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Abstract
The first part of this thesis is dedicated to the problem of finding optimal
positions for the placement of piezoelectric tranducers in complex composite structures. The proposed procedure is based on the maximization of
the strain in the inclusion area of the piezoelectric element and restricts the
placemement to regions of allowable maximum strain. From the harvested
piezo strain energy in relation to the total strain energy of the structure,
the generalized electromechanical coupling factor can be derived. A realistic finite element representation of an open rotor blade is developed and
validated. The placement procedure is then tested on a composite blade
structure. Evaluations are very fast, allowing for exhaustive search for
placements in the design domain. Placement results can be displayed in
contour plots which illustrate the influence of transducer placement on the
coupling efficiency and according sensitivities. Placement layers and areas
of equal coupling performance can be identified. The proposed procedure
is then compared to experimental results. A full carbon composite rotor
blade with structurally integrated piezo modules is manufactured. The
generalized electromechanical coupling coeffcient is measured in a vibration test stand. Results are compared to calculated values.
The major part of this thesis refers to the investigation of piezoceramic
transducer patches with increased strain allowables. Different ways to
introduce compressive prestrain in the piezoceramic material are investigated. Most promising is the use of mechanical preloading of the insulating
polyimide foil which leads to a compression of the piezoceramic material.
We propose a piezo transducer patch that consists of the monolithic piezoelectric material polarized in thicknes direction (d31), electrodes of thin
copper foil, epoxy as matrix material and the mentioned polyimide foil
as top and bottom insulating layer. The transducer design matches the
demands for structural integration such as flat design for minimum laminate strength reduction, electrical insulation from the conducting CFRP
(carbon fibre reinforced plastic) laminate and increased strain allowables.
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The basic idea and manufacturing approach is presented and investigated
comprehensively. An analytical 1-dimensional model for the achievable
prestrain is derived to explain and predict basic influences in the layout
of the transducers. Modeling is then extended to 3-dimensional finite element analysis which take also anisotropic material behaviour and geometry
(width, thickness) into account. Modeling is validated with 3 point bending strength tests of actuators manufactured at different prestrain levels.
Fracture behaviour is analysed to depth with acoustic emission tests in unidirectional tension load testing. The beneficial impact of prestraining is
proved. Delamination effects in the edge region of the prestrained modules
can lead to early failure onset in acoustic emission testing. A 1-dimensional
analysis of the shear stresses in the bonding layers revealed the stress peaks
that are a viable explanation for the observed delamination phenomena.
An improved transducer design involving epoxy bevels for a smooth load
introduction was successfully used to mitigate the delamination effects.
A further chapter is dedicated to a comparative study of piezoelectric shunt damping and shape memory alloy wire damping. Manufactured
damping devices are applied to the surface of CFRP plates and tested on
a vibration test stand. Both resonant shunt and switching shunt architectures are used. Actuators are also integrated into the blade structure
manufactured with a two step RTM (resin transfer moulding) process.
A core is manufactured and then equipped with piezoelectric damping devices. This preform is then covered with final carbon fabric layers and more
resin is injected into final mould. Blades with integrated damping devices
are manufactured and tested on a vibration test stand. The structural
integration process is proved feasible and the placement optimisation findings are supported by experimntal results. Damping of the plate and blade
samples is compared to shape memory alloy wires damping contributed by
our project partners of the DREAM project. Piezoelectric shunt damping
increases the structural damping (loss factor) of the composite blades significantly. A comparison of the different damping apporaches with regard
to the added weight is presented.

Zusammenfassung
Der erste Teil dieser Arbeit behandelt die optimale Platzierung von piezoelektrischen Wandlermodulen in komplexen Bauteilen aus Faserkunststoffverbunden. Die vorgeschlagene Methode basiert auf der Maximierung der
Dehnungsenergie im Integrationsgebiet des Piezomoduls. Die möglichen
Platzierungen werden limitiert durch die maximal ertragbaren Dehnungen
der Keramik. Aus dem Verhältnis der Dehnungsenergien von Piezo und
Gesamtstruktur kann der generalisierte elektromechanische Kopplungskoeffzient berechnet werden. Ein realistisches Finite Elemente Modell einer
Open Rotor Triebwerksschaufel wurde entwickelt und validiert. Die Platzierungsmethode wurde mit einer Triebwerksschaufel aus Faserkunststoffverbund getestet. Die bentige Rechenzeit pro Auswertung ist sehr gering
und erlaubt deshalb eine sehr grosse Anzahl von mglichen Platzierungen
zu berechnen. Die Suchergebnisse können deshalb auch als Konturplots
dargestellt werden. Aus diesen kann der Einfluss von Platzierung des Piezos auf die Kommplungsgüte abgelesen werden. Verschiedene Integrationsschichten können getestet werden und Gebiete gleicher Kopplungsgüte
können identifiziert werden. Rotorblätter aus Kohlenstofffaserkunststoffverbund mit strukturell integrierten Piezos wurden hergestellt. Die Rotorblätter wurden dann in einem Schwingungsprüfstand untersucht und die
Kopplungsgüte gemessen und mit berechneten Werten verglichen.
Der Hauptteil dieser Arbeit beschäftigt sich mit der Entwicklung von
Piezomodulen mit erhöhten ertragbaren Dehungen. Verschiedene Wege zur
Druckvorspannung des piezokeramischen Materials wurden untersucht. Die
vielversprechendste Variante ist das Druckvorspannen mittels Polyimidfolie. Die Entwicklung bezieht sich auf ein piezoelektrisches Modul, welches aus einem monolithischen piezokeramischen Material besteht, dass in
Dickenrichtung polarisiert ist (d31). Die Piezokeramik wird von dünnen
Elektroden kontaktiert und ist mit Epoxydharz zwischen zwei isolierenden Polyimidfolien fixiert. Dieses Design erfüllt die Anforderungen im
Hinblick auf Strukturintegration in Faserkunststoffverbunden, minimale
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Schwächung der Laminatfestigkeit, elektrische Isolation von leitfähigen
Kohlenstofffasern und erhöhten ertragbaren Dehnungen. Die Grundidee
und das Herstellverfahren im Labor werden untersucht. Ein analytisches
Berechnungsmodell wurde entwickelt, um die ertragbaren Dehnungen der
vorgespannten Keramiken a priori berechnen zu können. Auf diese Weise können verschiedene Einflussgrössen bei der Herstellung der Wandler
berücksichtigt werden. Die Modellierung wurde dann auf dreidimensionale Einflussgrössen erweitert, um auch anisotropes Materialverhalten und
geometrische Inhomogenitäten berücksichtigen zu können. Drei-PunktBiegeversuche von Aktoren mit verschiedenen Vorspannungsniveaus wurden durchgeführt, um den festigkeitssteigernden Einfluss der Vorspannung
experimentell zu untersuchen und mit Berechnungsergebnissen zu vergleichen. Höhere ertragbare Dehnungen der Module konnten nachgewiesen
werden. Das Versagensverhalten wurde weiterhin mit unidrektionalen Zugversuchen und pareller Acoustic Emission Auswertung charakterisiert. Delaminationen im Randbereich der Keramik können zu vorzeitigem Versagen führen. Ein eindimensionales Modell zur Berechnung der Scherspannungen in den betreffenden Klebschichten zeigte, dass die übertragbaren
Kräfte überschritten werden, was zu den Delaminationen und vorzeitigem
Versagen führt. Ein verbessertes Design mit einem schonenderem Querschnittsübergang wurde entwickelt und getestet. Die Delaminationseffekte
konnten damit wesentlich verbessert werden.
Ein weiterer Teil dieser Arbeit widmet sich einer Vergleichsstudie
zwischen piezoelekrtischer Dämpfungsmassnahmen und Dämpfung durch
Formgedächtnislegierungen. Die Dämpfungselemente wurden zuerst auf
Platten aus kohlenstofffaserverstärktem Kunststoff aufgebracht und in einem Schwingsprüfstand getestet. Für die piezoelekttrischen Platten wurden Resonant Shunt und Switching Shunt Architekturen als elektronische
Schaltkreise getestet. In einem weiteren Schritt wurden die Piezoaktoren
dann in ein Rotorblatt aus Kohlenstofffaserkunststoffverbund integriert.
Hierbei wurde ein zweistufiges RTM (resin transfer moulding) Injektionsverfahren eingesetzt. Zuerst wurde ein Kern hergestellt auf den die
Dämpfungselemente platziert wurden. Danach wurde dieser Kern mit weiteren Kohlenstofffaserlagen in die zweite RTM-Form eingebracht und das
finale Bauteil mit integrierten Dämpfungselementen hergestellt. Die Compositerotoblätter wurden dann auf dem Schwingsprüfstand untersucht.
Die Funktionalität nach der Integration konnte nachgewiesen werden. Die
Ergebnisse der optimalen Platzierung aus dem ersten Teil dieser Arbeit
konnten mit den Schwingungsmessungen validiert werden. Die durch die
Dämpfungselemente zusätzlich erzeugte Dämpfung wurde sowohl für die
Platten als auch für die Rotorblätter ermitteln und bewertet im Hinblick
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auf das Zusatzgewicht. Alle getesteten Prüfkörper erhöhten die Dämpfung
signifikant. Die höchste Zusatzdämpfung wurde von den piezoelektrischen
Rotorblättern erzielt bei gleichzeitig höchstem Zusatzgewicht.
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Chapter 1

Introduction
In the past decade global warming and excessive emissions of green house
gases have become an undeniable fact for the global community. Comfort
we expect and mobility we enjoy, are taken for granted by a rapidly increasing number of people around the world. Natural resources of energy
such as oil and gas are limited and have already been exploited to a great
extend. Man kind needs to find solutions to assure mobility for the future.
One crucial point for global mobility is commercial air traffic that not only
enables people to travel wherever they want to go but also distributes all
kinds of goods around the world.
This thesis investigates methods, tools and technologies aiming to foster the efficiency of novel aircraft engine architectures such as the open
rotor. Emphasis is given to the mechanical vibration damping of full composite rotor blades with integrated smart damping devices. Reducing the
vibrations of mentioned blades is key for a successful entry into service
for open rotor architecture engines and corresponding fuel savings during
operation.

1.1

Smart Materials

Smart materials or functional materials are materials that perform certain
functions when triggered with external stimuli [1]. Stimulation is typically
caused by physical effects such as mechanical stress or strain, electric field,
magnetic field or temperature variations. Smart materials work as energy
converters and are able to transform a certain form of energy directly into
another. Well-known examples are shape memory alloys (SMA), electroactive polymers (EAP) and piezoelectric materials.

2
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Introduction

Shape Memory Alloys

Shape memory alloys are metal alloys that undergo a phase transition
from the martensitic phase to the austenitic phase caused by a mechanical
strain or a temperature change [2]. Typical alloys are nickel-titanium,
nickel-aluminium and copper alloys. Initially, in the martensitic phase,
the shape memory alloy can deform to a great extent (1%-10%) and to
almost arbitrary shapes [3]. Heating of the deformed SMA reconstitutes
the initial form of the SMA (memory effect). This effect can be used as
actuation mechanism. Its dynamic is unfortunately limited (around 1 Hz)
because the thermal energy has to be tranferred into the material and
afterwards out of the material. A common way to activate the SMA is to
use electrical heating of SMA wires [4]. During mechanical loading and
unloading of SMA, a hysteresis effect can be observed and be used for
passice vibration damping. [5].

1.1.2

Electroactive Polymers

Electroactive polymers react to electrical excitation with mechanical shape
deformation or size change [6]. They are preferably used for high strain
and elongation applications (max. strain up to 380%). Elastomeric thin
films made from silicone or acrylic are equipped with electrodes on top and
bottom [7]. An electric field between the electrodes contracts the actuator
in thickness direction and expands the actuator in-plane. EAP actuators
exhibit very low material density, dynamic response, high energy density
and pronounced deformability at the cost of limited forces and relatively
kV
high electric fields (easily 50 mm
)[7].

1.1.3

Piezoelectric Material

Typical materials with piezoelectric properties are ceramics such as
lead zirconate titanate (PZT) and polymers such as polyvinylidenfluorid
(PVDF). Piezoelectric materials are submitted to a polarisation process in
order to orientate the domains inside the material for a pronounced piezoelectric effect. Figure 1.1 illustrates the polarisation process. Initially, the
orientation of the domains of the piezoelectric material is unorganized.
Application of a high direct (DC) potential creates an electric field which
alligns the domains inside the material. A remanent polarisation is generated even when the potential is switched off. The crystal lattice is changed
slightly, causing a small remanent dipole inside the crystal. However, the
polarisation can be reversed when the crystal is subject to temperatures
above the so called Curie temperature, when it is loaded with excessive

1.1 Smart Materials
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mechanical pressure or when a very high negative electric field is applied
to the material.

Figure 1.1: Polarisation process of piezoelectric materials (adapted from
[8]).

