits than other times. To further
investigate this, the data is processed to a hit-rate plot. Given the number of signals (hits) captured, a
hit rate can be formed. Using a moving window for every second the amount of hits from 5 seconds
before to 5 seconds after is accumulated for calculation of the hitrate, resulting in the plots given in
figs. 4.15 and 4.16.

The trend of signals detected by the embedded sensor closely matches the trend of signals captured by
the commercial sensors upto around 𝐹ፋፂ = 7500N. After that, the commercial sensor hit rate increase
is not followed by the embedded sensor hit rate. This possibly indicates depolarisation or partial failure
of the sensor.

When observing the transient responses of figs. 4.9 to 4.12, it is noticeable that at the first 200𝜇s, the
pretrigger time, a slighlty varying amount of noise is visible. This can be quantified by defining a signal
to noise ratio (SNR).

𝑆𝑁𝑅 = 10 logኻኺ
𝑃፬።፠፧ፚ፥

𝑃፩፫፞፭፫።፠፠፞፫
= 10 logኻኺ

∑፨፭዆፧ዄኻ 𝑈ኼ፭
∑፧፭዆፦ 𝑈ኼ፭

. (4.5)

Here 𝑃፬።፠፧ፚ፥ and 𝑃፩፫፞፭፫።፠፠፞፫ represent powers associated with the measured signal (after the pretrigger
time) and the pretrigger (noisy) measurement. In practice, these powers are retrieved by summing the
squared of the signal over discrete nondimensional time steps 𝑡=m to 𝑛 for the pretrigger signal and
𝑡=𝑛 + 1 to 𝑜 for the signal of interest [49]. The first 200𝜇s correspond to the pretrigger time. Where
possible, an equal amount of time, from 200 to 400𝜇s, is used to represent the signal. If the recorded
signal turned out to be smaller, the pretrigger period was decreased likewise.

To investigate the effect of the load on the SNR, a plot is made showing the SNR’s over time, divided
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Figure 4.15: Hit rate over time for signals that were captured by both the embedded sensor (3L) and one of the commercial
sensors (R15I-AST). Machine load ፅᑃᐺ over time is given for reference.

Figure 4.16: Hit rate over time for signals that were captured by both commercial sensors (R15I-AST). Machine load ፅᑃᐺ over
time is given for reference.

over different sensors. This leads to figs. 4.17 and 4.18.

No clear drop in SNR of the embedded sensors over time as observed in hit rate (fig. 4.15) is noticed,
indicating that possible partial sensor failure might not significantly impede signal quality. The data
in the figures can be related to figs. 4.13 and 4.14, assuming a constant noise amplitude. It is inter-
esting to note that when comparing fig. 4.17 to fig. 4.13 the embedded sensor response has, relative
to the commercial sensor response, a high amplitude but a low signal-to-noise-ratio. This can be at-
tributed to the relatively long wiring between the sensor and the preamplifier, and the large gain in the
preamplifier.

A boxplot (fig. 4.19) shows the overall SNR of the signals captured. The boxplot confirms earlier state-
ments, with medians of embedded sensor responses being around 17dB and corresponding commer-
cial sensor responses at 42dB. Responses that are captured by both commercial sensors have a lower
median, 22dB. The latter may be due to the difference in threshold, 35dB for commercial sensors ver-
sus 70dB for the embedded sensor. In other words, signals with a low SNR are likely to have a low
amplitude, leading that they are not captured by the embedded sensor, because of this lower thresh-
old. Another reasoning would be the choice in wiring the embedded sensor, bifilar instead of coaxial,
which possibly increases noise. In future research, by improving the manufacturing procedure, an
improvement in SNR may be expected.

4.6.1. Conclusion
The data evaluated above may be used to generate a conclusion regarding research subques-
tion:

To what extent in terms of signal quality and maximum strain is the embedded sensor able
to measure damage-related guided elastic waves?
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Figure 4.17: Signal to noise ratio SNR over time for signals that were captured by both the embedded sensor (3L, triangles)
and one of the commercial sensors (R15I-AST, dots). Machine load ፅᑃᐺ over time is given for reference.

