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Abstract

This thesis investigates the shear strain-driven energy harvesting performance of compliant
piezoelectric composite material systems.

A characterization study was performed to observe and quantify the piezoelectric shear cou-
pling of two phase piezoelectric composite materials ranging from 0-3 (particulate) to 1-3
(fiber) composites. To this aim, the shear mode properties of piezoelectric composites were
experimentally established by a novel impedance-based measurement technique, which was
complemented with standard quasi-static measurements. Finite element simulations were
performed to validate the new method. Moreover, homogenization-based finite element simu-
lations served to numerically obtain the effective properties of the experimentally investigated
material systems.

Next, the energy-based performance of a compliant composite patch provided with interdigi-
tated electrodes was assessed for shear and axial strain-driven mechanical excitation schemes.
Numerical simulations by means of an adaptive finite element model were performed to de-
termine the effect of the patches’ electrode geometry on its energy harvesting capability. In
addition, two finite energy harvesting case studies were developed to investigate the effect of
complex strain distributions and to suggest practical experimental validation schemes for the
purely numerical approach presented in this thesis.
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“As far as the laws of mathematics refer to reality, they are not certain,
as far as they are certain, they do not refer to reality.”
— A. Einstein (1921)





Chapter 1

Introduction

Electromechanical energy harvesting received an increased amount of interest during the last
decade by both academics and industry due to its remarkable ability to recover mechanical
waste energy; an attractive technology for the present and future need for sustainable en-
ergy generation and delivery solutions [1]. Amongst the common electromechanical coupling
methods, piezoelectric energy harvesting has become the dominant conversion mechanism
for low-power energy scavenging as it is characterized by relatively high power densities and
it does not suffer from drawbacks such as low output voltages or external voltage source
requirements [2–4].

Several piezoelectric energy harvesting applications, ranging from wireless sensor nodes pow-
ered by mechanical vibrations for structural health monitoring of aerospace structures to
biomedical implantable devices powered by blood pressure cycles, have successfully been
developed and tested (see Figure 1.1) [5, 6]. By integrating piezoelectric energy harvesters
(PEHs) in these systems advantages, including, but not limited to, maintenance cost reduc-
tion, reduction of hazardous waste material from electrochemical energy storage devices, and
safety improvements can be achieved [2, 7].

(a) (b)

Figure 1.1: Overview of a self-powered (wireless) aircraft structural health monitoring concept
(a) and a flexible piezoelectric energy harvesting device developed as a power source for biomedical
electronic implants (b) [6, 8].



2 Introduction

Although the outlook of piezoelectric energy harvesting is promising, the amount of harvesters
used in praxis remains limited as the technology is far from mature [7, 9, 10]. Improvement
of the properties of the employed conversion materials, the optimization of the attached elec-
tronic circuits, and the realisation of compliant (high strain resistant) harvesters are some
of the paramount issues to be dealt with for further performance enhancement of the piezo-
electric energy harvesting technology [4]. This thesis will focus on the latter topic; how are
flexible piezoelectric composite materials efficiently employed for piezoelectric energy har-
vesting purposes?

The aim of this chapter is to introduce the reader to the concept as well as the design and
performance assessment considerations for piezoelectric energy harvesting. Section 1.1 dis-
cusses piezoelectricity focusing on the piezoelectric constitutive equations, operation modes,
and common materials. Subsequently, Section 1.2 presents the basic design features of a
typical PEH system. Next, the PEH figures of merits are introduced in Section 1.3. Based on
the findings of the proceeding sections, the final section of this introductory chapter (Section
1.4) presents the scope and outline of the thesis.

1.1 Piezoelectricity

The direct piezoelectric1 effect was demonstrated experimentally by the brothers Jacques and
Pierre Curie in 1880 [12,13]. When a mechanical load is applied on a piezoelectric material,
an electrical charge is generated (direct piezoelectric effect, see Figure 1.2a), and vice versa,
the material deforms upon application of an electric field (inverse piezoelectric effect, see
Figure 1.2b) [13]. The inverse effect can be used for actuating applications such as adaptive
aerostructures, whereas the direct effect can serve for sensory applications such as vibrational
energy harvesters or touch sensors [11].

(a) (b)

Figure 1.2: The direct (a) and inverse (b) piezoelectric effect. Adapted from [14].

A theoretical basis to describe the piezoelectric effect is presented in the next subsection
(Section 1.1.1). The three dominant piezoelectric modes are briefly discussed in Section
1.1.2. Lastly, a short overview of the common piezoelectric materials applied for energy
harvesting applications is presented in Section 1.1.3.

1.1.1 Piezoelectric equations and constants

The coupling of the mechanical (stress and strain) and electrical (field and displacement)
physical domains by piezoelectric materials can be described by the standard piezoelectric
linear constitutive equations. A short form notation in vector-matrix format is presented in
Equation 1.1 [11,15].
1The term Piezoelectricity is derived from the ancient greek words ‘πιεζειν’ (‘to press’) and ‘ηλεκτρoν’ (‘am-
ber’, a natural material known to exhibit electrical charging properties in the Classical Antiquity), meaning
literately ‘electricity by pressing’ [11].
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[
S̄

D̄

]
=
[

¯̄sE ¯̄dt
¯̄d ¯̄εa,T

] [
T̄

Ē

]
(1.1)

Where in Equation 1.1, S̄ [−] is the strain vector, D̄ [ C
m2 ] the electric displacement vector,

¯̄sE [m2

N ] the short-circuit2 material’s compliance matrix, ¯̄d [CN ] the material’s piezoelectric
coupling matrix, ¯̄εa,T [ Fm ] the material’s zero stress3 absolute permittivity matrix, T̄ [ N

m2 ] the
stress vector, and Ē [ Vm ] the electric field vector.

Figure 1.3: The standard piezoelectric axes system. Obtained from [11].

The elements of these electromechanical property matrices and state vectors are described
with respect to the standard piezoelectric orthogonal axes system (see Figure 1.3). By con-
vention, the 3-axis is directed along the poling axis of the piezoelectric material4 [13, 15].
The full version of the piezoelectric linear constitutive equations in matrix-vector format can
be formulated as presented in Equation 1.2.



S1
S2
S3
S4
S5
S6
D1
D2
D3


=



sE11 sE12 sE13 sE14 sE15 sE16 d11 d21 d31
sE21 sE22 sE23 sE24 sE25 sE26 d12 d22 d32
sE31 sE32 sE33 sE34 sE35 sE36 d13 d23 d33
sE41 sE42 sE43 sE44 sE45 sE46 d14 d24 d34
sE51 sE52 sE53 sE54 sE55 sE56 d15 d25 d35
sE61 sE62 sE63 sE64 sE65 sE66 d16 d26 d36
d11 d12 d13 d14 d15 d16 εa,T11 εa,T12 εa,T13
d21 d22 d23 d24 d25 d26 εa,T21 εa,T22 εa,T23
d31 d32 d33 d34 d35 d36 εa,T31 εa,T32 εa,T33





T1
T2
T3
T4
T5
T6
E1
E2
E3


(1.2)

Where in Equation 1.2, Si [−] is the strain in the i-direction grouped by S̄, Di [ Cm2 ] is the
electric displacement in the i-direction grouped by D̄, sEij [m

2

N ] the short-circuit elastic compli-
ance in the i- and j-direction grouped by ¯̄sE , dij [mV =C

N ] the piezoelectric charge constant in
the i- and j-direction grouped by ¯̄d, εa,Tij [ Fm ] the material’s zero stress absolute permittivity
in the i- and j-direction grouped by ¯̄εa,T , Ti [ Nm2 ] the stress in the i-direction grouped by T̄ ,
and Ei [ Vm ] the electric field in the i-direction grouped by Ē.

For energy harvesting, one is interested in the electric field (or voltage) resulting from an
applied stress (or strain) on the piezoelectric material. Therefore, switching Ē and D̄ in
Equation 1.1 and omitting the directional subscripts, a generic form of the strain-voltage
piezoelectric constitutive equations can be obtained as formulated in Equation 1.3.
2For short-circuit electrical boundary conditions the electric field is zero or constant.
3Zero stress refers to a zero or constant stress mechanical boundary condition.
4The poling process is discussed in Section 2.2.1.
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[
S
E

]
=
[
sD g
−g (εa,T )−1

] [
T
D

]
(1.3)

Where in Equation 1.3, g [V mN =m2

C ] is the piezoelectric voltage constant related to the charge
constant d as formulated in Equation 1.4, and sD is the open circuit5 elastic compliance
related to the short-circuit compliance sE as described in Equation 1.5 [11].

g = d

εT,a
(1.4)

sD = sE − d2

εa,T
= sE(1− d2

sEεa,T
) = sE(1− k2) (1.5)

Where in Equation 1.5, k [-] is the piezoelectric coupling factor. This coupling factor is
an important figure for the performance assessment of PEH materials as k2 defines how
efficiently the input mechanical or electrical energy is converted to electrical or mechanical
energy, respectively, as described in Equation 1.6 [1, 13,16].

k2 = Electrical energy converted to mechanical energy
Input electrical energy = Mechanical energy converted to electrical energy

Input mechanical energy
(1.6)

For alternating electrical excitation of a piezoelectric material, the mechanical quality factor
Qm [−] is a measure of the amplification of the vibrational mechanical output signal, induced
by the inverse piezoelectric effect, at the resonance frequency fr [Hz] [17]. Hence, Qm ac-
counts for the mechanical losses/damping occurring at resonance and is, by consequence, an
important material parameter for piezoelectric energy harvesters (PEHs) operating on dy-
namic (vibrational) load cases. For a detailed discussion of the mechanical quality factor the
interested reader is referred to the paper of Uchino et al. or the seminal book on piezoelectric
ceramics of Jaffe et al. [13, 17].

1.1.2 Piezoelectric operation modes

The piezoelectric operation modes describe the coupling of the electrical and mechanical
energy domains [11]. An operation mode can be employed by application of the correct
combination of electrical and mechanical boundary conditions. For PEHs, the two preva-
lent operational modes are the d33-mode (longitudinal operation) for which both the electric
field and mechanical deformation/stress are along the 3-axis (poling axis, see Section 1.1.1)
and the d31-mode (transverse operation) for which the electric field and mechanical deforma-
tion/stress is along the 3- and 1-axis, respectively [10,11]. A less common operational mode
is the shear or d15-mode for which the piezoelectric body is sheared around the axis perpen-
dicular to the plane formed by the poling axes (3-axis) and applied electrode axis (1-axis).
The d33-, d31-, and d15-modes are depicted in Figure 1.4.

Henceforth, the piezoelectric coupling factor can be defined with respect to the mode of
operation by use of the appropriate indices as presented in Equation 1.7 (d33-mode), Equation
1.8 (d31-mode), and Equation 1.9 (d15-mode) [13].

5For open circuit electrical boundary conditions, the electric displacement is zero or constant.
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Figure 1.4: The longitudinal, transverse, and shear piezoelectric operation modes (from left
to right). Note that the longitudinal and transverse modes are inherently coupled. Obtained
from [11].

k2
33 = d2

33

sE33ε
a,T
33

(1.7) k2
31 = d2

31

sE11ε
a,T
33

(1.8) k2
15 = d2

15

sE55ε
a,T
11

(1.9)

1.1.3 Piezoelectric materials

A wide range of materials exhibit the piezoelectric phenomenon, commonly classified as piezo-
electric single crystals (i), piezoelectric ceramics (ii), thin film piezoelectrics (iii), piezoelectric
polymers (iv), and piezoelectric composites (v) [18, 19]. The three most frequently applied
material classes for energy harvesting applications, being piezoelectric ceramics, polymers,
and composites, are briefly discussed in the coming paragraphs. A comprehensive overview
of the various piezoelectric materials can be found in the book of Holterman and Groen [11].

Piezoelectric ceramics

The commercially available piezoelectric ceramic PZT (lead zirconium titanate or
Pb[ZrxTi1−x]O3) is probably the most known and applied piezoelectric material [2, 3, 10].
PZT is a polycrystalline material with a perovskite structure commonly denoted by the gen-
eral A2+B4+O−2

3 formula [11, 13, 20]. For perovskite crystal structures A2+ and B4+ cations
are arranged with oxygen O2− anions in various crystal structures depending on a.o. the
material’s temperature. Below a critical temperature, known as the (piezoelectric) Curie
temperature Tc [◦C], the location of the B4+ cation does not coincide with the center of
the oxygen octahedron, resulting in a permanent electrical dipole moment [11, 20]. The
stress on, or the electrical state of, the material can change the magnitude and direction of
this dipole, which directly leads to the material’s piezoelectric property. Figure 1.5 clearly
shows the presence of a dipole moment for a perovskite unit cell below its Curie temperature.

When piezoelectric ceramics are sintered and cooled below their Curie temperature, regions
with aligned dipoles will be created within the grains, commonly referred to as Weiss do-
mains [20, 21]. However, due to the random distribution of grains and Weiss domains, there
is no net polarization (and hence no piezoelectric effect) over the entire material. By conse-
quence, the ceramic has to be poled to align the dipoles in one direction, the poling or 3-axis
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Figure 1.5: Cubic and tetragonal perovskite unit cell above and below the Curie temperature
(Tc), respectively. Obtained from [11].

direction (see Figure 1.3), by applying a strong electric field (typically in the order of 1 to
3 kV
mm at an elevated temperature (<Tc)) [11,20].

PZT is available in a ‘soft’ and ‘hard’ version depending on its doping treatment6 [11].
Soft PZT is commonly applied for sensing and energy harvesting applications due to its
superior piezoelectric coupling efficiency with respect to its hard counterpart [11]. However,
for high frequency resonant energy harvesting devices, hard PZT might be preferred as its
high mechanical quality factor may compensate for the loss in electromechanical coupling
efficiency as discussed in Section 1.3.1 [3].

Piezoelectric polymers

Several polymeric materials, including polyvinylidene fluoride (PVDF), polyacrilonitrile (PAN),
and polyvinylidene vinylacetate (P(VDCN-VA)), are known to exhibit piezoelectric prop-
erties [9, 11, 22]. Since the seminal piezoelectric characterization of PVDF by Kawai in
1969, PVDF (CH2-CF2) has become the dominant polymeric piezoelectric material sys-
tem [10, 22, 23]. The semi-crystalline PVDF can occur in various phases (α, β, γ, δ) de-
pending on the configuration of the chain links [24]. For the β-phase, the chain configuration
results in a net dipole moment resulting in the piezoelectric capability of crystalline β-phase
PVDF. The β-phase can be obtained by stretching or annealing the non-piezoelectric α-phase
material. Moreover, PVDF is often blended with a second polymeric material such as tri-
fluoroethylene to enhance the crystallinity, and therefore the piezoelectric properties, of the
resulting copolymer [11,22].

6For soft PZT materials some of the A2+ and/or B4+ sites in the perovskite crystal unit cell (see Figure
1.5) are replaced by three valent and/or five valent cations (donor doping), respectively, resulting in cationic
vacancies at the A and/or B sites to maintain overall charge neutrality. Consequently, the domain walls
of these soft piezoceramics are less hindered to move, which causes the poling process to be more efficient.
Moreover, piezoceramics with high coupling factors, though lower mechanical quality factors are produced
by this doping treatment [11, 13]. Contrarily, for hard PZT, some of the B4+ cations are replaced by lower
valent cations (acceptor doping), resulting in ‘pinned’ domain walls. Consequently, the poling treatment is
more difficult (high electric fields are required) and materials with high mechanical quality factors, though
low coupling factors are achieved [11,13].
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Piezoelectric composites

Similar to structural composites such as glass fiber reinforced polymers (GFRPs), piezoelec-
tric composites can be produced with a tailored, unique set of piezoelectric, mechanical, and
electrical properties. Most two phase piezoelectric composites consist of a ceramic piezo-
electric (active) material such as PZT loaded into a (passive) polymer matrix [25]. The
connectivity pattern of the active and passive phase highly influences its piezoelectric and
processing properties [26, 27]. An overview of the 10 possible connectivity schemes and cor-
responding notations of two phase composites is depicted in Figure 1.6.

Production of 0-3 composites, whereby piezoelectric particles are randomly dispersed in the
polymer matrix, is the most straightforward and, by consequence, the less costly method to
manufacture piezoelectric composites. However, piezoelectric properties of random particu-
late composites are significantly lower than the best performing pristine polymeric or ceramic
piezoelectric materials [25].
Composites with a 1-3 connectivity pattern, commonly produced by the ‘dice and fill’7 or
‘arrange and fill’8 method, are known to have superior performances with respect to random
particulate composites, yet they come with high production costs and can suffer from perfor-
mance degradation after a certain number of loading cycles [2, 29].
An interesting alternative to standard 0-3 and 1-3 piezoelectric composites, are the quasi
1-3 composites with piezoelectric short fibers (or particles) structured in the host matrix by
means of the dielectrophoresis process (DEP), known as DEP structured fiber composites
(SFC) [11,25]. These quasi 1-3 composite can be produced with piezoelectric properties close
to conventional 1-3 composites but with a more straightforward and cost-effective production
process [25].