The word piezo originates from Greek language and means to press.
When a piezoelectric material is compressed, a charge separation occurs
that generates an electric field between electrodes (direct piezoelectric effect). When an electric field is applied to the piezoelectric material, a
mechanical deformation can be observed (indirect piezoelectric effect). Figure 1.2 illustrates the two mentioned effects.

Figure 1.2: Direct and indirect piezoelectric effect. (adapted from [8]).
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Equation 1.1 is the fundamental expression discribing linear piezoelectricity in charge-strain form. It illustrates the direct link between the
mechanical and the electrical domain.
   T
D

=
S
dt

d
sE

 
E
T

(1.1)

Herein, D is the vector of the electrical displacements, S the strain
vector and T the stress vector. T is the dielectric coefficient matrix, d
is the piezoelectric matrix (dt is the transposed piezoelectric matrix) and
sE is the mechanical compliance matrix at constant electrical field. Equation 1.2 is the detailed form of Equation 1.1 for a standard piezoceramic
material.
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Piezoelectric Transducers

Piezoelectric materials are used in a wide range of sensor and actuator
applications since the direct and indirect piezoelectric effect can be employed. Tranducers can be made from monolithic piezoelectric material or
from piezoelectric material in form of fibers. Monolithic material in form
of a thin plate (e.g. 50mm x 30mm x 0.2mm) of piezoelectric material is
electrically contacted in thickness direction to exhibit the so called d31effect (Figure 1.3). In-plane mechanical strain causes an electric field in the
thickness direction of the transducer [9, 10, 11, 12]. Multiple thin sheets
can be assembled in thickness direction to construct a stack actuator which
represents a mechanical series connection enabling precise positioning and
increased maximum displacements [13, 14, 15].

1.2 Piezoelectric Transducers

Figure 1.3: Monolithic piezoelectric transducer operating in d31 mode.

Figure 1.4: Monolithic piezoelectric transducer operating in d33 mode.
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Alternatively, monolithic material can be operated in the so called d33effect using interdigitated electrodes. In this case, the strain and electric
field are aligned in the same axis direction. Commonly, the d33 effect is
around 2.5 times higher than the d31 effect which motivated the research
of transducers operating in d33 mode (Figure 1.4) [16, 17, 18].
Monolithic piezoceramic materials are very brittle and their application
to complex shapes is therefore cumbersome. To overcome this drawback,
the scientific community researched fiber based piezoelectric transducers
[19, 20, 21, 22, 23, 24]. Thin fibers of piezoelectric materials are oriented in parallel, contacted with interdigitated electrodes and cast into
an epoxy matrix for mechanical stabilization and electric isolation (Figure
1.5). Fibers are considerably more flexible than monolithic plates allowing
for application on complex curved structures. Drawbacks of the fiber based
transducers are electric field losses caused by the interdigitated electrodes
(non-uniform electric field) and the limited active material per transducer
volume compared to monolithic devices.

Figure 1.5: Fiber based piezoelectric transducer operating in d33 mode.

1.3 Piezoelectric Shunt Damping

1.3
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Piezoelectric Shunt Damping

Piezoelectric shunt damping is a concept that was first experimentally
investigated by Forward in 1979 [25]. It incorporates piezoelectric transducers operating in sensor mode and passive electronic circuits to reduce
mechanical vibrations. The underlying mechanism is a two step energy
conversion illustrated in Figure 1.6. Firstly, the mechanical vibration energy is converted by a piezoelectric transducer to electric energy which
is then dissipated to joule heating in the connected electric circuit (commonly referred as shunt circuit). A very simple shunt circuit design is
the use of a simple resistance that increases the damping level similarily
to viscous layer damping [26]. A capacity connected to the piezoelectric
transducer’s terminals is another simple circuit proposed by Davis and
Lesieutre [27]. The capacity changes the piezos stiffness and consequently
shifts the eigenfrequency of the overall system.

Figure 1.6: Energy conversion in piezoelectric shunt damping.

Figure 1.7 shows a mechanical and an electrical representation of the
piezoelectric shunt damping. The piezoelectric transducer is attached to
or integrated inside the base structure. At the same time, the transducer
can be considered as an electrical element of the circuit. It generates
an electric voltage from the mechanical strain and possesses an inherent
electric capacity. Both of which influences the shunt circuit functionality,
operation and performance.
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Figure 1.7: Mechanical and electrical representation of piezoelectric shunt
damping. (adapted from [8])

In the framework of this research, two different shunt circuits were
used. The well-known resonant shunt, [26] which is often considererd as a
banchmark and an implementation of the synchronized switch damping on
inductor (SSDI) [28] were used due to their well-balanced trade-off between
damping performance and system complexity.

1.4

Open Rotor Aircraft Engines

Within the framework of the European research project DREAM (Validation of Radical Engine Architecture SysteMs)[29], novel technologies
for reducing green house gas emissions were investigated. Turbofan engines cause a comparably high carbon footprint which could be reduced
by novel engine architectures such as the open rotor. Open rotor systems
were first investigated intensively in the 1980s due to tremendous fuel price
increases in the 1970s [30, 31, 32]. However, they did not enter service because fuel prices dropped again at the end of the 1980s and potential fuel
saving benefits did not justify the high development costs. Nowadays, due
to increasing fuel prices and greater ecological awareness the open rotor
concept raises again interest among the scientific community [33, 34, 35].
Figure 1.8 illustrates a modern implementation of an open rotor engine
from CFM International.

1.4 Open Rotor Aircraft Engines
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Figure 1.8: Open Rotor Engine from CFM International [36].
The efficiency of flight propulsion can be described using two distinct
degrees of efficiency. One is the internal degree of efficiency referring to
the thermodynamic cycle efficiency. It assesses compressor, combustion
and turbine efficiency. The second degree of efficiency is the so called
propulsive efficiency and is shortly derived here [37]. Air breathing engines
generate thrust by changing the pressure and velocity level between intake
and outlet of an aircraft engine. Equation 1.3 describes the dependencies
of the thrust of an air breathing engine.
T = ṁa [(1 + f ) ue − ua ] + (pe − pa ) Ae

(1.3)

Herein T is the thrust, ṁa is the mass flow at the intake of the engine,
f is ratio of fuel mass flow to the mass flow of air going thourgh the engine,
ue is the air velocity at the exit of the engine, ua is the flight velocity, pe
and pa are the pressures at the outlet and intake of the engine and Ae is the
cross section at the engine outlet. Usually, f can be considered very small
since the fuel mass flow is much smaller than the air flow. Additionally,
the pressure difference between intake and outlet is vanishing for matched
nozzles. Making these assumptions and simplifications we obtain Equation
1.4.
T = ṁa [ue − ua ]

(1.4)
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The thrust power for propelling the aircraft WT is then given by Equation 1.5.
WT = T ua = ṁa (ue − ua ) ua

(1.5)

The mechanical power Wmech is expressed in Equation 1.6 using the
same simplifications and assumptions as for Equation 1.4.
Wmech =


 1

1
ṁa (1 + f ) u2e − u2a ≈ ṁa u2e − u2a .
2
2

(1.6)

Propulsion efficiency ηprop can now be expressed as in Equation 1.7.
u

ηprop

2 uae
WT
1
=
=
=
Wmech
1 + uuae
1 + 2ṁTa ua

(1.7)

Equation 1.7 illustrates the dependency of propulsion efficiency on the
mass flow. A small air flow velocity increase is beneficial compared to a
high air flow velocity increase. In order to have a small velocity increase
and maintain the thrust, the mass flow has to be increased. The so called
bypass ratio defines the ratio of mass flow outside the core engine and
the mass flow through the inner engine section. The outer mass flow
experiences only a small velocity increase due to the fan blades or the open
rotors. Typical values for the bypasss ratio for open rotor engines are 15-25,
for turbofan engines it is 4-11 and for turbojets they are as small as 0.3-0.6.
Open rotors are fuel efficient engines because they possess a high bypass
ratio and a comparably small velocity increase of the air flow. The design
of the blades and the missing external casing are drawbacks of the open
rotor architecture. Firstly, because noise emissions are more pronounced
without casing and secondly because the slender aerodynamic lightweight
design of the blades makes these prone to vibration problems resulting
in noise, fatigue and flutter problems. High vibration amplitudes of the
rotor blades lead to a high acoustic emission, especially during take-off and
landing of the aircraft. Noise emission levels around airports are reduced
contineously and are a very critical issue for open-rotor aircraft due to
their generally higher noise emission levels. Blade vibrations of openrotor aircraft engines have to be significantly reduced in order to achieve
certification and acceptance within the civil aircraft industry. A viable
solution to reduce blade vibrations is the implementation of piezoelectric
shunt damping into composite blades for application in future open rotor
engine architectures.

1.5 State of the Art in Research and Application
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State of the Art in Research and Application

Piezoelectric devices have been investigated intensively over the past
decades.The author categorises the according research in 4 main directions:
• Shape control, adaptation and morphing
• Energy harvesting
• Health monitoring
• Vibration control
Shape control [38, 39], adaptation [40, 41, 42, 43] and morphing of
structures [44, 45, 46, 47] uses piezoelectric devices to deform elastic structures in a beneficial and reproducible way to enhance the functionality
of structures.It has often been investigated for use in aircraft blade or
wing structure demonstrators [48, 49, 50, 51] and for wind energy applications [52, 53]. Precise shape adaptation was investigated for application
to spacecraft antennas [54, 55, 56].
Energy harvesting [57, 58, 59, 60, 61] is a further field of reserach.
Mechanical vibration energy is transformed to electrical energy by the
piezoelectric device and then used for operation of electric devices directly
or stored for later use in batteries [62, 63, 64]. An energy harvesting system
for a remote control is investigated in [65]. Energy harvesting from shoe
inserts is investigated in [66, 67, 68]. Similarily, human walking movement
can be used for energy harvesting [69]. Energy can also be harvested from
backpacks as investigated in [70, 71]. Piezoelectric fibers woven into gloves
were also investigated for energy harvesting [72] and a number of wearable
textiles [73].
Structural health monitoring [74, 75, 76] investigates the degradation of
materials over time. Piezoceramic devices are used to monitor the modal
behaviour of a structure based on the assumption that a structural failure,
e.g. a fracture, changes the eigenmodes and frequencies of the underlying
system. Structural health monitoring was tested with first demonstrators in aerospace structures [77, 78]. Civil engineering structures such as
bridges made from steel or concrete were monitored with piezoelectric devices [79, 80]. A spot welded joint is monitored in [81] and [82] focuses
on aicraft joints, [83] tested monitoring of riveted joints. A wingbox was
investigated in [84]. The monitoring of a rocket engine was investigated in
[85].
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Vibration control and vibration damping are further fields of research
in the area of piezoelectric systems. Active vibration damping involves
piezoelectric transducers, control logic and power supply [86, 87, 88]. It
has been tested for a number of aicraft demonstrator structures, as summarized in [89]. An investigation for the B-1B aircraft can be found in
[90]. A car engine mount is controled with an active piezoelectric set-up
in [91]. Flight control and vibration control of aerodynamic control surfaces is investigated in [92]. Rotation balance of jet engines is detected and
controled in [93]. Active vibration damping of a rocket during attitude maneuvering is presented in [94]. A gearbox is experimentally investigated in
[95]. Piezoelectric stack actuators are used for active vibration control of
rotors in [96, 97]. Vibrations in machine bearings were also investigated
[98, 99].
Passive vibration control typically consits of a piezoelectric transducer
and an electric circuit without external power supply [100, 101, 102]. The
optimum placement of piezoelectric transducers is mainly adressed for active approaches. Several publications highlight the use of genetic algorithms to find optimum piezo configurations [103, 104, 105, 106]. Genetic
algorithms are well-suited for non convex search spaces that commonly
involve continuous and discrete optimization variables in a multi-objective
optimization environment [107, 108, 109, 110, 111]. . Most of the promised
placement approaches in literature are based on controllability and observability measures or system stability measures as optimization goals
[112, 113, 114] and are therefore not suitable for optimization of passive
damping systems. Mehrabian and Yousefi-Koma find optimum piezo actuator configurations by bio-inspired algorithms such as neural networks and
finite element results [115, 116]. Kumar and Narayanan [117] and Zhang et
al. [118] optimize piezo positions by using linear quadratic regulator (LQR)
controllers on beam structures. Fein and Gaul [119] use analytical strain
energy calculation to optimize piezo sensor positioning on two dimensional
plate structures for maximum signal output. Halim and Moheimani [120]
present an optimization approach using modal and spatial controllability
measures applied to thin plates. Xu and Jiang [121] use genetic algorithms
to optimize piezo positions within truss structures. Bin et al. [122] use the
maximal modal force rule to find optimum positions for piezo actuators
on plate structures. Main et al. [123] researched optimal piezo sizes and
locations on beam and plate structures based on the stiffness ratio between
piezoceramic material and substrate structure. Zhang, Feng, Dutta et al.
[124, 125] emphasize the importance of statistic optimization uncertainties and suggest particle swarm optimisation in combination with finite