Figure 4.18: Signal to noise ratio SNR over time for signals that were captured by both commercial sensors (R15I-AST).
Machine load ፅᑃᐺ over time is given for reference.

From sensor 3L, signals emitted by damage growth were obtained up to the point of failure, with a local
compressive strain of 𝑆ፂፇ ≈8.45 to 9.45m𝜀. Signal quality is assessed by means of a signal-to-noise
ratio, showing a median value of 17dB. This turned out to be sufficient for identifying damage-related
emissions.
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Figure 4.19: Boxplot of SNR in dB. Measurements are compared between embedded sensor 3L and commercial sensors
R15I-AST 1 and R15I-AST 2.





5
Simulation

5.1. Introduction
Following the modelling method given in chapter 2 and the experimental results from section 4.4, a val-
idation study is performed. The modelling allows a parametric study on the sensitivity of the embedded
sensors in measuring elastic wave emissions.

How is the agreement between modelled and measured sensor responses?

How does the location and size of the sensor influence elastic wave measurements?

First, a validation of the electromechanical modelling is given by means of modelling the cyclic bend-
ing test and comparing results from the modelling to those of the experiment. Secondly, based on
electromechanical as well as elastic wave modelling, a parametric study is performed.

5.2. Validation of electromechanical transfer function
5.2.1. Introduction
In chapter 2 a verified formulation is presented for determining sensor voltage output from an imposed
strain field. In chapter 4 measured data is acquired, which allows validation of this method. First the
mechanical strain field experienced by the sensor is retrieved. The strain field retrieved then serves as
input for the transfer to voltage. The voltages retrieved include effects regarding the resistance of the
system.

5.2.2. Retrieving sensor strain field
The data to be considered is based on the cyclic four point bending tests (maximum load 𝐹ፋፂ=20N) as
discussed in section 2.3.1. A strain field containing the full strain tensor is retrieved through a mechan-
ical finite element model1 (FEM) of which the results are given in figs. 5.1a and 5.1b. In this model a
quarter of the full specimen is generated with three-dimensional solid elements. Each lamina of the
composite is represented by an individual layer of elements. Glass-fibre insulation surrounding the
sensor as well neat resin between the insulation and the carbon fibre laminae are modelled. Material
parameters are given by Hexcel corporation [24], Huntsman [25] and Meggit [50]. For strains in longitu-
dinal direction averaged over the sensor electrode area, values are given in section 5.2.2. The values
are based on the strain gauge results and the thickness location of the piezoelectric sensor, an Euler-
Bernoulli beam model, and from the described finite element model. From the table, it is apparent that
values from the finite element strain field are lower than measurement results. This can be attributed
to the glass-epoxy and epoxy surrounding the sensor. These materials have a low stiffness compared
1Created in ANSYS by mr. X. Zhang MSc.
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(a) (b)

Figure 5.1: Sensor strain distribution ፒᎳᎳ as determined through finite element modelling during low-frequency bending. (a) and
(b) give the result for the small and large sensor respectively.

to sensor and host material, leading to a relieve of the sensor. Visually, the distribution of strain can be
compared to Shin et al. [69]. In further calculations, it is assumed strains scale linearly with machine
load 𝐹ፋፂ.

strain gauges Euler-Bernoulli FEM large sensor FEM small sensor
𝑆ኻኻ,ፀፕ [×10-6] ≈ 20 19.5 16.72 16.52

Table 5.1: Averaged strain in longitudinal direction ፒᎳᎳ,ᐸᑍ, measured in the experiments and calculated through beam theory
and FE.

5.2.3. Strain to voltage transfer

To calculate voltages, eq. (2.20) is evaluated numerically in the time domain. Electrical resistances that
occur in the specimen design are based on table 5.2. Contents of the piezoelectric matrices are given
by Rupitsch (2019)[66] and individual piezoelectric constants by Ferroperm (2017)[50].