Figure 1.6: Overview of the possible connectivity schemes between the active (white) and passive
(dark) phases of two phase piezoelectric composites. Obtained from [26], adapted from [27].

7‘Dice and fill’ 1-3 composite are made by dicing a poled piezoelectric ceramic block or plate after which the
resulting gaps are filled with an uncured polymer [11,20].

8‘Arrange and fill’ 1-3 composites are obtained by placing piezoelectric ceramic fibers in a mould (regular or
random) after which an uncured polymer is injected. The poling treatment is performed after the polymer
is cured [28].
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1.2 Piezoelectric energy harvesting systems

Prior to presenting the PEH figures of merit, one has to know the main ‘building blocks’ or
modules of such a PEH system. Rödig et al. identified five fundamental modules: the me-
chanical energy source (i), mechanical transformer (ii), the piezoelectric transducer element
(iii), the power transfer circuit (iv), and the electrical energy storage management (v) (see
Figure 1.7) [30].
Although electronics are included in Figure 1.7 to present the complete picture of a typical
PEH system, only the first three modules (i-iii) are treated in this thesis as the harvester’s
electronics (circuit and storage) is considered beyond the scope of the MSc. thesis research
project.

Figure 1.7: Overview of main modules of a typical piezoelectric energy harvesting system. This
thesis focuses on the first three modules as demarcated by the dashed red rectangle. Adapted
from [30].

Figure 1.7 gives a basic overview of the main ‘building blocks’ of a typical PEH system.
Though, a more detailed analysis of modules (i), (ii), and (iii) of Figure 1.7 is required to
understand the effect of the PEH design choices on the final PEH performance.
An attempt to disentangle the web of the various piezoelectric energy harvester design config-
urations reported in the literature led to the generation of the design synthesis chart depicted
in Figure 1.8. Each column of the chart represents a main design feature with two or more
design options/elements. In this way, the majority of the energy harvesters configurations
can be reconstructed by connecting the options of each design feature. Note that there is
a strong interdependency between the various categories as is prevalent from the following
brief overview of the PEH design features and corresponding options:

• Planform geometry
PEH design configurations come in various shapes of which the rectangular (cantilever
type) is by far the most common. Several studies have indicated the beneficial effect of
changing the rectangular geometry into a triangular or trapezoidal one as a non-uniform
width alters the span-wise strain distribution [2,31]. Henceforth, higher power densities
can be achieved [32].
Most circular shaped designs are developed for (quasi) static load cases operated by
human touch or differential pressure loading scenarios [33–35].
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Figure 1.8: Piezoelectric energy harvester design synthesis chart of the three demarcated modules
of Figure 1.7. Each column represents a main design feature for which the most commonly
applied design elements/options are shown. MBC = Mechanical Boundary Condition, MSA =
Multilayer Stack Actuator, SS = Substrate, PPE = Parallel Plate Electrodes, IDE = Interdigitated
Electrodes, na [−] = Number of active material layers.

• Mechanical boundary conditions (MBC)
The three most frequently adopted mechanical boundary conditions are the clamped,
simply supported, and fully supported conditions. Boundary locations with clamped
boundary conditions imply zero displacements and slopes, whereas for simply supported
conditions the displacements and moments are zero [36]. For fully supported conditions,
the piezoelectric harvester (patch) is entirely attached to its host structure such that
its displacements are governed by the occurring strains in the host structure9.

• Initial conditions
More exotic PEH designs can be obtained by applying initial conditions such as ‘pre-
stress’ or ‘prestrain’ in the active material. An example is the dimorph configuration
used for an energy harvesting shoe concept as proposed by Paradiso et al. [37]. Appli-
cation of these initial conditions can result in beneficial stress and strain distributions
(e.g. lower peak stresses or deflections) during operations as well as the additional avail-
ability of natural frequency tuning mechanisms at the cost of an increased production
process and modelling complexity [9, 37,38].

• Piezo-substrate design
The amount (na [−]) and thickness of the (active) piezoelectric layers as well as the
amount, thickness, and material of the (passive) substrate layer(s) are critical param-
eters for the design of a piezoelectric energy harvesting system [2]. If the harvester
contains solely one piezoelectric layer (na=1), often supported by a substrate layer, it
is known as a ‘unimorph’ configuration. A second popular design configuration is the
‘bimorph’, for which two piezoelectric layers (na=2) are employed.
Harvesters with a unimorph or bimorph configuration are by far the most common
[2, 4, 10]. ‘Multimorph’ (na >2) configurations are scarce in the literature as the in-
creased complexity (modelling, manufacturability, ...) in many cases does not compen-
sate for potential performance improvements (e.g. lower natural frequencies) [2, 39].
Lastly, instead of the popular layer based configuration, a bulk (or stack) configuration
can be applied for the design of the harvesting system. For a (multilayer) stack configu-
ration the positive and negative electrodes are alternatively located/stacked in the bulk
material. This modification of the straightforward bulk design is primarily convenient
for actuation rather than energy harvesting or sensing purposes as a conveniently (low)
operational voltage can be achieved by decreasing the distance between the electrode

9The fully supported mechanical boundary condition refers to strain-driven harvesting operations as explained
in Section 1.3.1.
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plates [11].

• Electrode design
The most common electrode pattern is the parallel plate electrode (PPE) design. Sim-
ilar to a parallel plate capacitor, where the dielectric medium is located between two
electrode plates, the piezoelectric layer is sandwiched between an bottom and top elec-
trode. An alternative to the conventional PPE lay-out, is the interdigitated electrode
(IDE) design which is extensively discussed in Chapter 2.

• Material operation
PEHs are designed to operate on one of the prevalent piezoelectric material operation
modes (d31, d33, and d15), as discussed in Section 1.1.2.

• Load introduction
An optimal piezoelectric harvester design can only be achieved when the harvester is
adapted to the anticipated loading scenario [2,3,9]. Most PEH are based on one of the
two basic methods to couple the mechanical excitation to the harvesting system [10].
The first way is to create strain in the active material as a result of the harvester’s
inertial motion to base excitations.
The second method is to introduce the mechanical input strain or force on the harvester
by directly transferring the load to the harvester’s conversion material (direct excitation
method).

• Load case
The majority of the energy harvesting applications are developed for dynamic (vibra-
tional) load cases as a high energy output can be achieved when the piezoelectric system
operates at its resonance frequency [2]. Consequently, most dynamic energy harvesting
devices are designed to operate at one specific resonance frequency which can be tuned
in accordance to the vibrational spectrum of their operating environment10.
Next, quasi static operations can be characterized by low frequency (<5Hz), off-
resonance mechanical excitation scenarios.
Lastly, for static energy harvesters, the mechanical excitation is a short duration, non-
repetitive force or strain. Strictly speaking, they can be seen as energy harvesters in
the purest sense as energy is generated only once and not (semi-)continuously which is
the case for (power) harvesters developed for dynamic and quasi static load cases.

10A classic example is the addition of a (variable) tip mass to a cantilever bi- or unimorph design configuration
[3].
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1.3 Piezoelectric energy harvesting figures of merit

Piezoelectric energy harvesting figures of merit (FOMs) can be used to assess and compare
the performance of one or more PEH designs. In literature, two categories of FOMs are
frequently applied (see Figure 1.9). On the one hand one can use the fundamental material
system FOMs to define the performance of employed piezoelectric material systems. On the
other hand, one has to apply the overall PEH system FOMs to quantify the performance of
the PEH design. These two categories are discussed in detail in the two coming subsections.

Figure 1.9: The two piezoelectric energy harvesting figures of merit categories.

1.3.1 Material system figures of merit

The first fundamental material system figure of merit is the (static) electromechanical con-
version efficiency ηstat [−]. In Section 1.1.1 this parameter was defined by Equation 1.5 and
1.6. Hence, ηstat [−] is formulated by Equation 1.10.

ηstat = Mechanical energy converted to electrical energy
Input mechanical energy

∣∣∣∣
static

= k2 = d2

sEεa,T
(1.10)

Most piezoelectric energy harvesters are designed to operate at resonance to increase their
efficiency [2, 3, 9]. For these kind of loading schemes, one has to apply a different efficiency
figure of merit, FOMef,dyn [−], for which the effect of the resonance excitation conditions is
included by the mechanical quality factor Qm (see Equation 1.11) [40].

FOMef,dyn = Mechanical energy converted to electrical energy
Input mechanical energy

∣∣∣∣
resonance

= k2Qm = d2Qm
sEεa,T

(1.11)

Moreover, for energy harvesting applications, it is useful to determine the generated electrical
energy per volume or energy densityWel [ Jm3 ] irrespective of the efficiency at which this output
energy is produced. For the correct interpretation of this figure of merit one has to make
a distinction between stress-driven operational conditions (for which the combination of the
mechanical induced stress and the compliance of the piezoelectric material determines the
resulting strain) or strain-driven energy harvesting applications (for which the strain of the
piezoelectric material is ruled by the external strain of the host structure) [30]. Henceforth,
W T
el (Equation 1.12) describes the material’s energy density for stress-driven application,

whereas WS
el (Equation 1.13) should be applied for strain-driven applications.
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W T
el = 1

wTel
T 2 = d2

εa,T
T 2 = dgT 2 (1.12)

WS
el = wSelS

2 = d2

εa,T sEsD
S2 = k2

sD
S2 (1.13)

Where in Equation 1.12 and 1.13, wTel [m
3

J ] and wSel [ Jm3 ] are the stress and strain energy
density constants, respectively, quantifying a material’s energy density independent of the
actual strain or stress acting on the material.

Based on these fundamental material system FOMs one can investigate the relative perfor-
mance of piezoelectric materials for energy harvesting purposes. Figure 1.10 summarizes the
results of such a material performance evaluation study for two stiff and brittle piezoelectric
ceramics (PZT4 and PZT5A) and one compliant and tough piezoelectric polymer (PVDF).
Note that forW T

el andWS
el the failure (ceramics) or yield (polymer) stresses/strains are taken

into account. Due to the lack of reported shear failure properties, the d15 mode could not be
included in the Wel comparison graphs.

The materials performance evaluation study, summarized in Figure 1.10, demonstrates the
advantages and drawbacks of compliant (polymeric and to some degree composites) versus
stiff (ceramics) piezoelectric materials for energy harvesting applications:

• The electromechanical coupling efficiency of ceramic materials is superior to PVDF
(Figure 1.10a and b). However, since compliant piezoelectric material systems are
characterized with high mechanical losses, this effect is more pronounced for dynamic
energy harvesting applications.

• When the material loading limits are not taken into account (wel), the compliant PVDF
is most suitable for stress-driven applications (Figure 1.10c and f). However, when fail-
ure (ceramics) or yield (polymer) stresses/strains are included forWel, the performance
of PVDF compared to the ceramics is better for strain-driven conditions with respect
to stress-driven conditions (Figure 1.10e and f).

• In general, employment of the d33- or d15-mode enables higher energy efficiencies and
density (constants) compared to d31-mode operations.
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(a) (b)

(c) (d)

(e) (f)

Figure 1.10: Performance study of three piezoelectric materials (PZT4, PZT5A, and PVDF)
for energy harvesting purposes: static efficiency (a), (dynamic) resonance efficiency (b), stress
density energy constant (c), strain energy density constant (d), stress energy density (e), and
strain energy density (f). Material property sources: PZT4 ( [14, 41] ), PZT5A ( [14, 41] ), and
PVDF ( [42–44] ).
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1.3.2 Overall system figures of merit

The fundamental material FOMs discussed above allow comparison of the various piezoelec-
tric materials for given harvesting applications. However, when designing a PEH system, one
has to assess its performance as defined by the (interaction of the) various PEH system’s
design features (see Section 1.2).

System figures of merit

The first overall system of merit is the PEH system efficiency ηsys [−], relating the mechan-
ical input energy to the final generated electrical energy. Closed-form expressions for ηsys
are highly dependent on the harvester design configuration and loading schemes. However,
Richards et al. derived a general expression for the system efficiency valid for a PEH operating
at resonance as described by Equation 1.14 [16].

ηsys,dyn =
k2
sys

2(1−k2
sys)

1
Qm,sys

+ k2
sys

2(1−k2
sys)

(1.14)

Where in Equation 1.14, ksys [−] and Qm,sys [−] are the system’s coupling and quality factor,
respectively, which can both be quantified by equivalent circuit theory [16].

Besides the PEH’s system efficiency, characteristic output parameters can also serve as useful
overall system FOMs. The most obvious ones are the generated power Pout [W ] or energy
Ugen [J ], for dynamic or static loading schemes, respectively.
Moreover, the generated voltage Vgen [V ] and/or charge Qgen [C] can be applied as assessment
figures as certain harvesting applications require maximal or minimal voltage and/or charge
figures. For (quasi) static loading conditions, Ugen, Vgen, and Qgen are related to each other
as described by Equation 1.15 [45,46].

Ugen = 1
2VgenQgen (1.15)

Moreover, Vgen and Qgen are related to the harvester’s free capacitance Cfree [F ] (Equation
1.16), which can be a applied as a system characteristic FOM too [46].

Qgen = CfreeVgen (1.16)

The aforementioned FOMs can be tailored for specific harvesting applications. For example,
for weight and/or volume restricted application fields, one can rationalize the FOMs of interest
to the harvester’s mass and/or volume.
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1.4 Scope and outline of this thesis

To examine the opportunities of compliant piezoelectric material systems for energy harvest-
ing purposes, it has been shown that:

• Compliant piezoelectric materials are most appropriate for (quasi) static (off-resonance)
mechanical loading schemes due to their relatively low mechanical quality and coupling
factors. Moreover, they are well suited for high strain-driven loading schemes.

• PEH concepts based on the material’s shear (or d15) mode allow for high energy efficien-
cies and densities. However, reported shear material properties are scarce, in particular
for compliant (composite) materials.

• The combination of material properties, loading conditions, as well as design character-
istics such as the electrode lay-out determine the final performance of a PEH device.

• Several output parameters, included but not limited to the generated energy Ugen and
charge Qgen, can be used to quantify and optimize a PEH’s performance. For weight
restricted applications (e.g. aerospace), one can optimize for mass and/or volume nor-
malized objective functions.

Consequently, the two major research hypotheses are formulated as follows:

1. ‘Do piezoelectric (0-3 and 1-3) composites exhibit shear coupling properties and how
can they be quantified?’

2. ‘How does a shear strain-driven composite piezoelectric energy harvesting patch
perform in terms of generated energy with respect to normal strain loading conditions?’

These two hypotheses are the key drivers for this MSc. research project as described in the
two coming chapters. The first research question is investigated in Chapter 2 by focusing
on the characterization of shear piezoelectric properties of piezoelectric composite materials.
Once the shear mode capabilities of these piezoelectric composite material systems is estab-
lished, the performance of a flexible (piezoelectric composite) energy harvesting patch under
shear strain-driven operations is assessed with respect to conventional axial loading schemes
(Chapter 3). The main conclusions and recommendations for further research on this topic
are summarized in the final chapter (Chapter 4).
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Chapter 2

Shear mode characterization of
piezoelectric composites

This chapter presents the shear mode characterization study on particulate and fiber piezo-
electric composite material systems.

2.1 Introduction

To observe and quantify the shear properties (sE55, εT11, d15, and k15) of the aforementioned
piezoelectric composites, a dedicated characterization strategy is developed. This introduc-
tory section commences with a detailed overview of the employed experimental measurement
technique, after which the complementary (experimental and numerical) research steps are
introduced.

2.1.1 Standard resonance-based d15 measurement technique for PZT ceramics

The resonance-based measurement technique, as described in the American IEEE Standard
on Piezoelectricity (1987) and the European EN 50324-2 Standard (2002), has become a
popular method for the characterization of piezoelectric properties1 [15,48]. For this method,
the electrical impedance of a piezoelectric sample is measured while it is excited by an alter-
nating electric field (≤0.01 V

mm) for a predefined range of frequencies [48]. Due to piezoelectric
transduction, elastic waves, with wavelengths proportional to the excitation frequency, will
propagate through the sample. When the sample’s geometry accommodates an odd2 multi-
ple of half a wavelength (λ [m]), resonance will occur, distinctively affecting the measured
impedance response [13,49].

1Although the use of resonance or impedance-based characterization techniques can lead to under/overes-
timation of the actual piezoelectric properties due to e.g. unaccounted electrical/mechanical losses, it has
become a well-accepted method for first order property quantification as other available methods, such as
capacitance-based and quasi-static measurement techniques, can induce (at least as significant) errors [47,48].
When practically possible, it is recommended to combine the various methods to obtain the most accurate
experimental electromechanical properties [13,15,49,50]. Therefore, quasi-static measurements are performed
to complement the impedance-based experimental characterization study.