1.6 Research Needs and Goals of the Thesis
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element simulation. Gua and Jiang [126] use independent modal space
control to find optimum piezo positions in a truss-cored sandwich plate.
The generalized electromechanical coupling coefficientt is well-suited
for optimization of passive damping systems. Lin and Venna [127] determine it via calculation of eigenfrequency differences between open and
short circuit piezoelectric conditions in a finite element analysis. In their
PhD theses, Belloli and Niederberger used a genetic algorithm approach
to optimise the piezo positioning on a formula one car side panel based on
the generalized electromechanical coupling coefficient. The performance
could be verified experimentally but the optimization was very costly with
regard to numerical effort and optimization time [128, 129].
To date, passive piezoelectric damping has been mainly investigated on simple engineering structures such as rods, beams and plates
[123, 130, 131]. Commercial piezoelectric transducers for passive vibration
damping are designed for external bonding application. Bulky connectors
or brittle solder joints are the default interfaces for the connection of associated electronics [132, 133]. Strain allowables of these actuators range
up to 0.3% [132, 133, 134]. These aspects limit their use in highly loaded
CFRP structures and impede their use as structurally integrated elements
in complex shaped composite parts. Pini and Melnykowycz [22, 135] researched active fiber composites in their PhD theses in order to enable the
use of piezoelectric transducers for curved structures. Fiber based actuators were easier to drape on complex structures but suffered inefficiencies
due to uneven electrical field distributions along the fibers.
Demonstrator research for passive vibration damping for landing gear
components can be found in [136]. Passive damping for space structures
was experimentally investigated in [137]. Shunt damping of an F-15 panel
under acoustic excitation is presented in [138]. Vibrations of a CD-ROM
drive were also reduced with piezoelectric shunt damping [139]. Passive
damping of railway car bodies is investigated in [140]. Shunt damping of a
ski is patented in [141] but has not gained significant commercial impact.
Aeroelastic shunt damping for a small glider wing is investigated in [142].
Damping of tennis rackets were compared in [143].

1.6

Research Needs and Goals of the Thesis

Modern lightweight structures involve more and more fiber reinforced plastic structures. Continuously, the percentage of weight of composite structure parts compared to the total structure weight is increasing in the aircraft industry. Lately, global major car companies have discovered the
great potential of composite lighweight design as well and invest consider-
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able effort into the substitution of metallic structures by lighter composite structures. Lighter structures are beneficial because they reduce the
necessary energy to move them. This is an inherent functionality of all
transportation systems such as aircraft, cars, trains or boats. Performant
structure design reduces energy consumption and can increase the payload
accordingly. A drawback of lighter structures is their susceptibility to vibration problems. Low mass structures require less energy to excite them
to vibrations with according negative consequences. Mechanical vibrations
influence fatigue life, comfort in operation, maximum deformation, noise
and flutter. Aeroelastic systems are of special interest in this context because the interaction of aerodnamic forces and elastic structures generate
a self-exciting vibration system. Based on the literature study presented
in Section 1.5, the author identified the following research needs and goals
for the thesis:
• An efficient method for the optimum placement of monolithic piezoceramic modules in passive vibration damping systems should be
developed. Structural integration into a laminate lay-up must be
possible.
• A new type of monolithic piezoelectric module design suitable for
structral integration and increased strain allowables should be investigated.
• Optimum placement and the new module design should be tested
on a complex composite part. The damping performance should be
measured and compared to competitive technologies.
• The gap between fundamental research and application of shunt
damping to real products should be reduced.

1.7 Approach and Structure of the Thesis

1.7
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Approach and Structure of the Thesis

Chapter 1 and 2 of this thesis serve as introduction. The motivation of this
research is presented and important scientific circumstances that facilitate
the understanding of this thesis are presented.
Chaper 3 deals with the investigation of a numerically very efficient
procedure to find optimum positions for monolithic piezoceramic modules
in complex composite parts. This chapter adresses the first question in the
design process of a smart part: ”Where should the piezoelectric actuators
be integrated?”
Chapter 4 and 5 present the results of a new monolithic piezoceramic
module design. While Chapter 4 presents the general idea and its practical
implementation, Chapter 5 deals with the detailed investigation of the
module’s interfaces using analytical and numercial modelling. A module
design that can be structurally integrated is derived. Hence, the question:
”How can the piezoelectric devices be structurally integrated?” is adresses.
Chapter 6 uses the research results concerning placement and module
design for a complex composite part test case. A composite blade with
integrated piezo modules is manufactured and tested on a vibration test
set-up. Results are compared to competitive technologies. The question:
”How much improvement do we get?” is answered in this chapter.
Chapter 7 summarizes the results of this thesis and makes suggestions
for further research in the area.

Chapter 2

Theory
2.1
2.1.1

Fundamentals of Piezoelectricity
History

Pierre and Jacque Curie discovered the direct piezoeletric effect in 1880.
They observed that a mechanical pressure applied to the surface of certain
crystalline materials led to a proportional electric charge [144]. Later on,
the Curie brothers discovered that application of an electric charge to
a certain crystalline material generated a mechanical strain proportional
to the applied charge. The inverse effect was theoretically predicted by
Lippmann in 1881 [145]. The Curie brothers contributed the experimental
verification [146].

2.1.2

Governing Equations

The direct and inverse piezoeletric effect can be described by different
sets of linear equations. These equations combine the mechanical and
the electrical domain. Mechanical stresses and electrical field strength are
assumed to be sufficiently small to be treated linearly. Deformation is
understood as the summation of deformation due to mechanical stresses
and deformation caused by the electric field. One form to express the
dependencies is the so called charge-strain form which can be expressed
as:
   T
D

=
S
dt

d
sE

 
E
,
T

(2.1)
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Herein D is the vector of the electrical displacement, E the vector of the
electrical field, S the the mechanical strain vector and T the mechanical
stress vector. The superscripts ( )T , ( )S , ( )D and ( )E denote that the
coefficients of the matrices are obtained with the stress, the strain, the
electrical displacement and the electrical field kept constant. The subscript
( )t denotes the transposition of a matrix.

D = D1

D2

D3


E = E1

E2

E3

S22

2S23
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The matrix T contains the three dielectric constants and relates the
electric displacement to the electrical field. We consider a piezoelectric
material with orthotropic material properties and symmetry axis in thickness direction of the material (x3 ). The diagonal dielectric matrix can
then be expressed as:

 T
1 0
0
(2.8)
T =  0 T2 0  .
0
0 T3
The compliance matrix sE relates the mechanical stress and strain
E
vectors at constant electrical field. Symmetry makes that sE
13 = s31 =
E
E
E
E
E
s23 = s32 and s12 = s21 . As a consequence, we write s as:
 E

s11 sE
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13
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E
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The matrix combining the mechanical and the electrical domains is the
piezoelectric matrix. It contains the piezoelectric constants. It reads:


0
d= 0
d31

0
0
d32

0
0
d33

0
d24
0

d15
0
0


0
0 ,
0

(2.10)

The first index of the coefficients dij refers to the direction of the applied electrical field while the second index refers to the direction of the
mechanical strain induced by this electrical field. The combination of
Equation 2.1 to 2.10 leads finally to:
   T
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D1
D2   0
  
D3   0
  
 S1   0
  
 S2  =  0
  
 S3   0
  
 S4   0
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For reasons of completeness, the alternative expressions of the piezo
equation are summarized here. The field-strain form reads:
0
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Herein, g is the matrix of piezoelectric constants while {betaT is the
inverse of the dielectric constant matrix . The charge-stress form is:
   S
D

=
T
et

e
cE

 
E
,
S

(2.13)

Herein, the matrix of piezoelectric constants is e. Another variation is
the field-stress form and can be expressed as:
   S
E
β
=
T
ht

 
−h D
,
S
cD

(2.14)

The matrix of piezoelectric constants is named h in this set of equations.
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Principles of Shunt Damping

The term shunt damping used in this work defines an electronic circuit that
acts in conjunction with a piezoelectric transducers and reduces mechanical
vibrations. Shunt circuits should be small to make them easy to integrate
into structural systems, tolerant against parameter variations and robust
in operation. Furthermore, it is beneficial to have an autonomous shunt
that operates without any external power supply. Weight and cost of the
shunt circuit should be kept as low as possible. In the last decades, a
significant number of shunt circuit designs have been investigated. They
can be mainly devided into active and passive shunts. The author understands passive shunts as shunts that do not add any external energy
to the system. A passive shunt is inherently stable because no external
power is added to the system that could potentially cause spillover effects
and affect the stability of the system. In this thesis, a resonant shunt and
an SSDI shunt (synchronized switch damping on inductance) were used
for the experimental studies and are discussed here in more detail. They
were chosen because they offer the best damping performance among the
passive shunt architectures and are easy to implement.

2.2.1

Resonant Shunt

The resonant shunt is a classic shunt that works similar to a mechanical
vibration absorber. The resonance values of the RL-shunt are tuned in
conjunction with the electrical capacity of the piezo to match the mechanical eigenmode of interest. Once the eigenmode of a structure is known,
the tuning of the resonant shunt can be accomplished. The electrical capacity of the piezo transducer is also known. In order to decrease the
peak vibration amplitude as much as possible, the following Equation 2.15
and Equation 2.16 apply for the determination of optimal inductivity and
optimal resistance:
Lopt =

Ropt

1


2 2
ωSC Cpiezo 1 + Kij
√
2K
 ij
=
2 ω
1 + Kij
SC Cpiezo

(2.15)

(2.16)

Equation 2.15 is used to tune the electrical system to the mechanical
eigenfrequency while Equation 2.16 is used to achieve a good vibration
peak reduction of the shunt. Herein, ωSC is the short circuit eigenfrequency of the mechanical system, Cpiezo is the elctrical capacity of the
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piezo and Kij is the electromechanical coupling coefficient, a measure for
the efficiency of the coupling between piezo and structure. A major drawback of the resonant shunt architecture is its sensitivity to mistuning and
the high inductivity values which connot be physically implemented as
coils (weight, size) but have to be electronically synthesized. Mentioned
drawbacks led to the development of novel shunt circuit designs such as
the switch damping.

2.2.2

Switch Damping

The switch damping is a non-linear damping approach that changes the
stiffness of the structure cyclically which leads to an energy dissipation.
The effect can be compared to a spring with a high stiffness at elongation and a low stiffness at contraction. The piezoelectric patch switches
between open circuit and closed circuit state multiple times during the
vibration cycle. Hence, the according system stiffness is changed. The
state switching (SS) switches the piezoelectric transducer at specific times
during the vibration cycle while the synchronized switch damping (SSD)
switches the piezo from open circuit to an electric impedance. As the case
might be, this impedance can be a simple short circuit (SSDS), a voltage source (SSDV) or an inductance (SSDI). The SSDI technique is more
efficient than the SSD technique due to a voltage inversion at switching
caused by the combination of piezo capacity and inductivity. The SSDI
approach was also used for the experimental studies in this thesis due to
its robustness to parameter variations and simplicity in implementation.