5.2.4. Results

In figs. 5.2 and 5.3 is a comparison of the measured voltage and calculated voltage, based on a similar
loading. The resistance of 𝑅፦= 3×10ዃΩis used as an example. The simulation captures the effects
of sensor discharge, visible in the decreasing bias, and the lower amplitude and deformation at the
low 0.1mm/min velocity. It is noted that the amplitude of the simulated voltage response is 40 per cent
lower than the measured response for the small sensor. For the larger sensors, that value is 65%. This
is possibly due to variations material properties, such as sensor thickness or piezoelectric constants6
and details of the surroundings of the sensor in the experiments.

To get a grasp of the effect at different frequencies for different resistances, figs. 5.4 and 5.5 compares
experimental data in the boxplots with simulated results assuming resistances from 108Ωto 1010Ω.
Given the figures it is clear the voltage amplitude drop in the simulation for higher frequencies cannot
be attributed to the assumed resistance.

2Based on volume resistivity and geometry.
3See footnote 2.
4See footnote 2.
5Values for the resistivity of polyurethane are widely varying, and the resulting resistance might be as high as ኻኺᎳᎴ ጖.
6The latter was not observed during verification, possibly due to the sparseness of the piezoelectric matrices in the reference
material. However, in this example, more terms are used, resulting in fuller matrices.
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system type resistance [Ω]
sensor PZ272 > 10ዃ [51]
surrounding material glass fiber-epoxy > 10ኻኼ [19]

kapton tape3 > 10ኻ኿ [13]
wiring insulation polyurethane4 5 > 10ዂ [18], [62], [17]

PTFE (teflon) > 10ኻ኿ [19]
measurement system NI usb 6002 > 10ዃ [53]

NI 6229 > 10ኻኺ [54]
AEP5H 5 × 10዁ [72]

Table 5.2: Resistances encountered in the experiments.

Figure 5.2: Response of sensor 11S on excitation with a
፯ᑞ ዆10mm/min. The simulated response is given in red.

Figure 5.3: Response of sensor 11S on excitation with a
፯ᑞ ዆0.1mm/min. The simulated response is given in red.

Figure 5.4: Box plot of measured ᑌᑇᑑᑋ,ᑒ
ᐽᑃᐺ,ᑒ for small sensors in

combination with the simulated results at ፑᑞ=108Ωand
1010Ω.

Figure 5.5: Box plot of measured ᑌᑇᑑᑋ,ᑒ
ᐽᑃᐺ,ᑒ for large sensors in

combination with the simulated results at ፑᑞ=108Ωand
1010Ω.

5.2.5. Conclusions
A study regarding the validation of the electromechanical modelling provided in chapter 2 is carried
out. Measurement results from a low-frequency flexural excitation are compared to their simulated
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counterpart using finite element modelling results and electromechanical modelling. The research is
affiliated with research subquestion:

To what extend does modelling cover real sensor measurements?

It has been shown that the performed modelling captures the effects related to sensor discharge at low
frequencies. However modelled response amplitudes are 40% to 65% lower than measured response
amplitudes for small (7mm diameter) and large sensors (20mm diameter) respectively.

5.3. Modelling of guided elastic waves and related sensor re-
sponse

5.3.1. Introduction
Next to the low-frequency cyclic bending tests that are modelled in section 5.2, it is of interest to model
a situation similar to the pencil lead break experiments of section 3.3. First a description of the used
model is given, followed by a mesh convergence study. At last, an analysis is made with regard to
sensor placement and sensor dimensions.

5.3.2. Model description
The spectral element method described in chapter 2 is used for this simulation. The mesh is structured
in a two dimensional grid, given in fig. 5.6. A through-thickness plane is modelled, with the specimen
thickness in y-direction (30 laminae of 0.18mmeach) and the specimen length in x-direction (150mm). It
is acknowledged elastic waves resulting from point emissions, such as in the case of pencil lead breaks,
is a three-dimensional phenomenon7. When described by two-dimensional modelling plain strain con-
ditions are assumed. Despite this incongruity, the insight gained with respect to sensor is considered
representative for elastic wave emission simulations. As an excitation 𝐹፩፥፛, a Hann-windowed four-
period pulse with a centre frequency of 130kHz is applied at an outer vertical edge of the modelled
composite plate. A timeframe of 100𝜇s is simulated.