2Elastic waves with even wavenumbers do not result in resonance as the resulting positive and negative charges
cancel each other due to mode symmetry [11,13].
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Figure 2.1: Experimentally obtained thickness impedance plot of a PZT5A4 shear measure-
ment plate with properties summarized by Table 2.1 according to the experimental measurement
procedure presented in Section 2.2.1.

One can plot the measured impedance data versus the applied excitation frequencies, result-
ing in a characteristic impedance plot. An example of such an impedance plot is illustrated
in Figure 2.1, showing the experimental obtained impedance data of a thickness shear plate
with properties defined in Table 2.1. On this plot, one can identify two pairs of resonance and
antiresonance peaks corresponding to the fundamental and 3rd overtone thickness shear reso-
nance mode. Note that, in theory, resonance fr [Hz] and antiresonance fa [Hz] are defined as
the frequencies at zero susceptance (B [Ω]) and reactance (X [S]), respectively. fr and fa can
be approximated by the series fs and parallel fp resonance frequencies of the representative
electrical circuit, corresponding to the maximum of the real part of the admittance (Y [S])
and impedance (Z [Ω]) [50].
In practice, it is much more convenient to determine the frequencies at minimum and max-
imum impedance (Z [Ω]) corresponding to fm [Hz] and fn [Hz], respectively, as shown in
Figure 2.1 [15]. For low loss (high mechanical and electrical quality factor) piezoelectric ma-
terials with high electromechanical coupling factors, one can assume: fr ≈ fm ≈ fs and fa
≈ fn ≈ fp [11, 13,49,50].
Resonance and antiresonance frequencies are determined by the sample’s geometry, material
properties, and measurement boundary conditions as described by Equation 2.1 and 2.2,
respectively [13].

f im,X =
ivEjj
2X = i

2X
√
sEjjρ

for i=1, 3, 5, ... (2.1)

f in,X =
ivDjj
2X = i

2X
√
sDjjρ

for i=1, 3, 5, ... (2.2)

Where in Equation 2.1 and 2.2, f im,X and f in,X are the resonance and antiresonance peak of
the i-th mode2, vE [ms ] and v

D [ms ] are the elastic wave velocities for zero/constant electric
field and charge boundary conditions, respectively, ρ [ kg

m3 ] is the material’s density, and X [m]
is the sample’s controlling dimension.

Besides the determination of purely mechanical properties such as the elastic compliance (see
Equation 2.2 and 2.1), the (anti)resonance frequencies obtained from impedance measure-
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t [m] w [m] l [m] ρ [ kg
m3 ] εT11 [−]

3.1·10−4 1.2·10−2 3.35·10−2 7900 1650

Table 2.1: Key geometrical and material properties of the PZT5A4 shear measurement plate
of which an experimentally obtained impedance plot is shown in Figure 2.1. The t, w, and l
dimensions are defined in Figure 2.2.

ments can be be used to quantify the piezoelectric coupling of a material sample. The exact
procedure is dependent on the piezoelectric coupling mode under analysis. In the following
paragraphs the impedance-based method for d15-mode measurements is presented. For a
comprehensive overview of the standard impedance-based measurements of different modes
and sample geometries one can consult the IEEE Standard on Piezoelectricity (1987) or the
book of Jaffe et al. [13, 15].

As discussed in Section 1.1.2, the d15 mode governs shear around the axis perpendicular to
the plane formed by the poling (3-) and electrode 1-axis. Hence, for shear mode excitation,
the poling electrodes are only temporary and should be removed before application of the fi-
nal electrodes which have to induce electric field lines perpendicular to the poling direction3.
Consequently, a standard shear measurement sample has to be prepared as illustrated in
Figure 2.2. A bulky piezoelectric ceramic block is produced and poled uniformly by parallel
plate electrodes (PPE) (step 1). After poling, the temporary poling electrodes are removed
and the block is sliced into plates along a cutting plane parallel to the poling axis (step 2).
Next, the final PPE are applied on the samples’ cutting planes such that, due to d15-mode
piezoelectric coupling, the resulting thickness shear plates will shear around the 2-axis (step
3).
To avoid cross-coupling of the thickness- and length- shear resonance modes, the length to
thickness ratio ( lt [−]) has to be sufficiently high4. l

t ratios proposed in the literature range
from 3.5 to 10 [11,13,51,52]. Hence, a minimum (conservative) l

t ratio equal to 10 is consis-
tently maintained for the work presented in this thesis.

Once the sample is prepared according to the aforementioned procedure, the impedance data
is collected from which the fundamental (and overtone) (anti)resonance peaks can be derived.

Figure 2.2: Preparation scheme of a piezoelectric ceramic thickness shear measurement sample.

3The complexity of this production production process is probably one of the main reasons why the shear
mode is the least implemented one for industrial applications as well as the least investigated one in the
piezoelectric literature.

4In contrast to earlier literature on this topic, Cao et al. demonstrated that the length to width ratio l
w

has
no significant importance concerning the correct interpretation of the impedance spectrum for shear property
characterization [13,51].
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Subsequently, one can apply Equation 2.3 to quantify the shear coupling factor5.

k2
15 = π

2
fm
fn

tan (π2
fn − fm
fn

) (2.3)

To compute the d15 piezoelectric charge constant, one has to determine the zero stress relative
permittivity εT11 by measuring the capacitance C [F ] of the sample at a frequency below the
fundamental resonance frequency at or below 1kHz [13, 51]. For the standard PPE shear
measurement sample under analysis, εT11 is quantified by Equation 2.4.

εT11 = Ct

ε0lw
(2.4)

Where in Equation 2.4, ε0 [ Fm ] is the absolute vacuum permittivity equal to 8.854...·10−12 F
m

[11].
Next, d15 is determined by rewriting Equation 1.9 as presented in Equation 2.5.

d15 = k15

√
sE55ε

a,T
11 (2.5)

Where the shear elastic compliance sE55 in Equation 2.5 is obtained by use of Equation 2.1. As
an example, the shear property values calculated according to the aforementioned procedure
and based on the PZT5A4 shear plate impedance plot depicted by Figure 2.1 are given in
Table 2.2. The experimentally obtained values are compared with the material properties
reported by the manufacturer.
The (relatively small) discrepancy between the reported and measured properties can be
attributed to the fr ≈ fm ≈ fs and fa ≈ fn ≈ fp) approximation (inherent to impedance-
based measurements) as well as ageing of the sample’s piezoelectric properties6 [49, 50].

k15 [−] sE55 [Pa−1] d15 [CN ]

Measured 0.67 4.39·10−11 5.34·10−10

Reported 0.69 4.50·10−11 5.50·10−10

RE [%] 3.3 2.5 2.8

Table 2.2: Experimentally obtained versus reported shear material properties of the PZT5A4
shear plate (RE = Relative Error). Reported data obtained from [14].

2.1.2 Novel resonance-based d15 measurement method

The impedance-based measurement method, as presented in the previous section is a con-
venient and straightforward way for the characterization of shear mode properties of piezo-
electric (ceramic) materials. However, if one wants to prepare a piezoelectric (particulate)
composite according to the preparation scheme illustrated in Figure 2.2, two practical issues
arise:

1. The required poling field for piezoelectric composites is significantly higher than for
ceramics (∼ 10 kV

mm versus ∼ 2 kV
mm) [26]. If one wants to obtain a shear measurement

sample with a l
t ≥ 10 and realistic thickness, one has to apply an inconveniently high

constant poling voltage of at least 100kV .
5Equation 2.3 can be derived by solving the classic wave equation for a piezoelectric medium under constant
induction as described by Aurelle et al. [52].

6The poling and manufacturing process of the example thickness shear measurement sample under analysis
was performed ±7 years prior to the execution of the reported impedance measurements.
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2. When the bulky sample is produced according to the conventional particulate composite
production method, an inhomogeneous particle distribution will be obtained due to
sinking of the particles during the polymer’s curing process.

To address these practical problems, a novel sample preparation method, adapted for the
impedance-based measurement technique presented in Section 2.1.1, was developed. The
main advantage of this new method is that it is well suited for the characterization of thin
(particulate) piezoelectric samples as illustrated in Figure 2.3. First, the composite sample is
produced7 and uniformly poled by parallel plate electrodes (Step 1). Next, these temporary
poling electrodes are removed after which the final IDE electrodes are applied (Step 2).

The proposed method employs interdigitated electrodes as depicted in Figure 2.4. For small
finger widths (wf [m]), large finger spacings (sf [m]), and relatively thin samples, quasi-
uniform field lines are obtained/induced perpendicular to the poling axis. In this way, a
thickness shear measurement sample is obtained with reversed 1- and 3-axes with respect to
the standard shear plate d15 measurement sample illustrated in Figure 2.2.

Careful inspection of the IDE lay-out reveals that the orientation of the field lines in each
cell opposes the one of the neighbouring cell. At first sight one may think the opposing
thickness shear motion would impede the occurrence of resonance from which the shear mode
properties are eventually derived from. However, elastic shear waves propagate, in contrast
to longitudinal waves, perpendicular to the motion of the particles [53]. By consequence,
standing shear waves excited by the alternating lateral electric field will occur. This is
confirmed by Milyutin et al. who developed an IDE-based (AlN) thin film shear mode bulk
acoustic wave resonator for gravimetric sensor applications8 [54].

Figure 2.3: Novel IDE-based sample preparation scheme for the impedance-based shear mode
characterization method presented in Section 2.1.1.

7The piezoelectric composite sample production method is discussed in Section 2.2.
8The occurrence of pure shear resonance modes by IDE excitation is also demonstrated by finite element
simulations (Section 2.3.1).
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(a)

(b)

Figure 2.4: Generic interdigitated electrode lay-out: cross-sectional view (a) and top view (b).
The red lines schematically indicate the direction of the electric field. Note that height of the
electrode fingers is exaggerated for reasons of clarity.

Figure 2.5: Graphical outline of Chapter 2. Micrographs obtained from [26,55,56].



2.2 Methods and materials 23

2.1.3 Outline Chapter 2

An overview of this chapter’s research ‘route’ is illustrated in Figure 2.5.
The shear mode properties of two phase piezoelectric composites with the same material
components (PZT and epoxy) though different connectivity schemes (0-3 and 1-3) and PZT
loading grades were investigated. Moreover, a monolithic PZT material was added for refer-
ence.
Samples were prepared and measured experimentally with the novel d15 impedance-based
measurement method, complemented with quasi-static measurements. Numerical (finite ele-
ment) simulations were performed to validate the novel IDE-base measurement method and
to obtain effective properties by implementation of a numerical homogenization technique.
Based on the experimental and numerical results, conclusions were drawn on the shear mode
properties of the composite piezoelectric material systems under analysis.

2.2 Methods and materials

This section outlines the procedures concerning the shear property characterization study
of the piezoelectric composite material systems. First, the experimental steps are discussed.
Next, the set-up of the finite element models (FEMs) for the impedance and effective property
simulations are presented.

2.2.1 Experimental measurements

Three piezoelectric material systems are investigated in this study: 0-3 (particulate) piezo-
electric composites, 1-3 (fiber) composites, and plain piezoelectric ceramics. The preparation
as well as the experimental characterization procedures of these materials are described in
the coming sections.

0-3 Composites

PZT-epoxy particulate composites were produced and prepared as described in the coming
paragraphs.

PZT5A4 (Morgan Electroceramics, Ruabon, UK) powder was calcined (T=1150◦C) for one
hour and milled to micron particle size by 5mm Y-stabilized ZrO balls. The powder was
subsequently sieved, dried for 12 hours at 150◦C, and stored under vacuum conditions at
room temperature.
Next, the powder was added to Epotek 302-3M epoxy (Epoxy Technology Inc., Billerica
(MA), USA). At first, the PZT particles were mixed with the (diglycidyl ether of bisphenol-
A) resin component for 5 minutes at 2500rpm with a DAC 150 FVZ SpeedMixer (Hauschild,
Germany). Then the multi-functional aliphatic amine hardener was added to the PZT-resin
mixture. After mixing for 5 minutes at 2500rpm, the uncured composite was degassed in
vacuum for 10 minutes.
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(a) (b)

Figure 2.6: Particulate composite preparation pictures: the Balzers Union SCD40 Sputter-coater
(a), the poling set-up: DC generator (left), poling jig (central), and silicon oil bath (right) (b).

Particulate composite samples were cured to their final shape in two different ways.
For the impedance-based measurement method, rectangular samples were made by moulding
the mixture in a rectangular Teflon mould and curing overnight at room temperature. Sub-
sequently, the samples were released from the mould and post-cured at 100◦C for ±1 hour.
Parallel plate poling electrodes (Au) were deposited on the samples with a Balzers Union
SCD40 Sputter-coater (Balzers, Liechtenstein) (Figure 2.6a). The samples were poled in a
silicone oil bath at 100◦C with an electric field of 10 kV

mm for one hour (Figure 2.6b).
Next, the temporary poling electrodes were removed by wet sanding and the Au interdigi-
tated electrodes were sputtered on top surface of the sample (Figure 2.7a). Copper tape was
applied at the two end sides of the IDE to connect the sample with the leads of the impedance
analyzer, introduced in the coming subsection on the characterization instruments.
Figure 2.7c shows the dispersion of the micron-sized PZT particles of an impedance measure-
ment sample.

For the quasi-static piezoelectric charge constant measurement method, discs (d33 and d31)
and ring (d15) samples were produced by tape casting the PZT-epoxy mixture on an alu-
minium foil (see Figure 2.6b) [57]. Next, the discs (d=8mm, t=1mm) and rings (dout=8mm,
din=4mm, t=1mm) were punched out of the resulting slabs after curing at 100◦C overnight.
Solely the samples’ top surface was electroded by the aforementioned gold sputtering method
as the aluminium foil provided a conducting layer on the bottom surfaces. Next, the samples
were poled in a silicone oil bath at 80◦C with an electric field of 7.5 kV

mm for half an hour9.

(a) (b) (c)

Figure 2.7: Particulate composite sample pictures: an injection moulded rectangular
(impedance-based) measurement sample attached to the mask fixture after the IDE sputter-
ing process (a), a ring and disc (quasi-static) measurement sample (b), a SEM micrograph of a
50vol% PZT-epoxy particulate composite (c).

9The quasi-static measurements served to characterize the relative magnitude of the piezoectric charge con-
stants (d33, d31, and d15) at various PZT volume fractions rather than to demonstrate their maximum values
at optimum poling conditions. Henceforth, a conservatively low poling field and temperature was consistently
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Subsequently, a gold layer was sputtered on all surfaces of the ring-shaped samples. The layer
on the top and bottom surfaces was removed to obtain radially electroded (and thickness-
poled) rings conform the d15 quasi-static testing procedures, as discussed in Section 2.2.1 (see
Figure 2.7b).

1-3 Composites

Two kinds of fiber (SP53-epoxy) composite samples were obtained from Smart Materials
GmbH (Dresden, Germany). The first set of samples have a thickness of 1.54mm, a PZT fill-
ing grade of 0.48, and a fiber diameter of 800µm. The second type of samples are characterized
with a 0.30mm thickness, a filling grade of 0.65, and a fiber diameter of 250µm. All samples
were poled by the manufacturer in the thickness direction with CuSn parallel plate electrodes.

The samples were prepared for the IDE-based impedance method by removing the original
PPE electrodes by wet sanding. Subsequently, gold IDEs were sputtered by the aforemen-
tioned process. Cu tape was applied for the impedance and capacitance measurements.

Quasi-static d15 measurements were not performed for the fiber composite samples. One
would either have to make measurement rings from the as-received composite fiber plates, ac-
cepting material losses and a high risk of breaking the labour-intensive composite material, or
devise a production method to obtain homogeneous, thickness-poled and radially-electroded
fiber composite rings conform the dimensions of the measurement device’s sample holder as
presented in the coming subsection on the employed characterization instruments10.
These practical considerations stipulate once more the convenience of the novel impedance-
based d15 measurement method.

Piezoelectric ceramics

Reference piezoelectric ceramic materials were investigated for four purposes: to perform
a standard shear property impedance-based measurement as presented in Section 2.1.1 (i),
to validate the numerical impedance simulations (ii), to calibrate the quasi-static d15 mea-
surements (iii), and to validate the novel IDE-based shear mode characterization strategy (iv).

A standard PZT5A4 shear plate measurement sample, with dimensions summarized in Table
2.1, was obtained from Morgan Electroceramics (Figure 2.8c). The impedance measure-
ments were performed with the original nickel PPE. The electromechanical properties of the
PZT5A4 material can be found in Appendix A.