2.3

Analysis of Shunt Damping Systems

Piezoelectric shunt damping systems consist of piezoelectric transducers
and associated shunt circuits. The efficiency of the damping depends both
on the coupling efficiency between piezoelectric transducer and structure
and on the efficiency of the shunt circuit architecture.
The coupling between piezo and structure can be judged by the generalized electromechanical coupling coefficient Kij . A classic definition
is:
2
Kij
=

2
2
ωOC
− ωSC
2
ωSC

(2.17)

Herein, ωOC is the frequency of the eigenmode when the piezoelectric
tranducer is on open circuit state while ωSC is the frequency in short circuit
state. Hence, the entity of the frequency shift between the open and short
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circuit state is a measure for the coupling efficiency. Equation 2.17 is
used both in numerical and experimental investigations to determine the
coupling efficiency.
Another method to determine Kij is the evaluation of the response of
a structure with connected resonant shunt. Using different resistance values for the RL-shunt, different frequency response functions are obtained
that all intersect in two points. The corresponding frequencies of these two
points, S and T, are then used to calculate the generalized electromechanical coupling coefficient [147]. Equation 2.18 can be used for the calculation
of the coupling coefficient. For experimental investigations, this approach
is more precise because the frequencies contribute linearly to the coupling
coefficient while the frequencies in the aproach of Equation 2.17 influence
the coupling quadratically. Hence, measurement errors influence the value
of the coupling coefficient to a greater extend.
Kij =

√ ωT − ωS
2
ωshort

(2.18)

Alternatively, the generalized electromechanical coupling coefficient
can be calculated using Equation 2.19 [26]:
2
Kij
=

2
2
kij
kij
Kpiezo
=K
2
2
Kstructure + Kpiezo 1 − kij
1 − kij

(2.19)

Herein, Kpiezo and Kstructure are the modal stiffnesses of the piezo and
the structure, respectively. The ratio of the modal stiffness of the piezo and
the whole structure with piezo is described by K. The electromechanical
coupling coefficient of the piezoelectric material kij is a material property
of the piezoelectric material and holds true for a particular mechanical
stress and electric field state. It is a measure for the conversion efficiency
of the piezoelectric material. The stiffness ratio K can also be interpreted
in a different manner as the ratio of the modal strain energies:
2
Kij
=K

2
2
kij
Wpiezo kij
=
2
2
1 − kij
Wtotal 1 − kij

(2.20)

The strain energy of the piezo is expressed as Wpiezo while the strain
energy of the whole structure is described by Wtotal . Equation 2.20 is very
interesting since it allows to calculate the coupling based on the simple
evaluation of the strain energy. The piezoelectric material coefficients are
fixed material properties. The simplicity of this approach allows for optimization of piezo placement even in complex composite parts because
strain energies can easily be evaluated with finite element models.
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The efficiency of a piezoelectric damping system does not only depend
on the generalized electromechanical coupling coefficient but also on the
efficiency of the associated electronic circuits. Analytical approaches for
the calculation of the loss factor are available [148]. The loss factor of a
resonant shunt can be calculated as:
Kij
ηRL = √
2

(2.21)

For the switch damping approaches, the loss factor for the state switching (SS) is:
2
Kij
(2.22)
π
The damping performance of the synchronized switch damping on short
circuit (SSDS) is:

ηSS =

2
ηSSDS = 4Kij

(2.23)

The synchronized switch damping on inductance (SSDI) leads to a loss
factor of:
ηSSDI =

2
4Kij
1+γ
π 1−γ

(2.24)

In Equation 2.24, the factor γ is the ratio of the elctrical voltages
before and after the switching. It is a quality factor of the SSDI shunt and
should be as high as possible to achieve a high vibration damping. The
synchronized switch damping on voltage source (SSDV) can be qualified
as:

2 
4Kij
VS Cpiezo 1 + γ
ηSSDV =
1−
(2.25)
π
qχ
1−γ
The additional term of Equation 2.25 represents the additional voltage
source. The voltage is expressed by VS , while the capacity of the piezo is
labeled as Cpiezo . The electronic charge q and a constant factor named χ
make up the additional term.
The presented approach for the calculation of generalized electromechanical coupling coefficients and the loss factors of different shunt circuits
allows for efficient analysis and optimization of piezoelectrically damped
structures.

Chapter 3

Optimum Piezoelectric
Patch Positioning
The work presented in this chapter can be found with minor modifications
in the scientific literature as:
F. Bachmann, A. Bergamini and P. Ermanni. Optimum piezoelectric
patch positioning: A strain energybased finite element approach. Journal
of Intelligent Material Systems and Structures, Vol. 23, Iss. 14, pp. 15741590, 14 September 2012.
For the design of smart composite structures, the placement of piezoelectric patch transducers is a very important issue. For sensing and passive vibration damping applications, the electric charge and the generalized electromechanical coupling coefficient are important parameters. This
chapter presents an approximative but efficient method for the calculation
of the generalized coupling coefficient using finite element simulation results. A smart composite turbomachine blade serves as a test structure
for the new method. Influence of different laminate integration layers, positions, rotation angle, patch size variations and performance benefits of
increased strain allowables are tested with the new procedure. The efficient nature of the method allows for parametric placement studies or even
exhaustive search to find the global positioning optimum for the structure
under investigation. The proposed method is compared to state-of-the-art
procedures for the calculation of the generalized electromechanical coupling factor. 1:5 scale models of full carbon fabric/epoxy blades were
manufactured with structurally integrated piezo modules. 2 different piezo
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placement positions inside the blade were investigated experimentally. The
coupling coefficient was determined and compared to calculated values.

3.1

Introduction

Starting from traditional lightweight structures and composite structures
research, the investigation of smart material systems and structures has
become a scientific field of interest in the last decades. Within this highly
interdisciplinary field, piezoelectric transducers for shape adaption and vibration control play a key role due to their very good response over a wide
frequency band and their excellent energy conversion efficiency. Piezoelectric transducers can both be used to generate very small deformations
with nanometer accuracy and be used to excite or counteract mechanical
vibrations in a structure. Structural vibration problems are a frequent
concern because they strongly impact on safety, comfort, noise and fatigue
life of lightweight structures. Active piezoelectric damping systems consist
of piezoelectric sensors, actuators, control equipment and a power supply
which makes them complex and bulky. Autonomous (passive) piezoelectric
damping systems reduce the system complexity to piezoelectric transducers and a small shunt circuit which can operate without any external power
supply [149, 129].
Piezoelectric transducers can be easily bonded to the structure’s surface. Embedding of piezoelectric transducers is more challenging from a
manufacturing and optimization point of view, but in certain cases essential. High aerodynamic surface quality, protection from harmful liquids
and electromagnetic fields as well as maximum strain allowables are reasons for embedding the piezoelectric transducers. Embedding is not always
advantageous because it can potentially reduce strength of the host structure, electric contacting of the transducer and associate electronics has
to be provided while the device has to be insulated from the conducting
CFRP environment. Delaminations between transducer and matrix material must be avoided and complex strain fields inside the laminate prohibit
the intuitive placement of piezoelectric patch transducers to achieve a high
performance of the smart system.
Energy harvesting and vibration damping efficiency are strongly influenced by the placement of transducers within the structure. For this
reason, numerous publications emphasize the importance of optimising
the placement [150, 123, 151, 152, 153, 113]. Optimum number, configuration, position and shape of active elements have been researched
[154, 117, 155, 156]. Publications often focus on active piezoelectric
damping and try to maximize controllability and observability measures
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[120, 157, 158, 159]. Commonly, investigated structures are typical simple
engineering structures such as beams, bars, plates and trusses made of
isotropic metallic materials with surface bonded piezoelectric transducers
[120, 157, 158, 131, 160].
Several publications highlight the use of genetic algorithms to find optimum piezo configurations [103, 104, 105, 106]. Genetic algorithms are
well-suited for non convex search spaces that commonly involve continuous and discrete optimization variables in a multi-objective optimization
environment [107, 108, 109, 110, 111]. Performance of the placement is
assessed by different criteria in literature. Frequently, controllability and
observability measures, dissipation energy measures and system stability
measures are reported as optimization goals [112, 113, 114]. The generalized electromechanical coupling coefficient is often used as the optimization
design variable. Lin and Venna [127] determine it via calculation of eigenfrequency differences between open and short circuit piezoelectric conditions in a finite element analysis to find optimum positions. Mehrabian and
Yousefi-Koma find optimum piezo actuator configurations by bio-inspired
algorithms such as neural networks and finite element results [115, 116].
Kumar and Narayanan [117] and Zhang et al. [118] optimize piezo positions by using linear quadratic regulator (LQR) controllers on beam structures. Fein and Gaul [119] use analytical strain energy calculation to
optimize piezo sensor positioning on two dimensional plate structures for
maximum signal output. Halim and Moheimani [120] present an optimization approach using modal and spatial controllability measures applied to
thin plates. Xu and Jiang [121] use genetic algorithms to optimize piezo
positions within truss structures. Bin et al. [122] use the maximal modal
force rule to find optimum positions for piezo actuators on plate structures.
Main et al. [123] researched optimal piezo sizes and locations on beam and
plate structures based on the stiffness ratio between piezoceramic material
and substrate structure. Zhang, Feng, Dutta et al. [124, 125] emphasize
the importance of statistic optimization uncertainties and suggest particle
swarm optimisation in combination with finite element simulation. Gua
and Jiang [126] use independent modal space control to find optimum piezo
positions in a truss-cored sandwich plate. Trindade and Benjeddou [161]
review methods to calculate the material-based and the generalized electromechanical coupling coefficient. Both eigenfrequency and strain energy
approaches are mentioned. An aluminium beam structure is used for comparison of numerical eigenfrequency-based and experimental determination
of generalized electromechanical coupling coefficients. A broad technical
review concerning optimization criteria for the placement of piezoelectric
sensors and actuators is presented by Gupta et al. [162].
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We focus on structural aspects for the placement of piezielectric sensors
in complex real-world structures and propose a placement approach aiming
at maximizing the harvested strain energy in the piezoceramic material.
Thus, electric charge and the generalized electromechanical coupling coefficient are calculated based on the determined strain energies. The originality of the approximative calculation of generalized electromechanical
coupling coefficients lies in the combination of a strain energy definition of
the generalized electromechanical coupling coefficient in combination with
a finite element simulation and an exhaustive placement search covering
the whole design space of the structure. The mentioned approach is based
on finite element data of complex composite structures which allows for
precise strain calculation. Hence, a reliable prediction of harvested charge
and strain energy of a piezoelectric patch transducer is possible. The
method allows for very fast assessments compared to other existing optimization procedures and features structural integration considerations.
The efficient nature of the process allows for the generation of contour
plots that illustrate the correlation of piezo placement within the structure and values of the generalized electromechanical coupling coefficient.
The proposed procedure assumes that the integration of piezoceramic does
not significantly alter the modal behaviour of the structure and that the
planar k31 piezoelectric coupling coefficient, assuming stresses uniquely in
1 direction, can be applied. Both assumptions make that the proposed
method is of approximative nature which is further discussed in the last
part of tis chapter.
In section 3.2, the theoretical fundamentals of the placement procedure
and the principles of our approach are explained. A further section is
dedicated to the description of the structural model of the turbomachine
blade that was used for the placement study. Results are discussed in the
subsequent section with regard to efficiency, robustness and expense.

3.2
3.2.1

Methods
Piezoelectric modelling

Piezoelectric material is an excellent bidirectional energy converter between mechanical and electrical energy. The fundamental piezoelectric
equation 3.1 in charge-stress form correlates electrical displacement D and
mechanical stress T with electric field E and mechanical strain S. S is the
matrix of dielectric constants at constant strain, e stands for the piezoelectric coupling coefficients and cE is the mechanical stiffness matrix at
constant electric field.
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The upper part of equation 3.1 reads
D = e · S + S · E

(3.2)

As we focus on passive vibration damping, the piezoelectric devices
are operated in sensor mode. This means that no external electric field is
applied to the terminals of the piezoceramic material, hence the E-field in
equation 3.2 becomes zero and we obtain equation 3.3.
D =e·S

(3.3)

Which in more detail reads
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(3.4)

Equation 3.3 generally holds true for piezoelectric material. In our research, we focus on optimal positioning of monolithic piezoelectric transducers as they are described in [163].

Figure 3.1: Illustration of mathematical axes definitions and polarisation
direction for monolithic piezoelectric material.

30

Optimum Piezoelectric Patch Positioning

Figure 3.1 illustrates the mathematical axes definitions of a monolithic
piezoelectric transducer operating in d31 mode and the polarisation direction of the material together with cross section definitions.
Mentioned actuator types are polarized in thickness direction and generate an electric potential between the electrode sputtered planar surfaces
on top and bottom of the piezoceramic material. Electric potential develops in thickness direction which simplifies equation 3.4. We now obtain a
single expression for D3 (equation 3.5).
D3 = S11 · e31 + S22 · e32 + S33 · e33

(3.5)

The harvested charge Q of the piezoelectric transducer is given by the
following equation 3.6:
Q = D3 · A3

(3.6)

The calculated charge can be used for energy harvesting or sensor purposes. The area A3 is the cross sectional area in polarization direction
illustrated also in figure 3.1.
As the case might be, one wants to calculate and compare vibration
damping potentials of different transducer locations (e.g. layers, planar
positions or angles) and sizes in the structural design. To do so, it is beneficial to have a tool that can calculate the achievable damping performance
directly from a given modal strain field of the structure of interest.
A widely used number for the calculation of the coupling between the
structure and a piezoeletric transducer is the generalized electromechanical
coupling coefficient Kgeneralized . It has been first introduced by Hagood
and Von Flotow [26] in 1991. Initially, it has been defined as in equation 3.7
where K defines the ratio of the piezoelectric short circuit modal stiffness
to the total system modal stiffness and kpiezo defines the piezoelectric
material coupling coefficient.
2
Kgeneralized
=K

2
kpiezo
2
1 − kpiezo

(3.7)

The definition of equation 3.7 is of rather theoretical nature. More frequently, the definition of equation 3.8 is used. Here, the difference in the
open circuit and short circuit case of the piezoelectric material is calculated
with regard to changes in the eigenfrequency of the the eigenmode of interest. Due to the simplicity of this equation, it is widely used in experimental
and numerical work. For a typical composite real-world structure, design
considerations using this computationally expensive and slow eigenmode
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approach is not feasible. We propose a much faster modal strain based approach which can be even used to investigate a great number of different
designs.
2
Kgeneralized
=

2
2
− ωsc
ωoc
2
ωsc

(3.8)

Equation 3.9 has been proposed in 2008 by Mohammadi [164] and
Badel [165] as energy based approach to calculate the generalized coupling coefficient. Herein, Wel,piezo is the elastic energy stored in the piezo
and Wel,structure is the elastic energy of the whole structure under investigation. It is an interesting definition since it allows for a strain-based
approach instead of an eigenmode approach with great potential for computational cost reduction.
2
2
Kgeneralized
= kpiezo

Wel,piezo
Wel,structure

(3.9)

It is obvious from the definition that a high coupling for a given piezoelectric patch and a given structure is achieved when the elastic strain
energy in the piezo is maximized. We elaborate this general definition to
a novel finite element based approach to calculate the generalized piezoelectric coupling coefficient from modal strain energy. Equation 3.10 gives
a generic definition of the elastic energy of a structure.
Welastic =

1
2

Z
Tij · Sij dV

(3.10)

V olume

The approach looks at the modal strain energy of a given structure in
a finite elemente discretization and calculates the strain energy as summation over the according elements. Equation 3.11 illustrates the strain
energy of a piezo as it is calculated from the modal strain data of the
structure.