Material parameters may be found in table 5.3. Zero load initial condition is imposed8. No essential
boundary conditions are applied. Damping is not included in the model9.

Within this structure, the sensor is placed in the middle of the specimen length. The sensor is covered
in 0.36mm of glass-epoxy material on the top and bottom sides and 2mm at the front and end sides.
The sensor is modelled as a thin bar10. Voltages are obtained through averaging nodal strains over the
piezoelectric sensor thickness, which are subsequently integrated over the electrode area. Note, at the
high frequencies typical for elastic wave emissions, resistance effects can be neglected. This results in
a simplified formulation of eq. (2.20), which is the same as formed by Gopalakrishnan (2011)[22].

material 𝐸ኻ [×109N/m2] 𝐸ኽ [×109N/m2] 𝜈ኻኽ [-] 𝜌 [kg/m3] sources
AS4/8552 141 10 0.3 1600 [24]
glass/epoxy 20 3.3 0.3 2010 [25]
PZ27 66 59 0.37 7700
[50]

Table 5.3: Material parameters used in the analysis.

7Given the specimen geometry from the experiments, the emission would create a guided wave pattern both through-thickness
and in planar direction.

8This is required given the explicit time integration.
9As given in section 4.3, electromechanical resonance is highly subject to mechanical damping. Thus, omitting damping is
expected to result in noticeable resonant behaviour.

10Inherently, mechanical resonance, if present, is included in the structural modelling. Regarding the sensor (electrode) as a
thin bar relates mechanical resonance to electromechanical resonance.
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Figure 5.6: Discretisation of the composite plate through thickness. Colours indicate different material. Note the figure is not to
scale for improved visibility.

5.3.3. Mesh convergence
To determine suitable element size and shape function order, a mesh convergence study is performed.
A vertical (𝑦-direction) excitation is applied. Element height 𝑑𝑦 and corresponding bass function order
𝑁፣ are kept constant at 0.18mm (one ply thickness) and 1 respectively. Examined element sizes 𝑑𝑥
were 0.5mm, 1mm and 2mm. Orders 𝑁። ranged from 1 to 10. For numerical stability of the Newmark
explicit time integration, time steps are decreased accordingly from 10ns for 𝑑𝑥 is 2mm and 𝑁፣ is
low to 2.5ns for 𝑑𝑥 is 0.5mm and 𝑁፣ is high. Due to computational constraints, not all combinations
are assessed. The objective under evaluation is the sensor response voltage over time. The sensor
response of the different meshes is compared by means of cross-correlation to the sensor response
of one of the finest meshes, being 𝑑𝑥 =1mm and 𝑁። =8. The result of the cross-correlation is a value
from 0 for non-correlating data to 1 for identical data. A figure with results from the study is given in
fig. 5.7. As it appears, both element size as well as shape function order contribute to convergence.
From the figure, it is decided 𝑑𝑥 =1mm and 𝑁። =4 is sufficient for future simulations.

Figure 5.7: Convergence study with longitudinal element size ፝፱ and shape function order ፍᑚ as variables. The
cross-correlation values are rounded to the fourth decimal.

5.3.4. Parametric study
As explained in section 2.4 in the frequency range of interest guided waves exist in two fundamental
propagating mode types; symmetric 𝑆 and antisymmetric 𝐴 modes. From a damage characterization
perspective it can be interesting to know to which extent the sensor can measure either mode [41]. To
excite symmetric wave modes, the pulse described in section 5.3.3 is directed horizontally (𝑥-direction,
parallel to the laminae stack), whereas for antisymmetric wave modes, the pulse is directed vertically
(𝑦-direction, parallel to the thickness, perpendicular to the laminae stack). Sensor sensitivity to either
mode type is dependent on sensor geometry and height location within the laminate. Therefore a
parametric study is performed, varying piezoelectric sensor length 𝐿ፏፙፓ and height location. Selected
sensor lengths are 2mm, 10mm, 20mm, 40mm and 60mm. Height locations evaluated are at the first,
the 6th, the 11th and the 16th lamina (from the outer layer to near the neutral axis of the laminate). Sensor
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responses are given in figs. 5.8 and 5.9 for the symmetric and antisymmetric modes respectively.