Validation of the numerical impedance simulations were performed with PZ27 discs from Fer-
roperm Piezoceramics (Kvistgard, Danmark). The discs’ thicknesses and diameters are equal
to 1mm and 10mm, respectively. The discs were poled (by the manufacturer) along their
thickness dimension with silver electrodes applied at the bottom and top surfaces (Figure
2.8b). The electromechanical properties of the PZ27 piezoelectric ceramic material can be
found in Appendix A.

applied for all the piezoelectric composite discs and rings to reduce the risk of short-circuiting the thin discs
during the poling process.

10The former is considered beyond the scope of the research project.
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Calibration of the quasi-static d15 measurements, used to complement the impedance-based
shear mode measurements, were performed with PZ27 rings and discs obtained from Ferrop-
erm Piezoceramics. The discs are identical to the one described above, whereas the rings’
thicknesses, inner and outer diameters are equal to 2mm, 3.4mm, and 5.5mm respectively.
The rings were poled (by the manufacturer) along their thickness, while the electrodes are
applied at the outer and inner surfaces as illustrated in Figure 2.8a.

For the validation of the IDE-based shear mode measurement method, PZT507 plates (l=32.5mm,
w=36.0mm, and t=0.199mm, Morgan Electroceramics) were prepared according to the novel
method. To ensure optimum (uniform) piezoelectric properties, the plates were re-poled with
the original parallel plate electrodes at 2.5 kV

mm for half an hour at 100◦C. Subsequently, the
temporary poling electrodes were manually removed by wet sanding and dried at room tem-
perature to evaporate remnant water. Gold IDE electrodes were applied on one surface by
the aforementioned mask etch sputtering process.
Lastly, copper tape was applied at the two side electrode ends as shown in Figure 2.8d.

(a) (b)

(c) (d)

Figure 2.8: PZT reference samples: a PZ27 ring (a), a PZ27 disc (b), a PZT5A4 shear plate
(c), and a prepared IDE-based PZT507 reference shear measurement plate (d).

Characterization instruments

Several instruments were used for the experimental characterization of the samples described
above:

• Impedance measurements
Experimental impedance measurements were performed with a HP4194A Impedance
Analyzer (Figure 2.9a).

• Capacitance measurements
The samples’ capacitance was measured with an Agilent4263B LCR Meter with a 1V
potential at a fixed frequency of 1kHz.
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• Quasi-static d15 measurements
Quasi-static piezoelectric charge constant measurements were performed with a PM300
PiezoMeter (Piezotest, United Kingdom). The d33 and d31 were obtained with PPE
discs, while the d15 measurements require radially electroded, thickness-poled rings as
shown in Figure 2.9b. All measurements were done with a dynamic excitation force of
0.25N (at a frequency of 110Hz) and a 10N sample grip (static) force.

• Imaging
A JEOL JSM7500F scanning electron microscope (SEM) served to observe the distribu-
tion of particulates within the prepared 0-3 composites. Prior to imaging, the composite
samples were embedded into a room temperature curing epoxy (Figure 2.9c). Next, the
imaging samples were coated with a thin conductive gold layer (±3nm) by the afore-
mentioned low-vacuum sputtering process.
An optical microscope (Zeiss Axiocam ERc 5s) was used to measure the sub-millimeter
dimensions of the various samples.

(a) (b) (c)

Figure 2.9: Experimental characterization pictures: the HP4194A Impedance Analyzer (a), the
d15 ring-shaped sample holder of the PM300 PiezoMeter with a particulate composite ring (b),
and a prepared piezoelectric composite imaging sample in the JEOL JSM7500F sample fixture
(c).

2.2.2 Numerical simulations

In addition to the experimental measurement procedures discussed in Section 2.2.1, numerical
methods were employed to validate the novel IDE-base impedance measurement technique
as well as to simulate the investigated composites’ effective properties.
Consequently, two kinds of FEM simulations were performed in the COMSOL Multiphysicsr
(V4.4) environment, hereafter referred to as Comsol [58]. Impedance models were constructed
and simulated with a Frequency Domain Study to validate the novel IDE-based impedance
measurements. Next, the effective properties were studied by homogenization-based simula-
tions by a Stationary Study approach.

Impedance sweep FEM models

As a first step towards simulating the frequency response of IDE-base samples by aid of a two
dimensional FEM analysis, a straightforward parallel plate PZT disc model was constructed.
Based on these results, two dimensional IDE-based models were set up conform the produced
PZT and piezoelectric composite impedance measurements samples.

Parallel plate disc model
An experimental PZ27 disc sample was simulated by a two dimensional (plane strain) analysis
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within Comsol’s Piezoelectric Devices module11. The dimensions of the model corresponded
to size of the experimental disc. The implemented electromechanical (PZ27) material prop-
erties can be found in Appendix A.
A frequency-dependent terminal voltage (1V ) was applied at the top boundary, while the
lower boundary of the disc was provided with grounded electrical boundary conditions. The
impedance Z of the disc at each excitation frequency was obtained from Equation 2.6.

|Z(f)| = 1
|Y (f)| (2.6)

Where Y is the simulated admittance of the piezoelectric disc between the ground and po-
tential terminals of the Comsol model.

A mesh convergence study was performed to provide the model with a mesh size able to
resolve the standing elastic waves at the resonance condition(s) of interest, while keeping the
computational costs sufficiently low. With the standard rule of thumb of adopting a minimum
number of five elements (n) per wavelength in mind and focusing on the first fundamental
thickness resonance frequency, the convergence study was performed by varying the amount
of (triangular) elements per thickness (nt ) [49,59].

From Figure 2.10 it is clear that the numerically obtained fundamental thickness resonance
ffundm,t convergences to the experimental value for a minimum of three elements per thickness.
Note that the impedance graphs plot the normalized impedance (= Z

Zfmin
)12 to be able to

compare the (three dimensional) experimental and (two dimensional) numerical impedance
data.
As half a fundamental wavelength is accommodated by the disc’s thickness at ffundm,t , the
aforementioned rule of thumb holds. Consequently, a minimum value of n

t equal to 3mm−1

was consistently applied for the (IDE-based) shear impedance simulations presented in com-
ing subsection.

IDE-based thickness shear measurement model
The IDE-based impedance FEMs serve to simulate (and validate) the frequency response
of the experimental measurement samples prepared according to the novel IDE-based shear
measurement method.

Based on the results of the PPE disc impedance simulations presented above, an adaptive two
dimensional (plane) strain model was constructed in Comsol’s Piezoelectric Devices module.
The IDE fingers were simulated by applying alternating ground and terminal voltage (1V )
strips on a rectangular piezoelectric sample as illustrated in Figure 2.11. The dimensions of
the model (sample thickness (t), sample length (L), IDE finger width (wf ), and IDE finger

t [mm] L [mm] wf [mm] sf [mm]

0.199 32.5 0.25 3.0

Table 2.3: Key dimensions of the validation (IDE-based) shear measurement impedance model.

11As a result, each node is characterized with 3 degrees of freedom (DOF): two displacements (u,v) and one
potential (V ).

12Zfmin refers to the measured/simulated impedance at the lower bound frequency.
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Figure 2.10: Mesh convergence figures for the PZ27 reference disc: experimental versus simu-
lated (nt=1mm−1 and n

t=3mm−1) impedance sweep at the fundamental (thickness) resonance
frequency ffundm,t and convergence of ffundm,t with increasing number of elements per disc thickness
(insert). The resonance frequency, based on the material properties reported by the manufacturer
(Appendix A), is added for reference purposes [60].

spacing (sf ) as well as its bulk electromechanical material properties, can be adapted to the
(experimental) sample of interest. The plate’s piezoelectric material was assumed to be poled
(uniformly) along its thickness.

As introduced in Section 2.2.1, the novel IDE-based impedance method was experimentally
validated with an IDE PZT507 shear measurement plate. Consequently, the geometrical (Ta-
ble 2.3) and material properties (Appendix A) of the experimental sample were implemented
in the adaptive IDE model to obtain a representative IDE-based thickness shear measurement
(validation) model (see Figure 2.11).

Figure 2.11: Image of (half of) the two dimensional IDE-based shear measurement model
adapted to the experimental PZT507 shear measurement sample. The blue boundaries depict
the IDE fingers provided with ground electrical boundary conditions.

Homogenization-based FEM models

Finite element simulations were performed to simulate the shear mode properties (sE55, εT11,
d15, and k15) of the investigated piezoelectric material systems. By applying a numerical
homogenization technique, the effective macroscopic electromechanical properties of the pe-
riodically structured composite material were determined by a microscopic analysis of a single
representative volume element (RVE) [61,62].

The homogenization-based simulations were performed with a two dimensional (instead of
three dimensional) RVE to reduce the required computational cost. Chambion et al. have
demonstrated that this simplification still results in accurate results when plane strain con-
ditions are implied [63].
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Figure 2.12: Representation of the generic two dimensional square RVE for the FEM homoge-
nization simulations. The RVE’s line boundaries are denoted by numbers 1 to 4, the node at the
RVE’s centroid by A.

A generic representation of the simulated RVE is defined in Figure 2.12. The RVE’s bound-
aries are denoted by number 1 to 4, the center node is indicated with capital A. In this generic
illustration, the RVE is presented as a bulk material without making a distinction between
the two phases of the actual simulated composite materials.

The first of these investigated material systems is a 1-3 (fiber) composite with equally dis-
tanced PZT fibers oriented along the poling/thickness direction in a (non-piezoelectric) poly-
meric matrix. The second one is a 0-3 (particulate) composite material with equally distanced
circular particles in a (non-piezoelectric) polymeric matrix of which the centroids are posi-
tioned at either the center or the corner of the RVE to study the effect of the defined particle
location on the effective material properties. The PZT particles in the 0-3 composite are in
reality randomly distributed within the polymeric matrix. However, equally distanced par-
ticles can be assumed for the effective property simulations when low PZT volume fractions
(with relatively large inter-particle distances) are considered [61,63].

The polymeric matrix is implemented as epoxy with electromechanical properties presented in
Appendix A. Two piezoelectric (PZT) materials are simulated for the piezoelectric phase in ac-
cordance with the prepared experimental samples. The 1-3 composite is modelled with Sonox
SP53 fibers (Appendix A), while the particles of the simulated 0-3 composite are assumed
to exhibit PZT5A4 properties (Appendix A). The size of the RVE, defined by LRV E , was
adapted to realistic dimensions of the composite material: i.e. 1-3 composite: LRV E=1mm,
0-3 composite: LRV E=10µm (assuming a mean particle size of ∼4µm)13. Note that the PZT
particles and fibers are assumed to be perfectly bonded to the polymeric matrix and that no
particle interactions as well as interfacial effects are taken into account.

All homogenization simulations were performed within Comsol’s Piezoelectric Devices mod-
ule. The entire composite material was analysed as a piezoelectric material with strain-charge
formulated constitutive equations. The piezoelectric phase was assumed to be poled (uni-
formly) along the RVE’s 3-axis. Due to the required mesh adaptability concerning the various
investigated PZT phase geometries and volume fractions, a physics-controlled, triangular el-
ement mesh was applied.

13Different PZT volume fractions were simulated by adapting the size of the PZT fibers (width) or particles
(radius).
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Case Property BC 1 2 3 4 A

I sE33 MBC − dv=+ε0
33·z
2 − dv=−ε0

33·z
2 −

EBC V = 0 V = 0 V = 0 V = 0 −

II sE55 MBC du=Z · ε013 du=Z · ε013 du=Z · ε013 du=Z · ε013 −
dv=X · ε013 dv=X · ε013 dv=X · ε013 dv=X · ε013

EBC V = 0 V = 0 V = 0 V = 0 −

III d15, εT11 MBC − − − − du=0, dv=0
EBC V = 1 − V = 0 − −

Table 2.4: Set of boundary conditions for each of the three cases investigated cases for the
homogenization simulations. Note that ‘X’ and ‘Z’ refer to the coordinate of the nodes along
the boundary line with respect to the center-located coordinate system defined by Figure 2.12 and
the ‘−’ symbol indicates symmetrical boundary conditions with respect to the opposite boundary
line. (E/M)BC = (Electrical/Mechanical) Boundary Condition(s).

For the present shear mode property analysis, three sets of boundary conditions (cases) are
required, as summarized in Table 2.4.
Case I allows one to determine the effective s33

E property of the material14. The RVE is
strained uniformly (ε033=0.1) along the poling (3-)axis, whereas zero electric field electrical
boundary conditions are implied along the four boundary lines (see Figure 2.13a). Conse-
quently, sE33 is determined via Equation 2.715 [64].

sE33 = Ŝ3

T̂3
=

1
A

∫
A S3dA

1
A

∫
A T3dA

(2.7)

Case II is applied to obtain the effective shear elastic compliance sE55. A pure shear strain
(ε013=0.1) is imposed on the two dimensional RVE at zero electric field electrical boundary
conditions (see Figure 2.13b). Under these conditions, sE55 is determined via Equation 2.8 [64].

sE55 = Ŝ5

T̂5
=

1
A

∫
A S5dA

1
A

∫
A T5dA

(2.8)

Case III governs the computation of the effective d15 and εT11 properties. A potential of 1V
is applied along the 1-axis while (symmetric) free-stress mechanical boundary conditions are
imposed at the four boundary lines (see Figure 2.13c). Rigid body displacements are pre-
vented by implying zero displacements at node A. By consequence, d15 and εT11 are computed
with Equation 2.9 and 2.10 [64].

d15 = Ŝ5

Ê1
=

1
A

∫
A S5dA

1
A

∫
AE1dA

(2.9)

εT11 = D̂1

Ê1
=

1
A

∫
AD1dA

1
A

∫
AE1dA

(2.10)

14Although the property characterization study presented in this chapter focuses on shear mode properties,
the sE33 compliance property is investigated too for model verification purposes.

15Note that the surface integrals are computed by Comsol by evaluating the corresponding surface element-
averaged values.



32 Shear mode characterization of piezoelectric composites

(a) (b)

(c)

Figure 2.13: Surface displacement graphs of the three investigated cases, each depicted with one
of the three analysed composite material types with identical PZT volume fractions (vf=0.3):
case I with corner-located circular PZT particles (displacement scaling factor = ×1) (a), case
II with a center-located PZT fiber (displacement scaling factor = ×1) (b), and case III with a
center-located circular PZT particle (displacement scaling factor = ×1000) (c).

Finally, the effective shear mode coupling factor k15 can be determined by implementing
Equation 2.8, 2.9, and 2.10 into Equation 1.9.

The final part of this section on the numerical homogenization simulation procedures presents
the analytical framework applied for the verification of the applied FEM numerical models.
The verification procedure is performed by comparing the numerically simulated effective
properties in terms of PZT volume fractions with those obtained by simplified analytical
models available in literature.

The analytical model derived by Smith and Auld is used for verifying the sE33 homogenization
model of 1-3 fiber composites [65]. Under the geometrical restrictions of sufficiently small
fiber diameters and inter-fiber distances, that is smaller than twice the composite’s thickness
(in 3-axis direction for the present analysis), the composite’s effective stiffness cE33 (= 1

sE33
) in

terms of fiber volume fraction (vf [−]) is described by Equation 2.11 [66].

cE33 = 1
sE33

= vf

[
cE,f33 −

2vf (cE,f13 − cm12)2

vf (cm11 + cm12) + (1− vf )(cE,f11 − c
E,f
12 )

]
(2.11)

Where in Equation 2.11, the ‘f ’ and ‘m’ indices refer to the properties of the fiber and poly-
mer phase, respectively.
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The analytical model applied for the verification of the shear properties of the 1−3 composite
is based on an analytical asymptotic homogenization method as presented by Benjeddou and
Al-Ajmi who considered a transversely poled (along the fiber’s thickness) 1-3 fiber compos-
ite [67]. Adapting the equations to the longitudinally poled fiber composite in the present
analysis and assuming uniform electric fields as well as plane stress boundary conditions,
closed-form expressions of the macroscopic shear composite’s properties can be obtained as
described in Equation 2.12, 2.13, and 2.14 [67].

cE55 = 1
sE55

= cE,f55 cm55

vfc
m
55 + (1− vf )cE,f55

(2.12)

εT11 = εT,f11 vf + εm11(1− vf ) + vf (1− vf ) (dE,f15 cE,f55 )2

vfc
m
55 + (1− vf )cE,f55

(2.13)

d15 = d15c
m
55c

E,f
55 vf

cE55(vfcm55 + (1− vf )cE,f55 )
(2.14)

Where in the denominator of Equation 2.14, cE55 refers to the composite’s effective shear
compliance obtained from Equation 2.12. Analogous to the FEM homogenization effective
material study presented above, the analytical value for k15 is determined by implementing
Equation 2.12, 2.13, and 2.14 into Equation 1.9.