Wel,piezo =

i=n
X
i=1

k=6

1X i i
Tk · Sk · Ai · ti
2

!
(3.11)

k=1

n finite elements in the piezo area are considered and k = 6 different
stress and strain components in each finite element. Stress and strain is
evaluated and multiplied with the elements area and thickness. Hence,
the strain energy in the piezoceramic material can be determined and
consequently the generalized coupling coefficient can be calculated.
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The loss factor η caused by the piezoelectric shunt damping system can
be calculated by analytical expressions using the generalized electromechanical coupling coefficient and a factor (γ) describing the electrical part
of the shunt system. Two typical shunt circuit architectures are the synchronized switch damping on inductance (SSDI) and the resonant shunt
(Res). Equations 3.12 and 3.13 show the mentioned dependencies. This
work focuses on the determination of Kgeneralized which also allows for
calculation of the loss factors since a separated treatment of the structural
and the electrical part is feasible [166, 167, 28].
ηSSDI = 4

2
(1 + γ) Kgeneralized
(1 − γ)
π

ηRes =

3.2.2

2
Kgeneralized
π

(3.12)

(3.13)

Search Procedure

The global goal of the search procedure is to find a position for the piezoelectric transducer in a highly-complex composite structure that generates
as much electric charge Q as possible and/or maximize the strain energy
in the piezo to generate high damping. Simultaneously, the maximum allowable strain in the piezo shall not be exceeded. To do so, a placement
procedure that uses finite elements to precisely calculate the strain field of
the eigenmode of interest combined with a Matlab search routine is proposed. The shape of the eigenmode of interest is assumed to not be altered
significantly by the integration of the piezoelectric element.
Strain data are imported to the Matlab program. The optimization software assesses harvested charge and elastic energy of rectangular
patches. The evaluation is accomplished element-wise which means that
the algorithm selects all finite elements inside the chosen patch region.
The collected charge and strain energy is then summed up for all elements.
Rectangular shaped patches have been chosen because of their widespread
use in research and industry and consequent cost advantages over arbitrarily shaped patches. Edge lengths and thicknesses can be chosen. Different
placement locations are then evaluated by variation of translational coordinates, angle of the patch and integration layer in the composite laminate.
In case an element exceeds the strain allowables, the patch placement is
marked as not feasible. From an energetic point of view, highest possible
strain is desirable but strength issues of the brittle piezoelectric material
limit strain allowables.
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Figure 3.2: Flowchart illustrating the Matlab search procedure.

In order to obtain the harvested charge of the patch, the algorithm
sums up charges and strain energy of all finite elements in the patch region. The total area of all selected elements is summed up in parallel and
used for normalization of the obtained strain energies and charges to the
actual piezo patch size. This is necessary since piezo patch and selected
finite elements possess slightly diverging areas (less than 1% difference).
Cumulative electric displacement in n elements is expressed in equation
3.14.
D3,cum =

n
X

i
i
i
e31 · S11
+ e32 · S22
+ e33 · S33

(3.14)

i=1

Cumulative harvested charge is calculated by consideration of the elements planar area Ai and is expressed in equation 3.15.

Qcum =

n
X

i
i
i
e31 · S11
· Ai + e32 · S22
· Ai + e33 · S33
· Ai

(3.15)

i=1

In parallel, the elastic energy of the piezo region and the overall structure is evaluated and the generalized electromechanical coupling coefficient
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is calculated (equation 3.16). It allows for a calculation of damping performance in conjunction with passive and semi-passive shunt circuits.

2
Kgeneralized
=

2
kpiezo

i=n
X

Wel,structure

i=1

k=6

1X i i
Tk · Sk · Ai · ti
2

!
(3.16)

k=1

Figure 3.3: Patch placement illustration and according coordinate system
definitions.
Figure 3.3 shows a 2-dimensional representation of the blade structure
surface together with a placed piezo patch and its placement variables. The
position search program from figure 3.2 systematically changes the x- and
y-location, angle of the patch and the integration layer. Whenever a patch
hits the border of the considered structure, lies outside the structure or
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exceeds in one or more elements the strain allowables, the harvested charge
is set to zero because the placement is not feasible. Evaluations are very
quick (below one second) and allow for a great number of assessments and
sensitivity plots that illustrate placement impact on harvested energy and
damping potential.

3.3
3.3.1

Structural Model
Structural Design

Figure 3.4: Structural elements of the blade: metallic spar, foam filling
and composite shell.
The presented placement approach is especially suited to investigate structural integration of monolithic piezoelectric actuators in complex composite structures. The above mentioned procedure has been tested on a
turbomachine blade for future high performance aircraft engines. An original cold shape aerodynamic geometry has been provided by an industrial
project partner as baseline for the simulations. In a first step, we used the
given design space to create a reasonable structural model and validated
its modal properties with published data of similar turbomachine blades
[168].
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Aerodynamic requirements lead to a complex-shaped structure. Few
publications were found that deal specifically with the structural design
of considered blades [168, 31, 169]. Our focus is the design of a structural
concept that realistically respresents a typical structural behaviour of a
turbomachine blade of our considered target application.
The ANSYS structural model of the blade consists of three different
parts (figure 3.4). A titanium spar inside the blade assures the connection
between the engine hub and the blade and extends from the outer connection point with the hub up to half of the length of the blade in spanwise
direction. A complex 3D stress environment at the clamping of the spar
makes that a metallic material with high specific weight and specific stiffness ratios (e.g. titanium, high strength steel) is frequently chosen for
turbomachine blade constructions. The outer part of the blade is realized
with a thin composite laminate on suction and pressure side. The cavity
between outer composite laminate and the metallic spar is filled with a
structural foam.

no.
1
2
3
4
5
6
7
8
9
10

GE-36
shape freq.
1st flex
24
2nd flex
73
1st torsion
106
3rd flex
148
lead lag
175
2nd torsion
251
3rd torsion
261
1st strip
339
combination
363
2nd strip
415

Smart Blade
shape
freq.
1st flex 27.158
2nd flex 69.065
1st torsion 128.22
3rd flex 152.79
2nd torsion 191.46
3rd torsion 215.86
4th flex
277.9
4th torsion 313.57
5th flex 372.48
2nd strip 421.28

Table 3.1: Comparison of eigenfrequencies of GE-36 and the Smart Blade.
The spar is modeled with SOLID95 elements and material data for
titanium. SOLID95 elements have also been used to model the foam with
material parameters of a typical structural foam AIREX R82.60 which is
frequently used for helicopter rotor blades. The shell section is divided in
3 spanwise sections to account for different thicknesses of the blade shell
ranging from the maximum at the clamping to a minimum at the tip of
the blade. A symmetric laminate layup of [−10, 35, 80, 35]S for the inner
section, [−10, 35, 80]S for the middle section and [35, 80]S for the tip section
and a ply thickness of 0.75mm have been chosen in good accordance with
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the benchmark [168]. Shell99 elements have been used to model suction
and pressure side of the composite laminate.
Described structural design has been compared to published data in
[168]. It has been found that a slight adjustment of material data is sufficient to achieve a very good agreement between eigenmodes and frequencies of our structural model and the published values. The satisfactory
agreement serves as a qualitative validation of the structural model and
ensures reasonable results for further piezo placement investigations (table
3.1).

3.3.2

Applied loads and boundary conditions

In order to calculate the modal strain as input for the optimization program in Matlab, several boundary conditions and loads have been applied
to the described structural model. First of all, the blade is clamped at
root flanks of the titanium spar to account for the mechanical fixation at
the hub.
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Figure 3.5: Flow channel illustration for the accomplished CFD load calculations.
Aerodynamic loads resulting from the stationary inflight operation have
been calculated with a ANSYS CFX 3D CFD model. Figure 3.5 denotes
the developed flow channel geometry together with the blade. The channel
is limited by inlet and outlet in air stream direction, inner and outer radii
in radial direction and by an 1/8 segment of the circumference (8 blades
in a stage). A unstructured CFD mesh has been created with ANSYS
ICEM to prepare to model for the CFD solution process. Representative
proprietary pressure, velocity and temperature values have been applied
as boundary conditions. The ideal-gas model was used together with the
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total energy model for the heat transfer. Heat transfer was modeled as
adiabatic at the hub, the blade and the free wall. Simulations determined
the pressure distribution in the modeled flow channel which includes the
blade surface.

Figure 3.6: Flowchart illustrating the calculation procedure.
In order to integrate the calculated aerodynamic loads into the ANSYS
model, the pressure distribution of the CFD mesh had to be interpolated
on the structural ANSYS mesh which differs significantly from the CFD
one. This was realized in ANSYS mechanical via the OPER command.
Both aerodynamic loads and centrifugal loads induced by the rotation
of the blade around the hub of the engine were applied to the structural
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model to accomplish a first static calculation of the system to account
for prestress effects. The prestressed structure was then submitted to a
harmonic analysis to determine the structural behaviour as a function of
excitation frequencies. In particular, the strain in the composite shell at
the first bending eigenmode which gave us the basis for further placement
studies is calculated. Calculated strains have been validated with confidential in-flight measurements from the project partners. At the end
of the calculations the strains were exported element-wise for all layers
and transferred to the MATLAB optimization procedure. The structural
calculations are summarized in figure 3.6.

3.4
3.4.1

Modeling Results and Discussion
Modal strain of blade

Figure 3.7: Strain in blade composite shell in x direction.
Figure 3.7, figure 3.8 and figure 3.9 display the strains in x, y and z
direction of the blade composite hull. Strains have been determined using the ANSYS finite element program as described in figure 3.6. Strain
contour plots denote a complex strain field which results both from the
complex geometry of the blade and the mechanical boundary conditions.
Strain in spanwise direction is dominant due to the centrifugal loads and
aerodynamic bending moments. However, for a reliable optimisation pro-
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Figure 3.8: Strain in blade composite shell in y direction.

Figure 3.9: Strain in blade composite shell in z direction.

cedure, all strain components have to be considered as input. Magnitudes
are maximum in the clamping region which is expected for the first bending
mode of the blade.
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Elementwise consideration of strain energy and
charge

Figure 3.10: Elementwise contour illustration of strain energy.
Figure 3.10 and figure 3.11 denote contour plots of strain energy and
electric charge based on elementwise calculations. For each individual
element in the domain of the blade’s composite shell, the strain energy
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Figure 3.11: Elementwise contour illustration of electric charge.

and the electric charge have been calculated. The contour plots illustrate
the situation for the individual elements. Finding an optimum position for
a piezoelectric patch transducer is accomplished by defining a region that
includes as many high performant elements as possible, yet not exceeding
the strain allowables of the piezoelectric material or the patch transducer.
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Regions of high strain energy values correspond to regions of high electric
charge.

3.4.3

Positioning test case of a rectangular patch

Figure 3.12: Charge of patch integrated in laminate layer 1.
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Figure 3.13: Strain energy of patch integrated in laminate layer 1.