From the results in fig. 5.8 it can be seen that the reception of the symmetric guided wave is virtually
independent on the sensor height location. Also, for sensor lengths 𝐿ፏፙፓ= 2mm, 10mm and 20mm,
the response is similar, showing the incoming signal from 10𝜇s to 35𝜇s and its reflections11 from 35𝜇s
to 60𝜇s and 60𝜇s to 85𝜇s. At 130kHz, the wavelength of the fundamental symmetric mode equals
around 13.8mm. Given the four-period burst and the reflections, the result is that for larger sensors,
𝐿ፏፙፓ= 40mm and 60mm, at the same time both incoming waves and reflections12 are picked up b y the
sensor. The result is a complicated signal. Note: according to Lizé et al. (2018)[41] sensor size should
be smaller than half the wavelength of the excitation for an accurate signal.

The antisymmetric guided wave is governed by a bending motion13 and as such, sensor height location
is of importance. As the piezoelectric sensor approaches the neutral axis, output voltage diminishes.
The antisymmetric guided wave has a relatively low propagation velocity and shows no reflections in
the chosen timeframe. Increasing the sensor size results in a larger portion of the guided wave being
covered at a certain time. During these times the voltage output decreases since the spatial integral14
of the evaluated excitation strain decreases. Due to the lack of reflections, this effect is more clearly
visible in antisymmetric excitations than in symmetric excitations.

To assess the sensitivity of the sensors on different frequency components of the excited signal, Fourier
transformations are applied. Results are given in figs. 5.10 and 5.11. The smaller sensors (2mm,
10mm, 20mm) tend to capture the general characteristic of the antisymmetric guided wave. For the
symmetric guided wave however, the smaller sensors show a trough at the centre frequency of 130kHz,
whereas the excited signal shows a bulge. Possibly, this can be related to the size of the surrounding
insulation, being 2mm in longitudinal direction and only 0.36mm in thickness direction. The larger
sensors give larger deviations. This can be related to the phenomena described above. To investigate
the effect of sensor electromechanic resonance on the sensor response, impedances based on one-
dimensional axial vibration of the sensor are determined. The method is based on the work of Giurgiutiu
(2007)[21]. Both a freely vibrating sensor and a constrained sensor are considered. The constrainment
includes the geometry and stiffness of the glass-epoxy material compared to the geometry and stiffness
of the piezoelectric material. Electromechanical resonance occurs where |𝑍| ≈ 0. As can be seen in
the plot, dimples and heights in the plots do not seem to distinctively relate to one-dimensional axial
electromechanical resonances. However, it is visible the resonance effect for constrained |𝑍፜፨፧| is
notably smaller than in the free case, leading to the assumption that electromechanical resonance is of
less significance in embedded piezoelectric sensors compared to freely vibrating counterparts.

5.3.5. Conclusion
Using a spectral elementmodel with two-dimensional solid elements, a symmetric and an antisymmetric
guided elastic wave travelling through a composite laminate with embedded piezoelectric sensor is
simulated. Through post-processing sensor voltage output is retrieved. After a mesh convergence
study, length of the sensor and and its height location in the composite is varied to examine their effect
the sensor response. This is in line with research question:

How does the location and size of the sensor influence guided wave sensor responses?

It is found the sensor response to symmetric guided waves is virtually independent from the sensors’
height location in the simulation. In antisymmetric excitation, the height location strongly effects sensor
output amplitude. Large sensors 40mm and 60mm do not accurately respresent the excited wave. For
smaller sensors the response corresponds better to the excited signal. Antisymmetric guided waves
are better captured than symmetric guided waves.

11The reflections are coming from the outer edge opposite to the excited edge, which are reflected as well by the former excited
edge.

12Or two reflections.
13However, the antisymmetric mode is not exclusively a bending motion (chapter 2), hence small variations in shape between
different height locations of sensors.