For the analytical verification of spherical particulate 0-3 composites, the model of
Furukawa et al. is applied [68]. This highly simplified model assumes the piezoelectric phase
to be isotropic and treats both phases as incompressible linear elastic materials. Moreover,
the model is based on low piezoelectric particulate volume fractions; experimental validation
indicated close agreement up to vf=0.3 [68, 69]. Under these restrictions, Equations 2.15,
2.16, and 2.17 can be used to quantify the property versus volume fraction relation for the
effective longitudinal stiffness cE33, shear stiffness cE55, and permittivity εT11, respectively.

cE33 = 1
sE33

= cm33
3cm33 + 2cE,f33 − vf (cm33 − c

E,f
33 )

3cm33 + 2cE,f33 + 2vf (cm33 − c
E,f
33 )

(2.15)

cE55 = 1
sE55

= cm55
3cm55 + 2cE,f55 − vf (cm55 − c

E,f
55 )

3cm55 + 2cE,f55 + 2vf (cm55 − c
E,f
55 )

(2.16)

εT11 = εm11
2εm11 + εT,f11 − 2vf (εm11 − ε

T,f
11 )

2εm11 + εT,f11 + vf (εm11 − ε
T,f
11 )

(2.17)

To the author’s knowledge, there are no established analytical models for the effective piezo-
electric shear coupling properties (d15 or k15) of particulate piezoelectric composites in the
literature. This stipulates the requirement of a sound verification and validation of the (par-
ticulate composite) homogenization models. Moreover, it indicates once more the need of
understanding the shear mode capabilities of particulate piezoelectric composites as investi-
gated experimentally and numerically in this thesis.
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2.3 Results

This section gives an overview of the results of the shear mode characterization study of the
investigated piezoelectric material systems.
First, the verification and validation process of the novel impedance-based measurement is
presented in Section 2.3.1. Next, the outcomes of the experimental and numerical character-
ization study are given in Section 2.3.2 and Section 2.3.3, respectively.

2.3.1 Verification and validation of the novel d15 measurement method

As the novel IDE-based d15 measurement technique is employed to determine the shear mode
properties of the various (composite) materials under analysis, one first has to establish the
accuracy of the new experimental method. To this aim, a thorough verification and validation
process was performed by means of a reference piezoelectric ceramic sample.
For the (purely theoretical) verification phase, the impedance of an IDE shear sample with
known material properties was obtained via FEM simulations. Next, d15 properties were
derived from simulated impedance data, which were compared with the (a priori known)
properties fed to the model. In this way, the theoretical accuracy of the novel technique
could be verified.
Secondly, for the experimental validation phase, numerically obtained impedance data and
resulting shear properties were compared with experimentally obtained data of a sample with
the same (geometrical and material) properties.

The verification simulations were performed with the two-dimensional IDE-based shear mea-
surement model as described in Section 2.2.2. The implemented reference material was a
PZT5-H piezoelectric ceramic with electromechanical properties presented in Appendix A.
The geometrical properties of the model are identical to the PZT507 shear measurement
sample as presented in Section 2.2 (Table 2.3).

The impedance spectrum (3.5-16MHz) was simulated to include the fundamental and 3rd
overtone (anti)resonance frequencies as depicted by the impedance plot shown in Figure 2.14c.
The occurrence of the standing elastic waves at resonance is illustrated by the surface hor-
izontal strain (in 2-axis direction) plots on Figure 2.14a and b. Shear properties (k15, sE55,
and d15), derived from the simulated obtained (anti)resonance frequencies, are summarized
and compared to the model’s material shear properties in Table 2.5.

The novel IDE-based shear property characterization method is (numerically) able to derive
the sample’s shear property data with a small relative error between the computed and model
properties. The root cause of this error is most probably the non-uniformity and inhomo-
geneity of the induced electric field by the interdigitated electrodes.

k15 [−] sE55 [Pa−1] d15 [CN ]

Simulated properties 0.64 4.25·10−11 7.22·10−10

Model properties 0.67 4.35·10−11 7.41·10−10

RE [%] 5.4 2.3 2.5

Table 2.5: Simulated versus model input shear material properties of the IDE-based verification
and validation PZT5-H model (RE = Relative Error). Reported data obtained from [14].
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The second and last fundamental step to establish confidence in the IDE-based characteriza-
tion method’s capability is to validate the technique by experiment. Therefore, an impedance
sweep (3.5-16MHz) was performed on the IDE PZT507 shear sample as described in Section
2.2. The resulting experimentally obtained fundamental impedance spectrum were plotted
and compared with the simulated impedance of the aforementioned (verification) reference
FEM model as illustrated in Figure 2.14c.
One can observe a significant deviation between the experimental and simulated (normal-
ized) impedance magnitude at resonance conditions. The error is caused by not taking any
(mechanical or electrical) losses into account for the FEM simulations. This is permitted for
the current analysis as the error has no effect on the d15 characterization study for which
solely the (relative) positions of the (anti)resonance frequencies are required.

Proceeding with the validation analysis, the shear property values can be derived from the ex-
perimentally obtained impedance plot of Figure 2.14c. These experimentally obtained values
are presented and compared with the previously derived numerical shear properties in Table
reftab:validation. Note that the simulated impedance data are based on PZT5-H, whereas
the (experimental) sample is made of PZT507, a customized version of the standard PZT5-H
material [14]. As no shear property data of PZT507 is available in the literature, the PZT5-H
property data were considered as a first-order reference and applied for the FEM (verification
and) validation simulations.
Again, the simulated shear properties deviate from the experimentally obtained ones within
reasonable bounds (<10%). This can be expected as the simulation model’s material prop-
erties (PZT5-H) deviate from the sample’s material properties (PZT507). Note that, besides
the dissimilarity of the material properties, the error introduced by the non-uniform and
inhomogeneous electric field at the IDE fingers will contribute to the observed validation
error as discussed in the verification analysis. Moreover, as discussed in Section 2.1.1, the
experimental impedance measurement conditions are expected to introduce small errors too
(∼ 3%) [49,70].

k15 [−] sE55 [Pa−1] d15 [CN ]

Experimental properties 0.67 4.60·10−11 7.75·10−10

Simulated properties 0.64 4.25·10−11 7.22·10−10

RE [%] 4.5 8.2 7.4

Table 2.6: Experimental (PZT507) versus simulated (PZT5-H) properties of the verification/-
validation model (RE = Relative Error). Reported data obtained from [14].

Based on the verification and validation analysis presented above, it can be concluded that the
novel IDE-based shear property measurement method can (theoretically and experimentally)
be applied for the observation and first-order quantification of a piezoelectric material’s shear
properties when the standard shear impedance-based technique falls short.
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(a) (b)

(c)

Figure 2.14: IDE-based shear mode characterization validation figures: (a) Strain (2-axis di-
rection) surface plot illustrating the standing elastic shear wave at the fundamental resonance
frequency, (b) Strain (2-axis direction) surface plot illustrating the standing elastic shear wave
at the 3rd overtone resonance frequency, and (c) experimental versus FEM simulated impedance
plot (3.6-16MHz).
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2.3.2 Experimental results

This section presents the outcomes of the experimental shear mode property characteriza-
tion study on piezoelectric (0-3 and 1-3) PZT-epoxy composite material systems. Firstly,
the experimentally obtained impedance plots are introduced. Secondly, the results of the
quasi-static piezoelectric charge constant measurements are given.

Impedance measurements were performed to observe and quantify the shear piezoelectric
properties of the 0-3 and 1-3 composites.
All the particulate composite samples were characterized with flat (i.e. no (anti-)resonance
frequencies) frequency spectra, as illustrated in the impedance plot of a 0.1mm thick 0-3
composite sample (vf=0.3) depicted in Figure 2.15a. Consequently, no shear mode proper-
ties could be derived from the impedance measurements of the 0-3 composites.

In contrast, fundamental (anti-)resonance frequencies could be identified on the frequency
spectra of the two fiber composite samples. Close-ups of the small, though observable peaks
of the vf=0.48 and vf=0.65 fiber composite materials are plotted in Figure 2.15b and c,
respectively.
Based on the procedures introduced in Section 2.1.1, the shear mode properties were derived
from the experimentally obtained resonance peaks. The resulting d15 values are presented in
Table 2.7.

(a)

(b) (c)

Figure 2.15: Experimental impedance plots: 0-3 composite (vf=0.3, t=0.11mm) (a), 1-3
composite (vf=0.48, t=1.54mm), 1-3 composite (vf=0.65, t=0.3mm). The black arrows on
the fiber composite impedance plots indicate the fundamental thickness resonance frequency
measured with the original parallel plate poling electrods.

Quasi-static piezoelectric charge constant measurements were performed to complement the
impedance-based results. The averaged experimentally obtained piezoelectric charge con-
stants of the (PZT5A4-epoxy) particulate composite discs (d33 and d31) and rings (d15) for
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three PZT volume fractions are given in Table 2.7. Only the quasi-static d33 measurements
were performed with the fiber composite material samples due to the practical considerations
stated in Section 2.2.1.

0-3 Composites 1-3 Composites
vf = 0.1 0.2 0.3 0.48 0.65

Impedance Resonance? No No No Yes Yes
d15 [pCN ] - - - 106 190

Quasi-static
d31 [pCN ] 0.2 0.8 1.3 - -
d33 [pCN ] 0.8 2.5 3.9 352 371
d15 [pCN ] 0.8 1.91 2.79 - -

Table 2.7: Summary of the experimental results of Chapter 2. Note that the (italic) impedance-
based d15 data should be considered as preliminary for reasons discussed in Section 2.4.

2.3.3 Numerical results

In order to determine the effective properties of both 0-3 and 1-3 piezoelectric compos-
ites, homogenization-based simulations were performed in tandem with the experimental
(impedance and quasi-static) measurements. This section presents the resulting numerical
property figures and verifies them with respect to the analytical framework developed in Sec-
tion 2.3.3.

0-3 Composites
Figure 2.16 summarizes the simulated effective properties of the 0-3 (PZT5A4-epoxy) com-
posite material system in terms of PZT volume fraction as defined in Section 2.2.2. For the
elastic and dielectric properties, the results of Furukawa’s simplified analytical model are
included for verification purposes. As both the numerical as well as the analytical model
are based on low volume fractions (see Section 2.2.2), the property-fraction grahps are con-
structed for a vf up to 0.3.

Figure 2.16a depicts the effective longitudinal compliance sE33 in terms of PZT volume frac-
tion vf . It can be observed that there is no deviation between the simulated results of the
center and corner located particle RVE models. Though, the numerically obtained sE33 val-
ues show a consistent offset with the analytical ones. Moreover, based on the trend of the
numerical property-fraction relation, the sE33 value for a zero volume fraction differs from the
expected value of the pristine epoxy material (sm33=3.45·10−10Pa−1), which is not the case
for the analytical model. A potential cause for the small, though significant deviation could
be a stiffening effect of the fixed (periodic) mechanical boundary conditions at the RVE’s 1
and 3 edges applied to account for transverse contraction [63].

The effective shear compliance sE55 in terms of PZT volume fraction is illustrated in Figure
2.16b. For this case, there is a clear deviation between the two investigated FEM models.
The center located particle model matches the analytical model, whereas the corner located
particle model shows a clear deviation in both absolute value and the property-fraction trend
with respect to the two other (center located particle numerical and analytical) models. A
probable explanation of the presumably inaccurate results of the corner located particle model
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(a) (b)

(c)

(d) (e)

Figure 2.16: Numerical homogenization graphs for 0-3 composites: longitudinal compliance sE33
versus PZT5A4 particulate volume fraction vf (a), shear compliance sE55 versus vf , permittivity
εT11 versus vf (c), shear piezoelectric charge constant d15 versus vf (d), shear coupling factor k15
versus vf (e). The analytically obtained effective properties, as discussed in Section 2.2.2, are
added, where available, for verification purposes.
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is that the quarter particles positioned in the corners of the RVE, induce a (non-existing)
stiffening effect for the applied uniform shear mechanical boundary conditions (see Table 2.4).
This stiffening effect induces higher average shear stresses in the analysed RVE model, which
eventually leads to a higher effective shear stiffness (lower effective shear compliance).

The effect of the PZT particle volume fraction on the relative permittivity εT11 can be exam-
ined in Figure 2.16c. Similar to the sE33 simulations, the center and corner located particle
models do not differ. Moreover, for very low volume fractions (up to vf=0.15), the numerical
effective εT11 values match the analytical ones. However, for higher volume fractions, a non-
linear trend in the numerical property-fraction causes the numerically obtained effective εT11
values to deviate from the analytical one.
To investigate the observed deviation in linear property-fraction behaviour of the numerical
simulations, experimental data of a representative composite material system (particulate
PZT5A4-epoxy) obtained from the literature16 are included in Figure 2.16c [26]. Again, a
non-linear relation can be observed as the experimental values start to deviate increasingly
from the (linear) analytical ones for higher volume fractions. Hence, the non-linear trend of
the numerical property-fraction relation is confirmed by the experimental data, exhibiting
this non-linearity to a much higher extent.
The non-linear trend in the εT11-vf relation can be attributed to decreasing inter-particle dis-
tances for increased volume fractions. In contrast to the numerical models, this effect is not
taken into account for the analytical model based on a single PZT inclusion in the polymer
matrix. Although the numerical simulations also deviate from the linear property-fraction
relation predicted by the highly simplified analytical model, a significant discrepancy between
the numerical and experimental data is still present. Once more, this can be explained by
the fact that the inter-particle distances will decrease as the volume fraction increases, even-
tually leading to touching/agglomerating particles. As the numerical model does not account
for touching particles as well as interfacial effects, a deviation between the numerically and
experimentally obtained values for εT11 is expected, commencing for relatively moderately low
volume fractions (i.e. vf=15%) and increasing for higher volume fractions.

The relation between the effective shear piezoelectric charge constant d15 and volume fraction
is depicted in Figure 2.16d. The center and corner located particle models result in identical
effective d15 values, which is expected as they did not differ for the effective permittivity
simulations for which the same boundary conditions are implied (see Table 2.4). The numer-
ical simulations indicate a quasi-linear fraction-property relation for the considered volume
fraction range.
As discussed in Section 2.2.2, no analytical model could be applied for the verification of the
numerical shear coupling properties. However, based on the above discussion on the effective
permittivity simulations, one can expect an increasing small, though significant discrepancy
by ignoring particle agglomerations and interfacial effects for increasing volume fractions.

Next, based on the numerically obtained sE55, εT11, and d15 values, the effective shear coupling
factor k15 versus volume fraction can be obtained as illustrated in Figure 2.16e. Since the
center and corner located particle RVE models deviate for the sE55 simulations, they differ for
the k15-vf relation too. As explained above, the center located particle model is expected to
be the most accurate representation of the two.

16As the model assumes perfectly poled PZT inclusions, a set of representative experimental data of particulate
piezoelectric composites (poled at optimum poling conditions) from the literature was included in Figure
2.16c instead of the experimentally obtained εT11 values of the prepared particulate composite discs.
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(a) (b)

(c)

(d) (e)

Figure 2.17: Numerical homogenization graphs for 1-3 composites: sE33 versus PZT5A4 fiber
volume fraction vf (a), shear compliance sE55 versus vf , permittivity εT11 versus vf (c), shear
piezoelectric charge constant d15 versus vf (d), shear coupling factor k15 versus vf (e). The
analytically obtained effective properties, as discussed in Section 2.2.2, are added, where available,
for verification purposes.
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1-3 Composites
Figure 2.17 summarizes the results of the effective property simulations of the second material
system under consideration: the (SP53-epoxy) fiber piezoelectric composite. The effective
properties in terms of fiber volume fraction (vf ) of both the numerical homogenization model
and the analytical (homogenization) models are included in Figure 2.17.

The effective sE33 versus vf is plotted in Figure 2.17a. One can observe that the numerically
obtained values follow the same trend as the analytical values. There is a consistent, though
acceptably small overestimation of the analytical compliance values with respect to the nu-
merical ones.

Figure 2.17b depicts the effective sE55 in terms of fiber volume fraction. In this case, the trend
between the values of the two models differs and the relative error between the analytical
and numerical data is much higher than for the simulated sE33 properties, except for the limit
vf scenarios where both models approach the pristine (fiber and polymer) sE55 values.
A possible explanation for the observed deviation between the analytical and numerical re-
sults can be found in the zero thickness stress assumption. This assumption, which was not
applied for the numerical homogenization-based simulations, is imposed to obtain a closed-
form sE55 expression for the analytical model [67].

The results of the effective relative permittivity (εT11) simulations are presented in Figure
2.17c. In contrast to the 0-3 homogenization results, the numerical values match the ana-
lytical ones with a maximum relative error of 0.01%. As the fibers form a continuous path
between the bottom and top electrodes of the RVE and there is, by consequence, no non-
linear effect of touching/agglomerating particles, a linear permittivity-fraction relation can
be observed for both (homogenization-based) models.

Figure 2.17d illustrates a good agreement between the numerically and analytically obtained
d15 values of the 1-3 composites. Contrary to the effective shear compliance analysis, the
plane stress and uniform field assumptions (as stated in Section 2.2.2) have no influence on
the simulated effective shear piezoelectric charge constant.