In this section we present the results of a patch placement with dimensions of 18cm length, 10cm width, 0.75mm thickness and a rotation
of -4 degrees. We looked at the integration into different laminate layers
and the impact of different positions on electric charge and generalized
coupling coefficient. A rectangular patch has been chosen since it is the
most widely used patch geometry with obvious advantages in terms of
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Figure 3.14: Charge of patch integrated in laminate layer 4.

cost and market availability. PIC255 has been used as piezeoelectric material. Material parameters can be found in the appendix. Figures 3.12
and 3.13 illustrate the results for the placement in laminate layer 1 while
Figures 3.14 and 3.15 illustrate the results for the placement in laminate
layer 4. Charge and strain energy of the patch have similar regions of high
performance. Differences occur because the strain energy considers shear
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Figure 3.15: Strain energy of patch integrated in laminate layer 4.

contributions while the piezoceramic material under investigation has no
shear contribution to the piezoelectric coupling. Hence, shear does not
influence the charge of the patch. However, areas of highest performance
compare very well. Contour plots do not extend to the border of the blade
geometry because the middle of the piezoceramic patch has been chosen
as reference for the plot. This means that every data point in the contour
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Figure 3.16: Generalized electromechanical coupling coefficient of patch
integrated in laminate layer 1.

plot represents the charge or strain energy of the whole patch which is
centered at that point.
Contour plots are a very practical tool to visualize the effects of different patch placement positions. In order to achieve a certain charge or
strain energy level, the placement of the patch may vary in a defined re-
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Figure 3.17: Generalized electromechanical coupling coefficient of patch
integrated in laminate layer 4.

gion. This might be of interest for the manufacturing tolerance for smart
composite parts. On the other hand, the presented method is helpful for
a multidisciplinary design process. As soon as multiple, sometimes even
contradictory demands have to be fulfilled at the same time, compromises
have to be made to achieve a performant overall solution.
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Figure 3.16 and Figure 3.17 illustrate the generalized coupling coefficients for the patch placed in the first and fourth layer. Equation 3.16
describes the dependency between strain energy and the generalized electromechanical coupling coefficient. However, the generalized electromechanical coupling coefficient can be used to calculate the damping performance of various kinds of semi-active or passive shunt networks.
Due to its efficient nature, the presented placement optimization procedure can be used to realize exhaustive search optimization and to find
the most performant patch placement solution.

3.4.4

Influence of elevated strain allowables on charge
and coupling coefficient

In [163], Bachmann and Ermanni presented a novel principle for the design, manufacturing and structural integration of piezoelectric devices with
increased strain allowables. Usual commercial transducer patches possess
strain allowables of about 0.2%. This value can be extended to more than
0.5% with the mentioned approach. Figure 3.18 and Figure 3.19 illustrate
the beneficial impact on the patch’s charge and Figure 3.20 and Figure
3.21 on the patch’s generalized coupling coefficient. A patch of size 18cm
length, 10cm width and 0.75mm thickness is integrated in the first laminate layer with an angle of -4. Allowing for higher strains, the design
space for the actuator placement is expanded. At the same time, the
patch charge can be increased from around 5 · 10−5 C to around 9 · 10−5 C
and the generalized coupling coefficient from around 1% to around 3%.
Hence, both design space and performance are increased dramatically.

3.4.5

Influence of patch transducer size on charge and
coupling coefficient

Figure 3.22 shows the results of a parameter study which increases the area
of a piezoelectric transducer stepwise and looks at the impact on strain
energy of the patch. The initial size of the patch was 18mm length, 10mm
width and 0.75mm thickness. It is then continuously extended in both
planar directions with constant thickness. The lower end of the rectangular
area remained at the position 0.0682m while the midpoint remained at
x = 0. Angle of rotation was kept to minus 4 and the integration was
studied for layer 1. First iterations of figure 3.22 denote a very steep
increase in elastic energy and reduces thereafter significantly. This can be
explained by the initial position of the patch in a region of high strain
energy density which leads to a fast increase in the diagramm. However,
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Figure 3.18: Charge of patch with 0.2% strain allowable.

as the patch size increases, more and more elements of reduced strain
energy density have to be integrated into the patch area. Hence, the
specific performance expressed by elastic energy devided by patch area
decreases. We conclude that it would be most performant to use multiple
small piezoelectric patches in the according regions of high strain intensity
instead of using a single patch of extended dimensions.

3.5 Experimental investigation and comparison to state-of-the-art
procedures
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Figure 3.19: Charge of patch with 0.5% strain allowable.

3.5

Experimental investigation and comparison to state-of-the-art procedures

A method for the optimal placement of piezoceramic patch transducers in
complex composite structures that allows for an approximative calculation
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Figure 3.20: Generalized coupling coefficient of patch with 0.2% strain
allowable.

of the generalized electromechanical coupling coefficient was proposed in
the previous sections. In this section a comparative study of our approach
together with the classic method of calculating the generalized electromechanical coupling coefficient based on the frequency shift of open circuit
and short circuit electric boundary conditions of the piezoceramic mate-

3.5 Experimental investigation and comparison to state-of-the-art
procedures
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Figure 3.21: Generalized coupling coefficient of patch with 0.5% strain
allowable.

rial is presented. A 1:5 full carbon fibre reinforced polymer blade was
manufactured with structurally integrated piezoelectric modules in order
to investigate experimentally the proposed placement procedure. Blades
were manufactured with resin transfer moulding and a two step process: A
small steel mould was used to manufacture a small full carbon fabric/epoxy
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Figure 3.22: Impact of increasing transducer size on elastic strain energy.

core which served as base structure for the fixation of the piezo actuators.
The equipped blade core was then covered with the final carbon layers on
both sides and placed in the second bigger mould for the final injection.
Figure 3.23 illustrates the core with piezo actuators and the final blade
with integrated piezoelectric module. Two different blades were tested
in a vibration test stand in order to measure the individual generalized
electromechanical coupling coefficient.
Finite element modeling was carried out in order to simulate the strain
field of the full composite blade as input data for the proposed placement
procedure in Matlab. Material data for the carbon fabric/epoxy halfplies are given in table 3.2. The symmetric and balanced laminate lay-up
consisted of 26 layers of fabric oriented alternating in 0/90 degree and ±45
degree orientation. The according layer for the piezo inclusion was cut-out
to keep the fibre volume content constant inside the blade. The blade core
consisted of 20 layers of fabric and served as the test structure for the
comparative study. A 50mm x 30mm x 0.2mm piezoelectric patch made
from PIC255 piezoelectric material was used. The placement angle was
set to -15 degrees.

3.5 Experimental investigation and comparison to state-of-the-art
procedures
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Figure 3.23: Manufactured blade core with piezo actuator and final blades
with structurally integrated piezo modules.
Name
Young’s Modulus
Young’s Modulus
Shear Modulus
Poisson’s ratio
Density
Material damping coefficient
Half-ply thickness

Symbol
Ex
Ey
Gxy
ν
ρ
ξ
t

Value
150e3
55e3
4.6e3
0.0818
1.5e-9
0.01
0.125

Unit
N
mm2
N
mm2
N
mm2

[-]
t
mm3

[-]
mm

Table 3.2: Material properties of carbon fabric/epoxy half-ply

Figure 3.24 shows an energy density plot calculated with the proposed
strain energy based method. Every data point represents the strain energy
of a piezo patch centered at the indicated position. Due to the extensions
of the patches and the placement angle of -15 degrees, the contour does
not extend to the edges of the blade core. In order to compare the strain
energy based calculation of coupling coefficients with state-of-the-art procedures, 10 test positions on the blade core were indicated on the contour
plot. The generalized electromechanical coupling coefficient was calculated according to the description in the introduction. The piezoelectric
material coupling coefficient kpiezo was set to k31 = 0.35 and k33 = 0.69,
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respectively. k31 is valid if the piezo material exhibits uniquely mechanical
stress in the planar 1 direction while k33 holds true if the piezo material
exhibits uniquely mechanical stress in the polarization (thickness) direction. Both definitions do not fully correspond to real structures but can
be a viable approximation. In addition to the strain energy based calculation procedure, 10 different finite element models were generated with
structurally integrated piezo modules at the 10 positions indicated in figure 3.24. Coupling coefficients were calculated based on the first bending
mode frequency shift caused by open circuit and closed circuit electrical
boundary conditions of the piezoceramic material. This is the standard
procedure to date. Calculations with the standard procedure took around
30 minutes preparation and calculation time per position on a standard
workstation while one strain energy based position assessment took less
than one second. Blades with integrated piezo modules were manufactured for position 2 and 10 as they represent a rule of thumb placement
(position 2) and the most performant solution found with the strain energy based placement procedure (position 10). Figure 3.25 illustrates the 2
manufactured placement variants which are labeled as piezo low and piezo
high, respectively.
Figure 3.26 summarizes the generalized electromechanical coupling coefficients for the 10 test positions indicated in figure 3.24 determined numerically and experimentally as described above. The 10 test positions
were defined using the energy density plot of figure 3.24 assuring an ascending order of efficiency. The red triangular data points illustrate the
coupling coefficients determined with the strain energy based procedure.
The lower bound is generated with the planar piezoelectric material coupling coefficient k31 = 0.35 while the upper bound was calculated with
k33 = 0.69. The blue diamond points represent the results obtained
with the state-of-the-art technique based on the frequency shift calculation caused by the stiffness change of the piezoelectric material due to
open circuit and short circuit electrical boundary conditions. Experimental results for position 2 and 10 are shown by the black asterisks. For
all procedures, an efficiency increase from position 1 to position 10 can
be seen. Classic frequency based results fall within the upper and lower
bound of the results obtained with the strain energy based results. Results
are much closer to the strain based approach calculated with the piezoelectric material coupling coefficient k31 . The assumption of stress uniquely in
the planar 1 direction is more realistic than the assumtion of mechanical
stresses uniquely in thickness direction of the piezoceramic. In addition it
can be stated that the assumption of mechanical stresses uniquely in 1 direction cause too small coupling values. Stresses in the 1 direction caused
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Figure 3.24: Strain energy density plot for piezo patch placement on the
blade core together with 10 test positions.

by the bending loading are dominant but secondary stresses in the planar
2 direction and small stresses in the thickness direction also contribute to
the energy conversion process and therefore to the coupling. The two experimentally determined coupling coefficients are 5.1% for position 2 and
6.86% for position 10 which means that the optimized position in the upper right part of the blade core is 34.5% better than the rule of thumb
placement at the clamping (position 2). Absolute values of the experimentally determined coupling factors are lower than the calculated ones.
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Figure 3.25: Manufactured blade cores with illustrated piezo low and piezo
high position.

This difference is interpreted as a load introduction effect between composite structure and the piezoceramic material. The used piezoceramic
modules consist of piezoceramic plates sandwiched between 2 polyimide
foils, electrodes and multiple bonding layers between the different layers.
Hence, the mechanical load is transferred through multiple layers before
they actually reach the ceramic material.

3.6

Conclusions

This chapter proposes a procedure for the optimum placement of piezoelectric patch transducers in complex composite structures based on a
strain energy approach. A detailed finite element model of a turbomachine composite blade was elaborated and validated with published data
of a similar structure. Realistic boundary conditions were applied to the
model in order to obtain realistic modal strain data as input for the optimization procedure. A novel optimization method based on modal strains
was used to calculate both electric charge and generalized electromechanical coupling coefficient of piezoelectric patch transducers. Assessments
are accomplished in less than a second and allow for parametric placement
studies and even exhaustive search methods. Contour plots were used to
illustrate the impact of patch placement on the electric charge and the
coupling coefficient. Potential placement tolerances for the placement in
regions of comparable quality could be derived. Different integration layers were considered as well as different sizes of the patch. It was found
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Figure 3.26: Comparison of calculated and measured generalized electromechanical coupling coefficients for different procedures.

that a linear increase in patch size leads to a non-linear increase in performance. After a steep initial increase of performance, less performant
regions have to be included in the patch area which reduces specific performance thereafter. For a given total patch area, numerous small patches
outperform a single big patch. Increased strain allowables of piezoelectric
patch transducers led to an extended design space and great increase in
electric charge and coupling coefficients. The proposed procedure was compared to the state-of-the-art approach for the determination of generalized
electromechanical coupling coefficients and experimental results for 2 full
carbon fabric/epoxy blades. It was found that both approaches represent
the same ascending trend for 10 test placement positions inside the composite blade. The smaller piezoelectric material coupling coefficient k31
within the strain energy-based procedure to obtain conservative results
for the calculated coupling coefficients. The proposed procedure allows
for finding the most performant placement solution in the design space
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but is of approximative nature. The calculated coupling coefficients are
smaller than the ones obtained with the classic frequency-based approach.
Experimental findings show that the blade with optimized piezo position
has a 34.5% higher generalized electromechanical coupling coefficient than
the blade with piezo placement by rules of thumb close to the clamping of
the blade. Absolute experimental values are lower than calculated ones.
This difference is probably caused by load transfer problems due to the
packaging of the piezoceramic material inside the blade.

Chapter 4

Encapsulation procedure
for prestrained
piezoceramic patch
transducers: Basic design
idea, modeling and
experimental
investigation
The work presented in this chapter can be found with minor modifications
in the scientific literature as:

F. Bachmann, A. J. Brunner, A. Bergamini and P. Ermanni. Encapsulation procedure for prestrained piezoceramic patch transducers Part
A: Basic design idea, modeling and experimental investigation. Smart
Materials and Structures, to be submitted, 2012. The sections about
acoustic emission methods, results and data evaluation were contributed
by Andreas Brunner.
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This chapter presents a method for the manufacturing of piezoceramic
patch transducers with increased strain allowables, suitable for structural
integration into highly loaded carbon fibre reinforced plastic structures.
Elastic properties of an insulating polyimide foil are used to compress a
ceramic material during the manufacturing process. This effect is investigated using analytical und numeric modeling in order to investigate the
main parameters influencing the performance and to calculate achievable
prestrain levels. Piezoceramic modules were manufactured with different
prestrain levels. Digital imaging showed delaminations in the edge regions
of the modules. Tensiles testing of piezoceramic modules and simultaneous
acoustic emission monitoring revealed that delamination areas can lead to
an early crack onset compared to non prestrained samples. Further intensive experimental investigations on substitute glass material specimens
were conducted. Experiments reveal the beneficial impact of prestrain on
the flexural strength of the specimens tested in 3-point bending tests. Prestrain increases mechanical strength and reduces strength variation simultaneously. Experimental findings are in very good agreement with finite
element modeling results. The findings are further investigated in the next
chapter of this thesis.