14Id est, the working principle of the piezoelectric sensor.
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Figure 5.8: The response of a symmetric guided elastic wave for sensors with different lengths at different locations in the plate
height.
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Figure 5.9: The response of an antisymmetric guided elastic wave for sensors with different lengths at different locations in the
plate height.
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Figure 5.10: Fourier transform of the sensor response based on and overlaid with the Fourier transform of the excited
symmetric guided elastic wave. The impedance is given for the a freely vibrating and constrained 1D sensor.
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Figure 5.11: Fourier transform of the sensor response based on and overlaid with the Fourier transform of the excited
antisymmetric guided elastic wave. The impedance is given for the a freely vibrating and constrained 1D sensor.
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Conclusion

To answer the research question:

Under what conditions is it feasible to measure loads and damage growth in composites
using embedded piezoelectric sensors without compromising the structural performance?

a summary is given on the conclusions with regard to the research subquestions.

6.1. Theoretical working principle
What are the governing physics of piezoelectricity and how can they be modelled in piezo-
electric sensor applications?

The piezoelectric effect is a small scale crystal deformation, altering electric polarity. This is captured
in electromechanical constitutive equations. In piezoelectric sensor measurements, additional effects
regarding parallel resistance and reactance are to be accounted for. Assuming one-way coupling,
piezoelectric sensor response is retrieved by solving differential equation eq. (2.20).

What are elastic waves and how can they be modelled in composites for analysis of elastic
wave emissions?

Guided elastic waves are high-frequency elastic deformations that propagate across a plate due to the
interaction with a boundary of the material. The phenomenon adheres to the theory of linear elasticity.
For computational efficiency, a spectral element method is used in this thesis.

6.2. Sensor design and accuracy
How can a piezoelectric sensor be embedded in a composite structure?

A design is presented in section 3.2.

To what extent does the embedded piezoelectric sensor design survive the man-
ufacturing process?

The piezoelectric sensors used in the design were able to survive themanufacturing process
and record data. Out of 12 small sensors, 7 did record low-frequency cyclic bending. In the
case of large sensors, this number is 3 out of 6. Nondestructive elastic wave emissions
were detected by 9 out of 12 small sensors, and 3 out 6 large sensors.

How does embedding a sensor affect its electromechanical resonant behaviour compared to a non-
embedded sensor?

When the sensors were embedded, electromechanical resonant behaviour was observed
at frequencies higher than for freely vibrating sensors. Also, the effect of resonance on the
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electrical impedance of the sensor was strongly weakened as compared to freely vibrating
sensors.

What is the variation of responses between measurements and between piezoelectric sensors?

In the conducted low-frequency bending experiments, the variation of responses between
cycli is lower than 7%, 6% and 14% at 𝑣፦ = 1.8Hz, 0.18Hz and 0.018Hz for each sensor.
Between different sensors the coefficient of variation turned out to be 25%, 21%, 42% for
small sensors and 14%, 14%, 19% for large sensors. It is considered that by improving the
embedding process these variations can be lowered.

To what extent in terms of signal quality and maximum strain is the embedded piezoelectric sensor able
to measure damage-related elastic wave emission?

From sensor 3L, signals emitted by damage growth were obtained up to the point of failure,
with a local compressive strain of 𝑆ፂፇ ≈8.45 to 9.45m𝜀. Signal quality is assessed bymeans
of a signal-to-noise ratio, showing a median value of 17dB. This turned out to be sufficient
for identifying damage-related emissions.

Given the measurement set-up, what is the minimum frequency the piezoelectric sensor can measure
strain accurately?

The sensor captured loads having a frequency as low as ≈ 0.018Hz. Below ≈1.8Hz, the
result became distorted due to electrical discharge. Using a different set-up with higher
impedance materials can lead to an improvement in this aspect.

How does the location and size of the sensor influence elastic wave sensor responses?

It is found the sensor response to symmetric guided waves is virtually independent from the
sensors’ height location in the simulation. In antisymmetric excitation, the height location
strongly effects sensor output amplitude. Large sensors 40mm and 60mm do not accurately
respresent the excited wave. For smaller sensors the response corresponds better to the
excited signal. Antisymmetric guided waves are better captured than symmetric guided
waves.