The relation between the simulated effective shear coupling factor k15 and the fiber volume
fraction is depicted in Figure 2.17e. Due to overestimation of the analytical shear compliance
with respect to the numerical value, the analytically obtained k15 figures are consistently
lower than the numerically obtained ones, though the relative error between the two stays
within reasonable bounds (maximum relative error ∼20%). As the analytical model is a sim-
plified version of the numerical FEM model, it is expected that the numerical model provides
a more accurate representation for the simulation of the effective k15.

Conclusions on the verification of 0-3 and 1-3 effective property simulations
It was found that the (central particle located) 0-3 FEM model can solely be applied for
a first order characterization of the effective shear properties of particulate composites as
interfacial effects as well as the effects of touching particles are not taken into account.
In contrast, the results of the 1-3 composite numerical simulations were in close agreement
with the figures obtained from the analytical framework. Solely the simulated shear compli-
ance data deviated from the analytical ones. Taking into account the simplifying assump-
tion(s) made for the closed-form analytical expression, it is expected that the numerical model
is a more accurate representation of the physical reality.
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2.4 Discussion

This section reviews and comments on the key results presented in Section 2.3.2 and 2.3.3.
First, the numerically and experimentally obtained impedance spectra of the 0-3 and 1-3
piezoelectric composite systems are compared. Thereafter, the relative magnitudes of the
particulate composites’ piezoelectric charge constants (d33, d31, and d15) at varying PZT vol-
ume fractions are investigated.

As presented in Section 2.3.2, no resonance peaks could be observed on the experimental
impedance plots of the IDE-based particulate composite shear measurement samples. It was
presumed that the piezoelectric shear coupling of these material systems is too low to induce
observable resonance conditions from which shear material properties can be derived.

To investigate this hypothesis, numerical impedance plots were obtained by means of the two
dimensional IDE-based FEM model. A first set of impedance spectra were simulated with a
piezoelectric coupling matrix based on the verified effective property simulations, as discussed
in the preceding section. The second set of simulated impedance plots were performed using
the quasi-static experimental dij measurements as input for the material’s coupling.
For the complete set of investigated volume fraction and sample thicknesses, the three
impedance spectra corresponded to each other by returning approximately identical flat spec-
tra. This is illustrated in Figure 2.18a, in which the three (normalized) impedance spectra
of a particulate composite sample (vf=0.3) are collected for the analysed frequency range
(0.1-15MHz).
Consequently, it can be stated that, based on numerical (homogenization-based) simulations
and experimental (impedance-based and quasi-static) measurements, piezoelectric particulate
composites exhibit shear piezoelectric coupling, albeit too low to be observed or quantified
by impedance-based characterization techniques.

In contrast, fundamental (anti-)resonance peaks could be identified on the impedance spectra
of the two prepared IDE fiber composite samples. Yet, the observed peaks are not located
within the frequency range one would expect for pure (fundamental) shear resonance of the
measured samples. This is illustrated in Figure 2.18b, in which the simulated impedance
spectrum of the vf=0.48 sample is plotted with the experimentally obtained one17.

(a) (b)

Figure 2.18: Experimental versus impedance plots: experimental and numerical impedance spec-
tra of a 0-3 composite sample (vf=0.3, t=0.11mm) (a), experimental and numerical impedance
spectra of a 1-3 composite (vf=0.48, t=1.54mm) (b).

17The impedance simulations were obtained by means of the two dimensional IDE-based FEM model with a
piezoelectric shear charge constant d15 equal to the numerically simulated effective d15 value. Furthermore,
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Figure 2.19: Experimental versus numerical dij versus vf of a PZT5A4-epoxy particulate com-
posite system. The experimental data is given in Table 2.7.

As the experimental resonance frequencies are closely located to the original fundamental
thickness resonance frequencies (see Figure 2.15b and c), it is questionable that the observed
frequencies represent the occurrence of pure shear resonance of the samples. Therefore, the
derived d15 values in Table 2.7, should be interpreted as preliminary in anticipation of future
work investigating the exact physical roots of the observed frequencies.

Next, to put the relatively low magnitude of the numerically and experimentally obtained d15
figures of the particulate composites in perspective, additional homogenization-based simu-
lations were performed to determine the effective d33 and d31 properties of these material
systems18.
The resulting piezoelectric charge constant versus PZT volume fraction relations are depicted
in Figure 2.19. The complementary quasi-static experimental data of the prepared composite
discs (d33 and d31) and rings (d15) are included too.

Two paramount conclusions can be drawn from Figure 2.19.
Firstly, it can be observed that the presumed underestimation of the numerical effective
properties with respect to the experimental ones ones holds. As explained in Section 2.3.3,
this can be attributed to the simplifying assumptions made for the homogenization-based
simulations. Yet, the trend in charge constant versus volume fraction of the experimental
and numerical dij values is similar.

The second important observation is the relative magnitude of the piezoelectric charge con-
stants at fixed volume fractions. Both the numerical and experimental data provide evidence
that the bulk PZT5A4 d15

d33
ratio (∼1.2) is not maintained for the particulate composite ma-

terial. In contrast, the bulk PZT5A4 d31
d33

ratio (∼0.4) is maintained for the particulate
composite materials by both characterization methods.

A possible cause for the reduction in shear mode coupling capability of the piezoelectric

the d33 value was based on the quasi-statically obtained one and it was assumed that d31=-0.3d33.
18The set-up of these FEM simulations is analogous to the analysis presented in Section 2.2.2, the key points
are summarized in Appendix B.
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particulate composite materials is that the shear stress/strain transfer from the (compli-
ant) piezoelectric matrix to the micron-sized PZT particles is less effective than for normal
(compressive or tensile) stress/strain transfer. This remarkable result has to be confirmed by
future work by, for instance, less simplified numerical homogenization-based FEM simulations
(e.g. taking into account interfacial effects) or an enlarged experimental investigation (e.g.
exploring the effect of the particle size or sample geometry on the quasi-static measurements).

2.5 Conclusions Chapter 2

In this chapter an IDE-based measurement method was proposed for the shear mode charac-
terization of piezoelectric composites. The novel method proved to be a sound alternative for
the standard impedance-based shear measurement method as verified and validated by means
of a reference PZT material. Moreover, the IDE-based technique appeared to be particularly
convenient for thin and costly (composite) samples as no cutting operations, inevitably lead-
ing to material losses and increased risks of sample fracture, are required.

The new impedance-based technique was found to be unsuitable for the observation (and
quantification) of the shear coupling properties of particulate composite materials as they
failed to exhibit resonance behaviour. Numerical homogenization-based simulations as well
as complementary experimental quasi-static measurements indicated that this can be at-
tributed to the inherently low piezoelectric coupling properties of these composite material
systems.

In contrast to the results of the particulate composites, fundamental resonance frequencies
could be identified on the impedance spectra of the IDE fiber composite samples. Yet, the
observed frequencies do not coincide with numerically simulated (pure shear) resonance fre-
quencies. Future work on the physical cause behind these unexpected frequency figures is
recommended to establish the validity of employing the new method for the shear mode prop-
erty characterization of piezoelectric fiber composites.

Furthermore, the numerical and experimental characterization study indicated that, in con-
trast to the particulate composite’s effective d31

d33
ratio, its effective d15

d33
ratio at fixed piezo-

electric material filling grades, is lower than the bulk active material’s d15
d33

ratio.
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Chapter 3

A shear versus normal strain-driven
composite energy harvesting patch

This chapter addresses the second research objective on the performance assessment of a
piezoelectric composite energy harvesting patch operating at shear (d15) versus normal (d33)
strain-driven loading conditions.
To this aim, the energy generating performance of a patch provided with IDE is simulated
and compared with the maximum (material-based) energy densities. In addition, the effect of
the electrode geometry on the energy generating capability is studied. Furthermore, surface
strain-driven energy harvesting case studies were developed to asses the influence of complex
strain states and to provide an experimental validation tool for the aforementioned numerical
study.

3.1 Introduction

A summary of the resulting research strategy is illustrated in Figure 3.2.

First, a finite element model of a piezoelectric composite energy harvesting patch was con-
structed. The patch is provided with IDE to assess and compare its performance when
operating on the d15- and d33-modes without having to alter its electrode design concept.
To assess the patches’ performance for the two operation modes of interest, both pure (1%)
shear and normal strain-driven operations were studied.
Moreover, the patches’ material properties were fixed by applying the numerically obtained
particulate composite (PZT5A4-epoxy, vf=20%) properties as presented in Chapter 2. Con-
sequently, the simulated material’s energy densities can be obtained conform the material
figures of merit study discussed in Chapter 1 (see Equation 1.13). The corresponding material-
based strain-driven energy densities (summarized in Figure 3.1) were used as a reference for
the outcomes of the IDE patch simulations.

The second part governs two FEA case studies for which the energy generating performance
of the compliant patch, being (shear and/or axially) strained by deformation of their host
structure, were quantified and compared.
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The first case investigates a patch attached to the surface of a cantilever (solid) rod host struc-
ture. Exerting an axial tensile force on the rod’s end induces normal strain on the patch,
whereas the application of a torsional moment puts the patch under shear strain. Henceforth,
this case allows one to compare the energy-based performance of the patch operated at the
two distinct load cases though with a constant elastic deformation energy resulting from the
deformed host structure.

The first case provides a straightforward way to assess the performance of the patch at the
two strain-driven loading conditions of interest. However, for most energy harvesting applica-
tions, the loads on the host structure are known and result in a predetermined (fixed) strain
distribution. Consequently, a second case study was developed to evaluate the energy-based
performance of a shear versus axial strain-driven loaded patch on the same location on a host
structure subjected to a fixed loading condition.
The second case governs a cantilever beam bended by a vertical tip force. As a result, normal
stresses/strains develop at the beam’s top surface on which the patch is applied. Applying
the concept of (plane strain) strain transformation1, one can alter the effective patch’s strain
distribution by rotation of the (sufficiently small and perfectly bonded) compliant patch. A
detailed explanation of this concept is given in Section 3.2.2.

The chapter’s outline is as follows. Section 3.2 presents the theoretical background as well
as the set-up of the FEM models constructed for the study introduced above. Next, the
outcome of the numerical simulations are discussed in Section 3.3. A brief conclusion on the
chapter’s key points is presented in Section 3.4.

Figure 3.1: Strain-driven energy densities of the vf=20% particulate composite operating at
1% strain. The material data were obtained from the effective property simulations presented in
Chapter 2.

1Strain/stress transformation is a concept commonly used, for instance, to experimentally determine the strain
or stress state of a material based on strain gauge readings [71].
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Figure 3.2: Graphical outline of Chapter 3.
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3.2 Numerical methods

This section introduces the numerical simulations performed to assess the energy-based per-
formance of a strain-driven flexible energy harvesting patch2. First, the set-up of the IDE-
based patch finite element model is introduced in Section 3.2.1. Followed by the basic building
blocks of the strain-driven energy harvesting case studies presented in Section 3.2.2.

3.2.1 Set-up of the piezoelectric energy harvesting patch model

An (adaptive) three dimensional finite element model of a square piezoelectric patch was
constructed to examine the influence of the IDE design on the patches’ performance for both
d15 and d33 operation modes.
A generic image of the IDE-based patch is illustrated in Figure 3.3a. The size of the square
patch is described by its square surface dimension Zp [m] and thickness tp [m]. Conform the
IDE geometrical definitions of Figure 2.4, wf , sf , p and ts, refer to the electrode finger width,
inter-finger spacing, common finger length, and side electrode thickness, respectively.
As part of the IDE patch study investigates the effect of the electrode finger width and
spacing on the patch’s energy generating performance, the wf and wf

sf
figures were varied.

The values of the fixed (IDE) dimensions as well as the investigated wf and wf
sf

intervals are
summarized in Table 3.1.

(a) (b)

Figure 3.3: Images of the adaptive patch finite element model: generic image illustrating the
patch’s geometrical properties (a), and snapshot image of a patch in Comsol (b).

The patch’s active material was implemented with bulk electromechanical material properties.
Analogous to its geometrical properties, the density, (isotropic) compliance matrix, coupling
matrix and permittivity vector of the adaptive model’s composite material can be tailored to
a particular material system as described in Appendix A.
For the present study, the assumed electromechanical material properties were based on a
particulate (PZT-epoxy) composite (vf=0.2) as summarized in Equation 3.1, 3.2, 3.3, and

wf [mm] wf

sf
[−] Zp [mm] tp [mm] p [mm] ts [mm]

[0.25:0.25:1.25] [0.1:0.05:1] 15 0.2 13.6 0.2

Table 3.1: Fixed and varied dimensions for the IDE patch simulations.

2All finite element simulations discussed in this Chapter were performed in the Comsol environment with a
Stationary Study approach as solely (quasi-)static operations are investigated.
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3.43. The material’s density was based on the rules of mixtures, whereas the compliance
matrix is identical to the one of the pristine epoxy material. The piezoelectric coupling and
(isotropic) permittivity matrix were based on the results of the numerical characterization
study presented in Chapter 2.

ρ = 2500[
kg

m3
] (3.1)

¯̄sE = 10−10·


3.45 −1.03 −1.03 0 0 0

−1.03 3.45 −1.03 0 0 0
−1.03 −1.03 3.45 0 0 0

0 0 0 4.48 0 0
0 0 0 0 4.48 0
0 0 0 0 0 4.48

 [Pa−1]

(3.2)

¯̄d =

[
0 0 0 0 0.5 0
0 0 0 0.5 0 0

−0.3 −0.3 0.8 0 0 0

]
[
pC

N
] (3.3)

¯̄εT =

[
5.5
5.5
5.5

]
[−] (3.4)

The adaptive energy harvesting patch FEM was simulated with physics-controlled, tetrahe-
dral mesh elements (‘finer’ size setting) within Comsol’s Piezoelectric devices and Electrostatic
module. Piezoelectric simulations were performed to compute the generated voltage (Vgen)
upon mechanical excitation of the patch. Vgen is computed by implying zero charge electrical
boundary conditions on the ‘positive’ electrode finger network, whereas the ‘negative’ elec-
trode finger network is provided with grounded electrical boundary conditions.
Electrostatic simulations were required to retrieve the free capacitance (Cfree) of the en-
ergy harvesting system. Cfree is determined by applying a terminal potential of 1V on the
‘positive’ electrode finger network, whereas the ‘negative’ electrode finger network is electri-
cally grounded (see Figure 3.4c). Consequently the generated energy (Ugen) is obtained by
combining Equation 1.15 and 1.16 as formulated by Equation 3.5.

Ugen = 1
2CfreeV

2
gen (3.5)

As discussed in Section 3.1, the effect of the IDE lay-out on the patch’s energy harvesting
capabilities was investigated for two distinct mechanical excitation schemes: a pure shear
(γ0

13 = 0.01) versus pure normal (ε033 = 0.01) strain-driven loading schemes. These two
conditions are illustrated in Figure 3.4a (pure shear strain) and 3.4b (pure normal strain).
By examining the two strain-driven loading conditions, the harvester’s performance for two
piezoelectric operation modes (d15 and d33) was investigated by appropriately orienting the
(local) material axes system as each operation mode requires a different poling (or 3-axis)
orientation4. The resulting material axes system with respect to the model’s global coordinate
system is summarized by Table 3.2. The X-Y-Z system refers to the global coordinate system
as defined in Figure 3.3b, whereas the 1-2-3 refers to the local material system illustrated in
Figure 1.3.

Mode X Y Z

d15 3 2 1
d33 1 2 3

Table 3.2: Local material axes system (1-2-3) with respect to the global coordinate system
(X-Y-Z) for the investigation of the d15 and d33 piezoelectric operation modes of the IDE patch.

3The material property indices are conform the standard piezoelectric orthogonal axes system as defined by
Figure 1.3. Moreover, the effect of the electrodes on the mechanical behaviour of the patch is neglected.

4As discussed in Chapter 2, the piezoelectric material’s poling axis has to be perpendicular to the IDE
orientation for d15 mode operation, whereas for d33 mode operation the poling axis has to be aligned with
the IDE field lines.
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(a) (b)

(c)

Figure 3.4: Surface displacement and potential graphs for the patch numerical IDE lay-out
study (wf=0.25mm and sf=0.263mm): surface displacement graph of the IDE patch at pure
shear strain conditions (γ0

13 = 0.01) depicted with a x10 scaling deformation factor (a), surface
displacement graph of the IDE patch at pure normal strain conditions (ε033 = 0.01) depicted with
a x10 scaling deformation factor (b), and surface potential graph of the IDE patch with a 1V
excitation voltage applied for Cfree evaluation (c).

The last part on the set-up of the adaptive patch FEM briefly presents the analytical frame-
work applied to verify the results of the numerical simulations.
For the evaluation of the free capacitance (Cfree) Engan’s model was applied to the IDE
system under analysis as described in Equation 3.6 [72].