4.1

Introduction

In the past two decades, the application of lightweight composite structures has stadily increased becoming nowadays a mature and reliable alternative to metallic structures. Lighter structures contribute to the reduction of greenhouse gas emissions and cost reductions in all sectors of
transportation industry which is a main driver for their research and application. However, lighter design makes structures prone to vibration
problems that eventually lead to comfort, noise, fatigue and safety (flutter) problems. Vibration behaviour can be improved by piezoelectric shunt
damping systems. These systems consist of piezoelectric transducers and
an associated electrical circuit in which the electrical energy is dissipated
to Joule heating. This approach was first presented by Hagood et al.
[26]. Recently, novel switching shunt circuit architectures were investigated that are more robust and performant than the resonant shunt design
[170, 129, 100, 171, 28]. Typically, piezoelectric shunt damping is investigated on simple engineering structures such as rods, beams and plates
[123, 130, 131]. Commercial piezoelectric transducers for passive vibration
damping are designed for external bonding application. Bulky connectors or brittle solder joints are the default interfaces for the connection
of associated electronics [132, 133]. Strain allowables of these actuators
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range up to 0.3% [132, 133, 134]. Both aspects limit their use in highly
loaded CFRP structures. Embedding of piezoelectric transducers is a very
important issue for aerodynamic structures since surface bonding reduces
the smootheness of the surface with inherent negative effects on the flow
quality and simultaneously exposes transducers to environmental effects
such as weathering and impact. Hence, a complete structural integration
is key to fulfill aerodynamic design requirements. In the case of an electrically conducting CFRP environment, the insulation of the piezoelctric
patch becomes very important for the safe operation of the damping device
inside the laminate. In order to minimize the deterioration of the mechanical properties of the laminate, a flat design of the actuator is aspired. Our
contribution focuses on the development of piezoelectric patch transducers
featuring elevated strain allowables and improved structural integration in
CFRP structures. In the next section, the basic design of the patch transducers is presented together with the proposed method to prestrain the
polyimide foil. Manufacturing devices and the laboratory procedure are
described thereafter. Analytical models and finite element modeling of
the prestraining effect are presented. Experimental investigations of the
prestrained actuators include 3 point bending tests accomplished in accordance with the ASTM norm for testing of ceramic [172]. For this purpose,
samples made from glass with mechanical properties comparable to piezoceramic material were tested until failure. Results are evaluated assuming
a Weibull distribution and compared with analytical and numerical simulations.

4.2
4.2.1

Basic Design
Actuator Arrangement

The proposed transducer design consists of a piezoceramic material PIC255
(Dyneos, Switzerland). It is a PbZrTi-based monolithic sheet of dimension
50mm times 30mm and a thickness of 200µm. These sheets are sputtered
on both sides with a thin electrically conducting layer of copper and silver. Different metals for sputtering are used to indicate polarization of
the material which is also carried out by the supplier. A layer of copper
foil (20µm) is glued to the top and bottom of the piezoceramic material
using an electrically conducting silver epoxy (Silver Conductive Epoxy,
MG Chemicals, USA). The foil serves as electrical contact on the surface
of the piezoceramic and as electrical connection to associated electronics.
Alternate contacting methods were investigated earlier and can be found
in [173, 163]. Contacted piezoceramic material is then sandwiched with
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liquid epoxy resin (R&G Epoxydharz Typ L and hardener EPH-161, Suter
Kunststoffe AG, Switzerland) between two polyimide foils (Upilex 25 RN,
UBE Industries Ltd., Japan) and then cured. Figure 4.1 illustrates the
basic transducer design.

Figure 4.1: Basic transducer design.

4.2.2

Prestressing Mechanism

By nature, piezoceramic material is very brittle and therefore sensitive to
mechanical tension and shear loading. Piezoceramic material itself reaches
strain allowables of 0.1%, while commercially packaged piezoceramic transducers gain up to 0.3% strain allowable [174]. Intending to extend the
strain allowable above the mentioned limits, several ways to introduce a
compression prestrain in the piezoceramic material were investigated. In
principle, 3 methods are imaginable. The prestrain could be introduced
by using the piezoelectric effect itself. An electric field applied to the terminals of the ceramic material contracts the material while it is fixated
with epoxy resin between the polyimide foils. Drawback of this apporach
is the very limited contraction that can be generated with the electrical
field (approx. 0.05% [175]). Another approach is to take advantage of
the different thermal expansion coefficients of polyimide and piezoceramic
[176]. When the piezo package is cured at elevated temperatures and then
cooled down to room temperature, the polyimide foil experiences a more
pronounced contraction thus inducing a compressive stress in the ceramic.
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The disadvantage of this approach lies in the two-dimensional nature of the
prestraining (thermal expansion is approximately equibiaxial) and in the
limitation in process temperatures restricted by resin system, piezoceramic
and polyimide. The approach proposed here is to exploit the remarkably
high Young’s Modulus and yield strength of polyimide to introducea constant prestrain level in the ceramic sheet. The polyimide foil is glued to
the contacted piezoceramic material with epoxy resin. Once the package
is cured and taken out of the manufacturing device, the tension load of
the foil will contract the ceramic material.

4.2.3

Prestraining Device and Lab Procedure

Figure 4.2: Mechanical prestraining procedure.
A divided frame constructionis implemented using the idea of mechanical foil prestraining. It consists of two frames made from aluminium. Each
of them holds two steel rolls that serve as fixation for the polyimide foil.
For both frames, one roll can be fixed with a catch while the movements of
the second one can be precisely adjusted with a worm gear. The worm gear
is self-locking and allows for very precise (approximately 0.25%) adjustments of the foil prestrain. Figure 4.2 shows the mechanical prestraining
procedure. In a first step (1), the top and bottom polyimide foils are put
on steel rolls and loaded up the their elastic limit (typically 5% for Upilex
RN). The piezoceramic with electrodes is then sandwiched between the
foils and glued with epoxy resin (2). The package is cured for 24 hours at
room temperature end then released from the device (3). A prestrained
transducer is obtained after cut out to net shape (4). The frames remain
well aligned during the manufacturing procedure thanks to three pins connecting the two parts. Unwanted air bubbles in the resin can be removed
manually and excessive resin can flow out on both open edges of the foil
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which restricts porosities to a minimum. Weights are placed on top of
the package, assuring a minimum thickness of the package with inherent
advantages for structural integration. Figure 4.3 shows the prestraining
device loaded with two foils.

Figure 4.3:
foil.

4.3
4.3.1

Prestraining device loaded with top and bottom polyimide

Experimental
Specimen Manufacturing

Piezoceramic patch transducers were manufactured according to the procedure described in section 4.2.3. A piezoelectric material (PIC255) purchased from Dyneos Switzerland is used in dimensions 50mm times 30mm
and a thickness of 0.2mm. Four different types of samples were prepared
and 2 specimens of each type (Table 4.1). Two samples just consisted of
the pure ceramic plate without any packaging (P1 and P2), 2 transducers
are packaged in thin (25µm) foil without any prestrain (P3 and P4), two
samples are packaged in thin foil prestrained at 5% (P5 and P6) and two
samples were made with thick (75µm) foil at 5% prestrain (P7 and P8).
All samples were cured at room temperature over night and then released
from the manufacturing frame and cut to net shape. A high strength 2
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Figure 4.4: Technical drawing of flat tensile shoulder spcimen.
component epoxy (Araldite 420 A/B) was used to glue the samples on
a flat shoulder tensile test specimen displayed in Figure 4.4 . The middle part of the specimens was sandblasted to assure good bonding quality
between piezoelectric actuator and flat specimen. Tensile test specimens
were laser cut from aluminium sheet metal (AlMg4.5Mn0.7).
Type of
specimen
Ceramic only
Packaged
ceramic, thin foil,
no prestrain
Packaged
ceramic, thin foil,
5% prestrain
Packaged
ceramic, thick foil,
5% prestrain

Polyimide
foil thickness
-

Epoxy layer
thickness
-

Polyimide
foil prestrain
-

25µm

83µm

-

25µm

83µm

5%

75µm

35µm

5%

Table 4.1: Ceramic specimens for tensile tests.
Figure 4.5 illustrates the 8 flat specimens with bonded piezoelectric
transducers. All actuators were applied centrically on the specimen. The
prestrained transducers no. 5 to 8 show delaminations in the edge regions
of the modules.
3-point bending test specimens are manufactured using a commonly
available Herasil quartz glass. Herasil 102 quartz glass samples in dimensions 22mm times 22mm and a thickness of 145µm are used as substitute
of the ceramic wafer. The quartz glass possesses a Young’s modulus of
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Figure 4.5: Flat tensile shoulder test specimens with bonded piezoelectric
transducers. Prestrained samples no. 5 to 8 show delaminations in the
module’s edge region.
N
Both piezoceramic and
70000 mm
2 and a poisson’s ratio of ν = 0.17.
quartz glass are known as brittle failure materials. The polyimide foil and
N
the cured epoxy resin exhibit a Young’s modulus of 3000 mm
2 . Glass wafers
are embedded in fluid epoxy resin and sandwiched between the prestrained
polyimide foils. Figure 4.6 illustrates the manufacturing process. 20 glass
wafers were positioned in the prestraining device for every curing cycle.
Curing was realized at 80◦ C for 4 hours in a Heraeus oven.
The specimens consist of 5 layers: foil, epoxy, glass, epoxy and foil. In
total, 5 different types of samples were produced and are summarized in
Table 4.2.

4.3.2

Mechanical Characterisation

4.3.2.1

Tensile Testing

A Zwick universal testing maschine (Zwick Model 1474, 100kN load cell)
was used to test the flat tensile specimens with applied actuators up to
the elastic limit of the used aluminium alloy. Testing was accomplished at
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Type of
specimen
Glass only
Packaged
glass, thin foil,
no prestrain
Packaged
glass, thick foil,
no prestrain
Packaged
glass, thin foil,
5% prestrain
Packaged
glass, thick foil,
5% prestrain
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Polyimide
foil thickness
-

Epoxy layer
thickness
-

Polyimide
foil prestrain
-

25µm

83µm

-

75µm

35µm

-

25µm

83µm

5%

75µm

35µm

5%

Table 4.2: Glass specimens for 3-point bending tests.

Figure 4.6: Manufacturing of glass wafer substitute transducers.

mm
a speed of 0.3 min
up to a load of 22 kN. Testing time, testing force and
strain (extensometer) were captured continuously and saved to a database.
Load and crosshead displacement of the test machine were also recorded
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synchronously with the acoustic emission (AE) data for correlation of results.
4.3.2.2

Acoustic Emission Monitoring

Figure 4.7: Flat tensile shoulder test specimens with bonded piezoelectric
transducers and clamped acoustic emission sensors in the universal Zwick
testing machine.
AE monitoring of the tensile tests was performed with commercial AE
equipment (type AMSY-5 from Vallen Systeme GmbH) using six sensors.
Four, and for a few tests three 150 kHz resonant sensors (type SE-150M
from Dunegan Engineering Corp.) were mounted with metal springs close
to the upper and lower clamp of the test machine, respectively. Two additional 150 kHz resonant guard sensors were mounted with magnetic sensor
holders on the upper and lower clamp of the test machine (Figure 4.7).
Silicone free vacuum grease was used as couplant. The gain of the preamplifiers (type AEP3 from Vallen Systeme) was set to 34 dB and frequency
filtering between 30 and 1000 kHz was applied, with additional digital fre-
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quency filtering between 25 and 850 kHz in the data acquisition channels.
The rearm time was 1 ms and the detection threshold was set to 46dBAE .
The AE signal parameter set (arrival time, rise time, duration, counts,
maximum amplitude and true energy) was recorded with a sampling rate
of 10 MHz.

4.3.2.3

3-point Bending Test

Tensile tests of bonded piezos do notend up in a clear separation of the
tested samples. Hence, 3-point bending tests running until complete
sample fracture and separation are accomplsihed. The test set-up and
evaluation approach are designed according to [172]. This standard gives
guidelines for testing the flexural strength of ceramics with rectangular
cross sections at ambient temperature. Figure 4.8 illustrates the working
principle of the 3-point bending tests. The sample is supported by two
steel rods and loaded from top by a centric steel rod. Loading is increased
continuously until failure of the sample. All tests are performed on a Zwick
Z005 universal testing machine equipped with a 100N load cell. Tests were
performed with a constant cross head displacement rate of 1mm
min . Failure
of the samples could be clearly detected by a sudden force drop of more
than 30%, fracture noise and visual inspection of the samples.