6.3. Host material mechanical properties
To what extent are flexural mechanical properties of the composite host material influenced by embed-
ding a piezoelectric sensor?

In the monotonic bending experiment, the stiffness of specimens with sensors embedded
turned out to be, depending on the method, on average 3 to 8 % lower than baseline speci-
mens. In S specimens there was a noticeable decrease in maximum strain (8 to 21 %), load
(5 %) and fracture toughness (34 %). This decrease is less pronounced or invisible for L
specimens, being 0 to 10% in ultimate strain, 4% in ultimate load and 19% in toughness on
average. In S (T) specimens, with the sensor on the tension side, ultimate strain compared
to baseline N specimens had on average a drop less than 4%. Ultimate load and toughness
on average had a maximum drop of 8%.

6.4. Comparison between experimental results and modelling
How is the agreement between modelled and measured sensor responses?

It has been shown that the performed modelling captures the effects related to sensor dis-
charge at low frequencies. However modelled response amplitudes are 40% to 65% lower
than measured response amplitudes for small (7mm diameter) and large sensors (20mm
diameter) respectively.
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Recommendations

The following recommendations for future research are made with respect to the experimental data
gathered, modelling and future applications.

7.1. Experiment data
The nondestructive elastic wave emission tests were performed at different distances from the sensor.
Differences in results might be used to determine damping parameters that are usable for modelling
and material characterisation. Also the effect of dispersion can be quantified.

During the mechanical failure of the specimens, for each specimen two commercial guided wave sen-
sors were attached and recording. The data from these recordings can allow localisation of occurring
damage events. This could then be linked to the effect on structural integrity of embedding a sensor in
the composite laminate.

Also, redoing or continuing failure tests can be fruitful, since in this thesis only two or four per type are
tested.

7.2. Modelling
In the report, only one-way coupling, from strain to voltage, is modelled. It would be appropriate to
quantify the effect of two-way coupling. Coupled field finite element models like those that are being
developed by the research group at the moment could provide this two-way coupling.

In the modelling of elastic wave emissions and the subsequent guided wave, a two-dimensional model
is used. Also the sensor was considered uniform across the third dimension. In many situations,
however, elastic waves follow a three-dimensional pattern, which would be reflected in the sensor
response. Three-dimensional modelling1 could then be accurately compared to the measurement data
of appendix A.

Once such modelling method would be sufficiently validated, it could be adapted to perform inverse
analysis, for example for a direct translation from sensor voltage to a certain load distribution.

7.3. Application
Fundamental and practical insight is gained in the development of embedded sensor design. This could
be helpful in developing more elaborate structures with embedded sensors and for a wider range of
applications such as hydrodynamic load measurements.

1In combination with an appropriate mapping matrix.
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A
Nondestructive elastic wave emissions

As described per section 3.3, results are given for the first phase measurements with the full uncut
plates. Second phase results are not discussed. The results accompany section 4.2 and as such,
the results serve as illustration of the elastic wave emissions captured. For sensor 3L, a response
𝑈ፏፙፓ to pencil lead breaks at given distances is shown in fig. A.1. The signal is corrected for the 40dB
preamplifier. From the figure it becomes clear the response varies over excitation distance as well as
that there are only slight differences per pencil lead break.

To examine how different piezoelectric sensors vary in their ability to capture guided waves, a so-called
B-scan is given in fig. A.2. Here the responses, like those in fig. A.1, are set side by side. This figure
shows that variation of pencil lead breaks for a single sensor is smaller than variation over sensors.
In the case of sensor 8S, the overall amplitude is lower. Note, some sensors show flipped polarity
due to inconsistent wiring, as can be seen when comparing responses of 9S with 11S and 12S and 3L
compared to 2L and 5L.
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Figure A.1: Response ፔᑇᑑᑋ of pencil breaks at distance ፝ over time of sensor 3L. ፧ denotes the number of pencil breaks in the
plot. The lines have been made semi-transparent, to enhance visibility of overlapping responses.
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Figure A.2: B-scan visualisation of ፔᑇᑑᑋ at distance ፝ over time. ፧ denotes the number of pencil breaks in the plot.
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