Cfree = 2p(wf + sf )
Zp

K(k)
K(k′)ε

a,T (3.6)

Where in Equation 3.6, K(x) refers to the complete elliptical integral of the first kind (Equa-
tion 3.75), and k and k′ are variable functions fully determined by wf and sf (Equation 3.8
and 3.9, respectively).

K(x) =
∫ π

2

0

1√
1− x2cos(θ)

dθ (3.7)

k = cos(π2 (1− wf
wf + sf

)) (3.8)

k′ =
√

1− k2 (3.9)

5The elliptical integral operation was performed within the MATLABr computing environment [73].
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Next, a simplified expression for the generated charge (Qgen) by the deformed harvesting
patch can be obtained by application of the piezoelectric linear constitutive equations (Equa-
tion 1.2). Consequently, Equation 3.10 is used to compute the approximate Qgen values for
d15 or d33 strain-driven operations.

Q
dij
gen = dij

ptp
sEjj

Sj (3.10)

Lastly, the generated energy (Ugen) is evaluated by inserting Equation 3.6 and 3.10 into
Equation 1.16 and 3.5.

3.2.2 Set-up strain-driven energy harvesting case studies

This section presents the main considerations required to construct and analyse the FEMs
for the two aforementioned strain-driven energy harvesting case studies: an IDE patch on a
cantilever rod (i) and an IDE patch on a cantilever beam (ii).

Patch on cantilever rod

The energy generated by a piezoelectric IDE patch on a cantilever rod (rrod=3.5cm and
Lrod=20cm) is investigated via two distinct load cases: a torsional moment and an axial
force. Examining these two load cases allows for comparison of the two operating modes of
interest (d15 and d33), subjected to equal elastic deformation energies (Uel) [J ].

A three dimensional finite element model of the patch-rod system was constructed in Com-
sol. The host structure was modelled as a solid aluminium shaft with linear elastic material
properties presented in Appendix A. The rod was provided with fixed mechanical boundary
conditions at its lower surface (Z=0), whereas either a static boundary force Ft [N ] or mo-
mentMt [Nm] was applied at its end (Z=Lrod) along or about the global Z-axis, respectively.
A patch with fixed geometrical (Table 3.36) and composite material properties (Equation 3.1,
3.2, 3.3, and 3.4) was attached to the radial outer surface of the rod at half its length. The
piezoelectric and electrostatic simulations of the patch are conform the IDE patch analysis
described in Section 3.2.1.

The single deviation with respect to the previous FEM model of the single IDE patch is
the orientation of the local (1-2-3) material axes system with respect to the global (X-Y-Z)
system. For d33 mode operation, (Ft) the orientation as defined by Table 3.2 holds (see Figure
3.6). However, for d15 operation (Mt), the poling (or 3-)axis has to follow the curvature of
the rod (see Figure 3.5).

wf [mm] wf

sf
[−] Zp [mm] tp [mm] p [mm] ts [mm]

1 0.1 3.4 0.2 3.26 0.2

Table 3.3: Geometrical properties of the patch for the energy harvesting case studies.

6The electrode finger width and spacing values are based on the results of the IDE patch geometry study
presented in Section 3.3.1.
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Figure 3.5: Surface displacement plot [m] of the rod-patch FEM for d15 operation (Mt), the
insert depicts the orientation of local material axes system with respect to the global axes system
as defined in Equation 3.11.

Figure 3.6: Surface displacement plot [m] of the rod-patch FEM for d33 operation (Ft), the
insert depicts the orientation of local material axes system with respect to the global axes system.
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This was achieved by the cylindrical coordinate system transformation described in Equation
3.117.

 e1
e2
e3

 =

 0 0 1
sin(tan−1(X,Y )) cos(tan−1(X,Y )) 0
cos(tan−1(X,Y )) −sin(tan−1(X,Y )) 0


 eX
eY
eZ

 (3.11)

Where in Equation 3.11, {eX ,eY ,eZ} and {e1,e2,e3} are the set of unit vectors of the X-Y-Z
and 1-2-3 axes systems, respectively.

Based on linear elastic theory, analytical equations for the strains developed at the outer
(radial) surface of the host structure can be obtained [71]. These straightforward equations
were used to verify the results of the numerical simulations.
The maximum shear strain γmax [−] developed at the rod’s radial surface by a torsional
moment Mt [Nm] is described in Equation 3.12.

γmax = s55
2Mt

πr3
rod

(3.12)

Where in Equation 3.12, σ55 is the shear compliance of the rod’s material. Analogously, the
normal strain εmax developed due to the axial tensile force Ft can be obtained by Equation
3.13.

εmax = s33
Ft
πr2

rod

(3.13)

Where in Equation 3.13, s33 is the longitudinal compliance of the rod’s material.

Patch on cantilever beam

The second strain-driven energy harvesting case study governs a piezoelectric IDE patch on
a cantilever beam (Lbeam=20cm, wbeam=7cm, and tbeam=0.5cm). By adapting the patches’
local axes system (d15 or d33 poling) and orientation by rotation, the generated energy by
the patch operating at different strain states (and operation modes) can be assessed while
the host structure is bended by a constant vertical tip force (Fv=50N).

The geometrical and material properties of the IDE patch are identical to the ones presented
in the previous subsection on the set-up of the rod-patch FEM. As stated above, the patch is
allowed to rotate on the beam’s surface by θrot [◦] with respect to the global Y-axis (clockwise
positive). Henceforth, the local material coordinate system defined by Table 3.2 is adapted by
rotating the local (1-2-3) axes system with θrot around the 2-axis for both operation modes.
The local axes systems for the two operation modes (d15 and d33 poling) is illustrated by the
inserts of Figure 3.7 for θrot=25◦.

The strain distribution variation is achieved by rotation of the patch and is based on (plane
strain) strain transformations as explained in the subsequent paragraphs [71].

7The coordinate system transformation defined in Equation 3.11 was implemented in Comsol by means of a
‘base vector coordinate system’.
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Figure 3.7: Surface displacement plot [m] of the beam-patch FEM, the inserts represent orien-
tation of local material axes system for d15 (left) and d33 (right) poled materials.

For an infinitesimal material element on the beam’s surface (global X-Z plane), the normal
(ε1) and shear (γ23) strains with respect to the local θrot-dependent 2-3 plane are determined
in Equation 3.14 and 3.15, respectively, by applying the principle of (plane strain) strain
transformation8.

ε3 = εX + εZ
2 − εX − εZ

2 cos(2θrot) + γXZsin(2θrot) (3.14)

γ23 = (εX − εZ)sin(2θrot) + γXZcos(2θrot) (3.15)

Where in Equation 3.14 and 3.15, εX , εZ , and γXZ refer to the in-plane (X-Z) transverse,
normal, and shear strain, respectively, acting on the differential material element.
To apply this (plane strain) strain transformation method to change the strain state of the
energy harvesting patch, two primary assumptions were made9:

1. The patch is assumed to be perfectly bonded to the host structure’s surface. Although
this assumption is valid for the numerical model, the interface between the patch and
the host structure will never be perfect in reality. Consequently, this has to be taken
into account when experimental tests would be performed to validate the numerical
results.

8It is assumed that the out-of plane normal strain induced by the host structure’s Poisson’s ratio can be
neglected. Moreover, Equation 3.14 and 3.15 are valid for the d33 local axes system definition defined in
Table 3.2. The analysis for the d15 axes system is completely analogous.

9These assumptions also apply for the rod-patch FEM study. However, it is presumed that they have a larger
impact on the results of the patch-beam case study as a result of the applied strain transformation technique
and are therefore stated in this subsection.
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2. The net compliance of the patch, in terms of its material and geometrical properties,
is neglected. In this way, it can be assumed that solely the deformation of the beam
rules the resulting strain acting on the patch. This assumption affects the numerical as
well as the experimental results as both the FEM and the real beam-patch system are
characterized with a non-zero compliance and finite dimensions.

Taking the considerations above into account and recalling that the cantilever beam is de-
formed by a single vertical tip force Fv, the non-rotated patch can be described as a biaxially-
loaded material element for which the strain distribution is described by Equation 3.16 (εX),
3.17 (εZ), and 3.18 (γXZ)10.

εX = s31
−6(Z − Lbeam

2 )
wbeamt

2
beam

Fv (3.16)

εZ = s33
−6(Z − Lbeam

2 )
wbeamt

2
beam

Fv (3.17)

γXZ = 0 (3.18)

Where in Equation 3.16, s31 is the transverse compliance of the beam’s material and Z [m]
is the Z-axis coordinate.
Hence, by applying Equation 3.14 and 3.15, the patches’ strain distribution is altered by
rotation. The strain distribution transformation is visualized in Figure 3.8 for a normalized,
though representative biaxial strain distribution (εX=-0.3, εX=1, γXZ=0). The normal strain
has its maximum value at θrot=0◦, whereas the maximum shear strain is reached at θrot=45◦.
Consequently, the patch was rotated from θrot=0◦ to θrot=45◦ for the strain-driven energy
harvesting case study.

Figure 3.8: Strain transformation example of a biaxially strained material element (εX=-0.3,
εX=1, γXZ=0) representative for the present beam-patch system analysis. Note that the local
(1-2-3) axes system definition is conform the d33 poling system as presented in Table 3.2.

10Analogous to the rod-patch case study, linear elastic deformation is assumed.
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3.3 Results and discussion

3.3.1 IDE patch simulations

The individual patch simulations aimed to explore the effect of employing interdigitated
electrodes on the patches’ energy harvesting performance for d15 versus d33 operation. In
addition, the influence of the electrode lay-out in terms of electrode finger width and spacing
on the energy-based performance of the harvesting patch was investigated. Within the pre-
determined wf and wf

sf
ranges, the optimal combination of ws and wf

sf
values was obtained

for the numerical energy harvesting case studies.

Verification of the IDE patch simulations

Prior to the presentation and discussion of the results of the IDE patch simulations, the
results of these simulations were verified by aid of the analytical theoretical framework pre-
sented in Section 3.2.1.

(a)

(b) (c)

Figure 3.9: IDE study verification plots for a fixed finger width (wf=0.25mm) and variable
finger spacing (wf

sf
=[0.1:0.05:1]): capacitance verification plot (a), generated energy verification

plot for d15-mode operation (b), generated energy verification plot for d33-mode operation (c).

First of all, the numerically obtained free capacitance of the IDE system were compared with
the results of Engan’s model as depicted in Figure 3.9a. It is clear that the numerical results
correspond to the analytical ones for small finger spacings (wfsf ≥ 0.6). Though, for larger
spacings, the analytical model overestimates the system’s Cfree with respect to the numerical
model. This relative error between the Cfree results of two models increases with increasing
finger spacings (decreasing wf

sf
)11.

11The increasing deviation between the numerical and analytical Cfree results for increasing finger spacings
resulted, in combination with the occurrence of unrealistic/impractical high voltages at larger spacings (lower
Cfree values), in the wf

sf
=0.1 lower bound for the present IDE geometry study.
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A possible cause for the observed discrepancy between the numerically and analytically ob-
tained Cfree figures at small finger spacings can be that the one dimensional analytical model
does not account for the presence of the side electrodes, which affects the total capacitance
of the IDE system too. This small, though significant effect is more present at small finger
spacings for which the absolute value of Cfree decreases.

The generated energy (Ugen) figures resulting from the finite element simulations were com-
pared with the ones from the analytical model for each of the two loading cases. Analogous
to the capacitance verification study, the numerical and analytical Ugen values are plotted for
a fixed finger width (wf=0.25mm) and variable finger spacing (see Figure 3.9b and c).
The numerical model matches the analytical one for small finger spacings. However, com-
mencing at a wf

sf
ratio equal to 0.5, a deviation between the results of the two models is

present which increases for decreasing wf
sf

values. The aforementioned Cfree underprediction
of the analytical model for low wf

sf
values is the root cause of the observed deviation in Ugen

figures (see Equation 1.16 and 3.5).
Notwithstanding the significant errors in absolute Ugen values of the two models at large
finger spacings (REmax=30% for d15, REmax=50% for d33), the FEM results can be used to
determine the effect of the IDE geometry (for the investigated wf

sf
interval) as there is a good

agreement at small finger spacings and an identical trend for larger ones.

(a) (b)

Figure 3.10: Effect of the IDE lay-out on the net generated energy of the harvesting patch: pure
shear strain (d15) operation (a) and pure normal strain (d33) operation (b).
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Effect of the IDE (geometry) on Ugen

The effect of the electrode finger width and spacing on the energy-based performance of the
IDE harvesting patch is illustrated in Figure 3.10a and b for the two investigated d15 (pure
shear strain) and d33 (pure normal strain) operations, respectively.

One can observe that Ugen increases for increasing finger spacings. This effect, which is also
visible on Figure 3.9b and c, is caused by the increased capacitance at larger spacings.

Furthermore, the absolute value of the finger width influences the energy generating capa-
bility of the patch too. For the pure normal strain operation (d33 poling), Ugen increases for
increasing wf values up to wf=1cm. After this ‘local optimum’ the Ugen

wf
|wf
sf

slope becomes

negative. Henceforth, the maximum generated energy, within the investigated wf and wf
sf

ranges, is obtained at {wf=1cm, wfsf =0.1}.
For the pure shear strain operation (d15 poling), the Ugen

wf
|wf
sf

trend is slightly different. For wfsf
values up to 0.2, the maximum Ugen value is reached at the highest (investigated) wf value.
Yet, for wf

sf
=0.1, the highest generated energy value is attained at wf=1cm, coinciding with

the maximum Ugen value. Consequently, the {wf=1cm, wfsf =0.1} IDE geometry combination
also results for d15 operation in the highest generated energy value for the investigated wf
and wf

sf
ranges.

The {wf=1cm, wf
sf

=0.1} IDE geometry combination corresponds to a Ugen figure equal to
2.71nJ for the pure normal 1% strain case, while 1.65nJ is harvested for the 1% pure shear
strain case. Consequently, the obtained strain-driven energy densities by IDE operations
(WS,IDE

el [ J
m3 ]) are equal to 0.355 J

m3 (d15) and 0.602 J
m3 (d33). These values can be compared

with the reference, material-based strain-driven energy densities for 1% strain operations (see
Figure 3.1) as presented in Table 3.4.

Although d15-mode operation clearly results in lower Ugen values in absolute sense, the energy
density-based analysis indicates that by using IDE the material is more efficiently employed
when d15 rather than d33 operations are envisioned.

W S,IDE
el [ J

m3 ] W S
el [ Jm3 ] ηIDE [%]

d15 0.355 2.56 13.9
d33 0.602 11.04 5.5

Table 3.4: Comparison of the simulated IDE versus reference strain-driven energy densities.
ηIDE=

WS,IDE
el

WS
el

x100%.
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3.3.2 Case studies

This subsection presents and discusses the main results of the strain-driven energy harvesting
case studies.

Patch on cantilever rod

Table 3.5 summarizes the outcome of numerical rod-patch energy harvesting case study.
First of all, the absolute values of the applied Mv and Ft loads were varied to obtain a
constant elastic deformation energy (Uel=145nJ) in the strained patch for both operation
modes. This resulted in fixed Mt (=50Nm) and Ft (=5kN) values.

Next, the shear γan23,host and normal εan23,host strain figures determined by the analytical frame-
work presented in Section 3.2.1 (Equation 3.13 and 3.12) were used to verify the numerically
obtained strains (γFEM23,host and normal εFEM23,host) acting on the host structure. As reported in
Table 3.5, good agreement was found for both operation modes.
Likewise, the γFEM23,host and εFEM23,host figures corresponded to the average strains values expe-
rienced by the patch (γFEM23,patch and εFEM33,patch), indicating that strains developed in the host
structure are efficiently transferred to the compliant patch.

Lastly, the generated energy by the patch was retrieved. Application of the torsional moment
(d15 operation) results in Ugen=0.19nJ , whereas the same patch generates 0.94nJ upon axial
loading of the rod (d33 operation). At the first sight, the lower Ugen value can be attributed
to the implied d15

d33
(=0.625) piezoelectric charge constant ratio of the patches’ composite ma-

terial. However, at the same time, the ratio of the shear strain developed in the patch for d15

operation over the normal strain developed for d33 operation (γ
FEM
23,patch
εFEM33,patch

) equals 1.39. Hence,
one would expect that the effect of the two ratios would compensate each other, resulting in
similar generated energy values for both operation modes.

A possible cause for the relatively low Ugen value obtained for d15 operation could be the
strain state at the patch-rod interface. The non-uniform strain distribution could be a source
of charge/voltage cancellation, decreasing the net generated energy by the patch. The use
of interdigitated electrodes could also play a (minor) role. As a result of the (pure) shear
deformation of the square patch, its electrode fingers will make an angle with the (fixed)
local 1-axis (see Figure 3.11), resulting in a decreased effectiveness of the charge collecting
electrodes.

Mode Load Uel [nJ ] εF EM
ij,patch [·10−5] εF EM

ij,host [·10−5] εan
ij,host [·10−5] Ugen [pJ ]

d15 Mt=50Nm 145 γ23=2.542 γ23=2.539 γ23=2.540 0.19
d33 Ft=5kN 145 ε33=1.83 ε33=1.85 ε33=1.86 0.94

Table 3.5: Summary of the results of the rod-patch FEA study.
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Figure 3.11: Simple versus pure shear deformation of the IDE patch.

Patch on cantilever beam

By adapting the patches’ local axes system (d15 or d33 poling) and strain distribution, the
generated energy by the patch operating at different modes could be quantified and compared
for a constant vertical tip force (Fv) acting on the cantilever beam host structure.

The net generated energy (Ugen) by the patch at different rotation angles (θrot=[0:5:45◦]) is
depicted in Figure 3.12. Both the absolute Ugen values at fixed rotation angles and the Ugen-
θrot are not conform the anticipated strain transformation analogy (see Figure 3.8). That
is, one would expect that for both the shear and normal operation modes the numerically
obtained Ugen-θrot data could be mapped to the shear and normal strain transformation re-
lations, respectively.
For example, the generated energy for the shear mode operation (d15 poling) is expected to
be zero at θrot=0◦ and increase, with a trend conform the anticipated shear strain versus ro-
tation angle, to its maximum value at θrot=45◦. This is clearly not the case for the simulated
d15 poled Ugen-θrot data; the maximum Ugen value is approximately obtained at θrot=15◦,
whereas θrot=45◦ returns the minimum Ugen value.

Figure 3.12: Net generated energy by the (d15 or d33 poled) patch for the investigated θrot
interval.
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Figure 3.13: Strain experienced by the patch for the investigated θrot interval. The arrows denote
the normal (θrot=0◦) and shear (θrot=45◦) strain values based on the strain transformation
principle (Equation 3.14 and 3.15).

Two procedures were performed to investigate these unexpected results. Firstly, the actual
strain distribution of the rotated patch was retrieved and compared with the anticipated biax-
ially (plane strain) strain transformation to test the applicability of the strain transformation
principle. Secondly, the individual contribution of each dij-mode to the generated energy was
investigated to check whether the results can (partially) be attributed to the simultaneous
coupling of the activated dij-modes.

The simulated patches’ surface strain states at different rotation angles are plotted in Figure
3.13. It is clear that the change in shear and normal strain is in close agreement with the an-
ticipated (plane strain) strain transformation (see Figure 3.8). Henceforth, the applicability
of the (plane strain) strain transformation principle holds and cannot be used to explain the
unanticipated net generated energy results plotted in Figure 3.12.

Next, all but the piezoelectric charge constants of interest (dij for the dij poled patch) in the
simulated piezoelectric coupling matrix were set to zero. This approach allows one to observe
the individual contribution of the d15- or d33-mode to the generated energy by the d15 or d33
poled patch, respectively, as the simultaneous coupling by the different operation modes is
ruled out12.

Figure 3.14: Individual d15 or d33 contribution to the generated energy for the d15 or d33 poled
patch.

12This procedure cannot be performed by experiment as real piezoelectric material systems do not offer the
flexibility to alter their coupling matrices to this extent. Henceforth, this procedure can be seen as an
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The outcome of this study is illustrated in Figure 3.14. One can observe that the trend (and
maxima) of the resulting individual Ugen-θrot data can be related to actual strain state of the
patch (see Figure 3.13). Though, the Ugen figures for d15 operation are much lower than one
would expect from the patches’ strain distribution. Two possible causes for this behaviour
were stated in the previous subsection on the results of the rod-patch case study.

Lastly, the procedure of separating the individual dij contributions to Ugen was performed
for each of the three modes. The resulting individual Ugen values were summed resulting in
cumulative Ugen data for the d15 and d33 poled patches.
The outcome of this virtual approach is illustrated in Figure 3.15a (d15 poled patch) and b
(d33 poled patch). One can clearly see that the cumulative trend as well as the θrot locations
of the cumulative Ugen minima and maxima, are in close agreement with the individual dij
data depicted in Figure 3.14 13.

At this point, there is no solid explanation for the unanticipated trends and local minima/-
maxima of the net generated energy figures (see Figure 3.15). Still, by comparing the net
with the (expected) cumulative Ugen data, one can presume the presence of charge or voltage
cancellation/augmentation as predicted by the finite element simulations. A crucial question
would be whether the numerical computations are an accurate representation of the physical
reality. That is, if one would test the given beam-patch system by experiment, would the
outcome be in agreement with the intuitive cumulative or the unanticipated net energy data
obtained by simulation? Moreover, it would be of interest to test the effect of changing the
finite element formulations within the Comsol software or the perform the simulations by a
another FEM package.

(a) (b)

Figure 3.15: Net versus cumulative dij generated energy: Ugen versus θrot for d15 poled patch
(a), Ugen versus θrot for d33 poled patch (b).

attractive feature of the performed numerical (finite element) simulations.
13Some deviation between the individual and cumulative Ugen figures can be observed in terms of absolute
values and trend at the minima (e.g. θrot=0◦ for the d15 poled patch).
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3.4 Conclusions Chapter 3

This section concludes the chapter on the numerical performance assessment of a composite
IDE energy harvesting patch under shear versus normal static strain-driven loading condi-
tions.

Finite elements simulations revealed that a particulate composite (PZT5A4-epoxy, vf=0.2)
patch, provided with an optimal electrode finger width and spacing, is characterized with
a 0.36 J

m3 or 0.60 J
m3 energy generating density when excited by either a static 1% shear or

normal strain, respectively. Although d15 (shear strain) operations clearly result in lower
absolute generated energy figures with respect to conventional d33 (normal strain) loading
conditions, the material is more efficiently employed when operated in the d15-mode for the
investigated IDE patch concept.

The second part of the study addressed two (shear versus normal) strain-driven energy har-
vesting case studies.
The first case investigated a composite IDE patch attached to a cantilever rod host struc-
ture. By altering the external load on the rod’s end and adapting the poling orientation of
the simulated composite material, the energy-based performance of the patch load by pure
shear or normal strains could be compared. Accounting for the reduced shear mode coupling
of the simulated (particulate) composite material (d15

d33
=0.625) conform the characterization

study presented in Chapter 2, the rod-patch simulations indicate, one more, that loading the
patch in shear instead of normal strain-driven conditions lowers the harvested energy by the
patch.

The second case study governed a cantilever beam bended by a single vertical tip force which
was provided with the same compliant energy harvesting patch. Applying the concept of
(plane strain) strain transformation, the energy-based performance of the patch at varying
strain states though constant external loading on the host structure was investigated. Al-
though the simulated strain states of the rotated patch are conform the presumed strain
transformation analogy, the (net) generated energy figures cannot be related to the obtained
strain states and are therefore unexpected. Additional finite element simulations indicate
the presence of charge or voltage cancellation/augmentation. Further numerical simulations
and experimental validation tests as part of future work could provide new insights on these
unanticipated results.
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Chapter 4

Conclusions and recommendations

This thesis investigated the employment of compliant piezoelectric material systems for shear-
strain driven energy harvesting applications. The first part (Chapter 2) of the study focused
on the shear mode property characterization of particulate and fiber piezoelectric compos-
ites, while the second part (Chapter 3) addressed the performance assessment of a compliant
piezoelectric energy harvesting patch provided with interdigitated electrodes (IDE) under
static shear versus normal strain-driven loading schemes.

To determine the piezoelectric coupling properties of the selected composite material systems,
an IDE-based impedance measurement method was developed. The novel method proved to
be a sound alternative for the standard impedance-based shear measurement method as ver-
ified and validated by means of a reference PZT material. The method is adapted to the
standard piezoelectric composite production method and is particularly suitable for thin and
costly samples as no cutting operations, inevitably leading to material losses and increased
risks of sample fracture, are required.

However, it was found out that the impedance-based method cannot be applied for the char-
acterization of piezoelectric shear properties of particulate composites as they failed to exhibit
resonance behaviour. Numerical effective property simulations as well as complementary ex-
perimental quasi-static measurements indicated that this can be attributed to the inherently
low (shear) piezoelectric coupling properties of these material systems.
Resonance frequencies were present on the impedance spectra of the fiber composite sam-
ples. Yet, the observed frequencies do not coincide with numerically simulated pure shear
resonance frequencies. Consequently, future work to determine the physical cause behind the
unexpected values of the observed frequencies is recommended to establish the validity of the
novel impedance-based method for the shear mode property characterization of piezoelectric
fiber composites.

Moreover, both the numerical effective property simulations and the experimental quasi-static
measurements indicated that, in contrast to the effective d31

d33
ratio, the particulate compos-

ite’s effective d15
d33

ratio at fixed piezoelectric material volume fractions, is lower than the
bulk piezoelectric material’s d15

d33
ratio. Consequently, the anticipated advantage of employ-

ing shear-mode for increased electromechanical coupling efficiency, is not valid in the case of
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piezoelectric particulate composites.

For the second part of this work, finite element simulations were performed to determine the
influence of employing interdigitated electrode (IDE) on the energy harvesting performance
of a compliant patch operated in a pure shear (d15) as well as a normal (d33) strain-driven
loading environment. It was demonstrated that a particulate composite (PZT5A4-epoxy,
vf=0.2) patch, provided with an optimal electrode finger width and spacing, is characterized
with a 0.36 J

m3 or 0.6 J
m3 energy density when operated at either a (static) pure 1% shear or

normal strain, respectively. Although d15 conditions clearly result in low absolute generated
energy figures in comparison with conventional d33 operations, the composite material is more
efficiently operated in d15 mode for the investigated IDE concept.

Furthermore, strain-driven energy harvesting case studies for the IDE patch were developed
and simulated. The case studies assessed the influence of complex strain states on the patches’
energy-based performance and suggested practical experimental validation schemes for the
Chapter’s purely numerical analysis.
Unanticipated results were obtained for the bended cantilever beam case study. Although
the simulated strain states of the rotated patch are conform the applied strain transformation
principle, the generated energy versus rotation angle data cannot be related to the obtained
strain state variation.

Lastly, some paramount additional recommendations for future work on this topic can be
formulated.
As stated above, the numerical and experimental analyses demonstrated a significant dif-
ference in shear mode coupling between the particulate (0-3) and fiber (1-3) piezoelectric
composites in terms of resonance behaviour as well as d15 magnitude at varying piezoelectric
material filling grades. Therefore, characterization of quasi 1-3 composites produced by di-
electrophoresis could be of interest to further examine the influence of the active material’s
connectivity on the effective composite material’s shear mode properties.

Concerning the numerical simulations, one could extend the reduced volume element def-
initions employed for the effective property simulations by, for instance, taking interfacial
effects, interparticle distances, and particle shapes into account. Moreover, one could employ
more complex (semi-)analytical models such as the Mori-Tanaka method to verify the finite
element results. To further improve the impedance-based finite element simulations, one
could include the effect of loss by use of complex permittivity, compliance, and piezoelectric
coupling matrices.

Concerning the experimental measurements, it is highly recommended to study the effect of
the sample ring geometries for the quasi-static d15 measurements as well as to experimentally
validate the unanticipated results of the numerical beam-patch energy harvesting case study.
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Appendix A

Electromechanical material properties

Epoxy [74]

ρ = 1150
kg

m3
(A.1)

¯̄sE = 10−10·


3.45 −1.03 −1.03 0 0 0

−1.03 3.45 −1.03 0 0 0
−1.03 −1.03 3.45 0 0 0

0 0 0 4.48 0 0
0 0 0 0 4.48 0
0 0 0 0 0 4.48

 [Pa−1]

(A.2)

¯̄d = ¯̄0 [
C

N
] (A.3)

¯̄εT =

[
4.5
4.5
4.5

]
[−] (A.4)

PZT5A4 [14]1

ρ = 7900
kg

m3
(A.5)

¯̄sE = 10−11·


1.68 −0.56 −0.56 0 0 0

−0.56 1.68 −0.56 0 0 0
−0.56 −0.56 1.80 0 0 0

0 0 0 4.50 0 0
0 0 0 0 4.50 0
0 0 0 0 0 4.50

 [Pa−1]

(A.6)

¯̄d = 10−10 ·

[
0 0 0 0 5.50 0
0 0 0 5.50 0 0

−1.95 −1.95 4.60 0 0 0

]
[
C

N
]

(A.7)

¯̄εT =

[
1650
1650
1850

]
[−] (A.8)

Sonox SP53 [75]1

ρ = 7450
kg

m3
(A.9)

¯̄sE = 10−11·


1.58 −0.49 −0.49 0 0 0

−0.49 1.58 −0.49 0 0 0
−0.49 −0.49 2.29 0 0 0

0 0 0 7.70 0 0
0 0 0 0 7.70 0
0 0 0 0 0 7.70

 [Pa−1]

(A.10)

¯̄d = 10−10 ·

[
0 0 0 0 7.71 0
0 0 0 7.71 0 0

−2.75 −2.75 6.80 0 0 0

]
[
C

N
]

(A.11)

¯̄εT =

[
3580
3580
3800

]
[−] (A.12)

1As the values of sE12, sE13, sE23, sE66 are not available in the literature, sE12=sE13=sE23=ν · sE11 and sE66=sE55 was
assumed, where ν is the reported material’s Poisson’s ratio.
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PZT5-H [58]

ρ = 7500
kg

m3
(A.13)

¯̄sE = 10−11·


1.65 −0.478 −0.845 0 0 0

−0.478 1.65 −0.845 0 0 0
−0.845 −0.845 2.07 0 0 0

0 0 0 4.35 0 0
0 0 0 0 4.35 0
0 0 0 0 0 4.26

 [Pa−1]

(A.14)

¯̄d = 10−10 ·

[
0 0 0 0 7.41 0
0 0 0 7.41 0 0

−2.74 −2.74 5.93 0 0 0

]
[
C

N
]

(A.15)

¯̄εT =

[
3130
3130
3400

]
[−] (A.16)

PZ27 [60]

ρ = 7700
kg

m3
(A.17)

¯̄sE = 10−11·


1.70 −0.66 −0.816 0 0 0

−0.66 1.70 −0.816 0 0 0
−0.816 −0.816 2.30 0 0 0

0 0 0 4.35 0 0
0 0 0 0 4.35 0
0 0 0 0 0 4.71

 [Pa−1]

(A.18)

¯̄d = 10−10 ·

[
0 0 0 0 5.06 0
0 0 0 5.06 0 0

−1.70 −1.70 4.25 0 0 0

]
[
C

N
]

(A.19)

¯̄εT =

[
1796
1796
1802

]
[−] (A.20)

Bulk properties for the adaptive IDE patch model

ρ = ρ0
kg

m3
(A.21)

¯̄sE = ·


sE

11 sE
12 sE

13 0 0 0
sE

12 sE
22 sE

23 0 0 0
sE

13 sE
23 sE

33 0 0 0
0 0 0 sE

44 0 0
0 0 0 0 sE

55 0
0 0 0 0 0 sE

66

 [Pa−1] (A.22)

¯̄d =

[
0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d31 d33 0 0 0

]
[
C

N
] (A.23)

¯̄εT =

[
εT

11
εT

22
εT

33

]
[−] (A.24)

Aluminium [58]

ρ = 2700
kg

m3
(A.25)

¯̄sE = 10−11·


1.43 −0.47 −0.47 0 0 0

−0.47 1.43 −0.47 0 0 0
−0.47 −0.47 1.43 0 0 0

0 0 0 3.80 0 0
0 0 0 0 3.80 0
0 0 0 0 0 3.80

 [Pa−1]

(A.26)

¯̄d = ¯̄0 [
C

N
] (A.27)

¯̄εT =

[
1
1
1

]
[−] (A.28)



Appendix B

Set-up d33 and d31 simulations

Table B.1 summarizes the two sets of RVE boundary conditions applied for the homogenization-
based d33 and d31 simulations [63, 76]. Equations B.1 and B.2 were applied to compute the
effective d33 and d31, respectively.

d33 = Ŝ3

Ê3
=

1
A

∫
A S3dA

1
A

∫
AE3dA

(B.1)

d31 = Ŝ1

Ê3
=

1
A

∫
A S1dA

1
A

∫
AE3dA

(B.2)

Case Property BC 1 2 3 4 A
IV d33 MBC dv=0 − dv=0 du=dv=0 −

EBC − V = 1 − V = 0 −

V d31 MBC du=dv=0 − − − −
EBC − V = 1 − V = 0 −

Table B.1: Mechanical and electrical boundary conditions for the d33 and d31 effective property
simulations with the RVE defined by Figure 2.12). Note that the ‘−’ symbol indicates symmetrical
boundary conditions with respect to the opposite boundary line. (E/M)BC = (Electrical/Me-
chanical) Boundary Condition(s).
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