Figure 4.8: 3-point bending set-up at start of test and at failure of sample.
More than 15 samples of each type of manufactured specimen were
tested in order to obtain statistically supported results. All samples were
tested until failure and the according maximal displacement umax at the
loading rod was determined. In order to characterize the strength variation
among the samples, a Weibull distribution was assumed as suggested in
[177, 178] to assess the experiments. The Weibull distribution can be
described with the following probability function:
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F (σc ) = 1 − e

h  m i
σc
− σ
0

(4.1)

Herein, F (σc ) describes the failure probability F for a given stress level
σc . σ0 and m are characteristic parameters for the Weibull distribution
and are determined experimentally. σ0 is the stress at which 63.2% of
all samples fail whereas m is a measure for the statistical spread of the
measured samples. The bigger the value of m is, the smaller is the scatter
of the measured sample strength (little variation).
Laminated linear beam theory was used to calculate the failure stress
from the measured maximum displacements umax at break. The bending
moment in the middle of the samples is given by Equation 4.2:
MB =

12umax Exl Iy
l2

(4.2)

MB is the bending moment, umax the displacement in the middle of
the beam, Exl the young’s modulus of the whole laminate, Iy the moment
of inertia of the whole laminate (second moment of area) and l the distance
between the 2 support rods. umax and l are determined experimentally.
Iy can be calculated as:
Z
Iy = b

z 2 dz

(4.3)

In Equation 4.3, b is the width of the beam and z the coordinate pointing in thickness direction. The laminate homogenized Young’s modulus
can be calculated as:
Exl =


b k=N k 3
Σk=1 Ex zk−1 − zk3
3Iy

(4.4)

Herein, Exk is the young’s modulus of the individual laminate layer and
zk the according layer distance from the neutral axis of the beam. The
stress in the glass layer at failure can then be found with Equation 4.5:
σxk =

MB z
 k

Iy

Ex
l
Ex

(4.5)

For obtaining the maximum bending stress at the outer edge of the
glass layer, z is chosen accordingly.

4.4 Modeling

4.4
4.4.1
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Modeling
Analytical 1-Dimensional Model

As a simple1-dimensional spring model for the calculation of prestrain
effect in the piezoceramic material is illustrated in Figure 4.9. In the
initial state, 2 springs of different stiffness represent the foil stiffness and
the stiffness of the compound of piezo and electrode. The foil is loaded up
to its elastic limit and then connected to the unloaded piezo spring. As a
result, the piezo spring is compressed while the initial tension load of the
foil spring is reduced. The system is then stable and in equilibrium.
In equilibrium, the spring forces acting on foil and piezo are equal:
Fpiezo = Ff oil

(4.6)

Taking stiffness kpiezo and displacement xpiezo , xf oil into consideration,
Equation 4.6 can be expressed as:
− kpiezo · (xpiezo ) = kf oil · (xf oil + xpiezo )

(4.7)

In Equation 4.7, the piezoelectric displacement xpiezo is negative (compression), while the term (xf oil + xpiezo ) is positive. If we divide Equation
4.7 by the inital reference length, we obtain:
− kpiezo · (piezo ) = kf oil · (f oil + piezo )

(4.8)

When we solve Equation 4.8 for piezo , we get:
f oil

piezo = 
k
−1 − kpiezo
f oil

(4.9)

From this equation, we see that the achievable prestrain in the piezoceramic material depends on the stiffness ratio of piezo and foil and on the
initial strain of the foil. Ideally, thick foil with a high elastic limit and high
Young’s modulus will provide high prestrain. However, for structural integration thin piezoelectric transducers are needed, limiting the maximum
foil thickness to 150µm. Figure 4.9 presents the graphical representation
of the 1-Dimensional model.

4.4.2

3-Dimensional Finite Element Modeling

In addition to the simple 1-dimensional spring model, a more accurate
3-dimensional finite element model was used for the prestrain calculation. This model is considering 3-dimensional effects caused by material
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(a) 1-Dimensional
analytical
spring model for prestrain calculation.

(b) Graphical illustration of 1-Dimensional
spring model for prestrain calculation.

Figure 4.9: 1-Dimensional analytical spring model for prestrain calculation
and according graphical illustration.

Figure 4.10: Illustration of the 3D ANSYS mesh of the piezoelectric transducer and detailed layerwise close-up.

anisotropy, geometric boundary conditions and thickness effects. SOLID5
elements are used to model the piezoceramic material while SOLID185
elements are used to model copper foil and polyimide foil. Both are 8
node solid elements which allows for stacked modeling of the differerent
transducer layers in thickness direction. The ANSYS script is realized
parametrically allowing for simple variation studies. Hence, the effect of
different foil thicknesses on achievable prestrain can be calculated. Figure
4.10 shows the regular 3D mesh and a close-up of the layerwise mesh. Different colors illustrate piezoceramic material, copper electrode and polyimide foil. A comparably fine mesh in thickness direction is used in order to

4.5 Results and Discussion

75

assure proper resolution of mechanical thickness effects (load introduction
from foil to the ceramic). Mesh resolution in length and width direction
was restricted to an essential minimum for reasons of computational cost.

4.5
4.5.1

Results and Discussion
Modeling

Analytical calculations with a simple 1-DOF spring model were accomplished to calculate the prestrain in the piezoeceramic material dependently of foil type, thickness and tension prestrain of the foil. Table 4.3
summarizes the considered materials and the respective material properties. A selection of design variants was also investigated experimentally. Each calculation was realized for a piezoelectric transducer of 50mm
length, 30mm width and a constant layer and total thickness. It was
found that the prestrain in the piezoceramic material changes depending
on the chosen configuration. Smallest compression prestrain of −0.0553%
was found for a configuration using a Upilex RN in a nominal thickness
of 25µm. The highest compression prestrain of −0.585% was obtained
when a Upilex S in a nominal thickness of 125µm was used. All other
configurations fall in between these extremal values. Copper foil (20µm)
and piezoceramic material (200µm) thickness were kept constant for the
calculations.
Material

Specification

Thickness

piezoceramic
copper foil
polyimide
polyimide
polyimide
polyimide
polyimide
polyimide
polyimide
polyimide

PIC255
Cu ETP
Kapton
Upilex RN25
Upilex RN50
Upilex RN75
Upilex RN125
Upilex S25
Upilex S75
Upilex S125

200µm
20µm
25µm
25µm
50µm
75µm
125µm
25µm
75µm
125µm

Approx.
Young’s
modulus
62900MPa
125000MPa
2500MPa
3900MPa
3500MPa
3700MPa
3700MPa
9300MPa
6900MPa
9300MPa

Table 4.3: Material data used for analytical prestrain calculation.
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Taking material anisotropy, thickness effects and geometric boundary
conditions into account, the 3D finite element simulation gave very similar
results. The thin foil (25µm) of Upilex RN caused a prestrain of -0.0553%
while the thickest (125µm) Upilex S foil generated a prestrain of -0.585%.
Hence, 1-dimensional analytical calculations, 1-dimensional graphical solution and 3-dimensional finite element modeling are in very good agreement
for the prediction of the reachable prestrain in the piezoceramic material.
Table 4.4 summarizes the strain in the piezoceramic material calculated
with analytical and finite element modeling.
Polyimide

Thickness

Upilex RN
Upilex S

25µm
125µm

1-DOF
Model
prestrain
-0.0553%
-0.5850%

3D FE
Model
prestrain
-0.0553%
-0.5840%

Diff.

0.00%
0.17%

Table 4.4: Comparison of analytical and finite element modeling results.
In a similar manner to the modeling of the piezoelectric modules, the
achievable prestrain in the substitute material transducers were modeled
taking geometry and material differences into account. Table 4.5 gives an
overview over the modeling results. Analytical and finite element modeling
are in excellent agreement.

Type
of
transducer
Thin foil
5% foil
tension
prestrain
Thick foil
5% foil
tension
prestrain

Analytical Modeling
Glass
Glass
equivalent
prestrength
strain
increase
N
[-]
[ mm
2]
0.06950%
48.620

FE Modeling
Glass
Glass
equivalent
prestrength
strain
increase
N
[-]
[ mm
2]
0.06954%
48.678

Diff.
[-]
0.12%

0.20810%

0.20820%

0.03%

145.700

145.740

Table 4.5: Analytical and finite element modeling results of glass prestrain.
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The simulation of 3-point bending tests showd highest stress values in
the middle of the patch (highest bending moment) at the lower bound of
the glass layer. Simulations of 25µm prestrained polyimide foil samples
revealed a negative (compression) stress of -395 MPa at the upper end
of the actuator and a positive (tension) stress of +298 MPa at the lower
bound of the glass layer. The 75µm polyimide foil prestrained transducers
exhibit a negative (compression) stress of -601 MPa at the upper bound
of the glass layer and a positive (tension) stress of +312 MPa at the lower
bound of the glass layer. Packaged glass samples without prestrain failed
at stresses of 295 MPa (thin foil) and 300 MPa (thick foil).

4.5.2

Experimental

4.5.2.1

Digital Imaging of Prestrained Piezoelectric Transducers

Digital images of the piezoelectric transducers were captured directly after
realease of the modules from the prestraining frame. From the digital images as displayed in Figure 4.5 and Figure 4.11, areas of delaminations in
the edge part of the piezo transducers can be seen. This effect only occurs
for prestrained foils (samples 5-8). It is far more pronounced for the thick
foil samples (no. 7 and 8) and can hardly be seen for the thin foil samples
(no. 5 and 6). Large areas of the thick foil samples remain without compression prestrain in the delaminated regions with obvious disadvantages
with regard to brittle ceramic failure during mechanical loading.

Figure 4.11: Delamination areas of samples with thick foil and 5% foil
tension prestrain.
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4.5.2.2

Microscopy of Prestrained Piezoelectric Transducers after Tensile Testing

Microscopy images of all tested samples were made after the tensile testing. The covering polyimide foil had to be removed prior to microscopy
because it caused strong reflections. No fractures were visible in the sample P1. It was found that the bonding layer between piezo and the flat
tensile specimen remained viscous even after curing which could be an indication for unsufficient mixing of resin and hardener in the glue gun. P1
was the first sample bonded to the flat specimens which substantiates the
assumption. The insufficient quality of the bonding layer also affected the
acoustic emission (see below for details). All other samples had a good
bonding quality. Specimens P2-P4 and P6 suffered only cracks that were
aligned transverse to the load direction. P5 showed mainly transverse
cracks but also some cracks in longitudinal direction. Samples P7 and P8
(thick foil with 5% foil tension prestrain) suffered only short cracks in the
longitudinal direction. It is peculiar that longitudinal cracks occur in the
regions of delaminations of the prestraining polyimide foil.

Figure 4.12: Sample 3 with transverse cracks (red) and microscopy of
solitary fracture(20 times image magnification).
Figure 4.12 shows a microscopy image of the specimen P3 packaged in
thin polyimide foil without prestrain after testing up to 22kN (Yield limit
of the used aluminium alloy). It is obvious that fractures in transverse
direction (marked in red) are visible. A close up microscopy (20 times
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magnification) of a fracture in the lower left part of the ceramic further
illustrates the complete separation in the piezoceramic material. Other
samples showed an even higher number of transverse fractures.

Figure 4.13: Sample 7 with transverse cracks (red) and microscopy of
solitary fracture(5 times image magnification).
Figure 4.13 shows a microscopy image of sample P7 that was packaged
with thick foil at 5% tension prestrain and a microscopy close-up (5 times
magnification). The middle part of the sample remains unharmed whereas
the edges suffered cracks in the longitudinal direction. It can be stated that
in contrast to the unprestrained samples, the total crack length and number of cracks is reduced significantly. Additionally, the crack propagation
has changed from transverse to longitudinal. A possible interpretation
can be the particular stress state in the edge regions of the prestrained
piezo caused by the delaminations. It can be further hypothesized that
the unprestrained delaminated zones abet cracking.
4.5.2.3

Acoustic Emission Monitoring

AE analysis is performed by looking at correlations between AE activity
(number of AE signals per unit time or cumulative number of AE signals
recorded) and AE intensity (magnitude of AE signals) with applied loads
or displacements. The results are then compared for the different types of
design of the piezoceramic transducers and the visually observed damage
after the tensile test.
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Figure 4.14: Sample P0, pure aluminium specimen without transdcuer.

Figure 4.15: Sample P1, piezoceramic without encapsulation.

The AE activity in terms of average AE signals per channel yields
the highest number (495) for one transducer without encapsulation. The
second specimen of the same design, however, yielded very low AE activity,
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Figure 4.16: Sample P2, piezoceramic without encapsulation.

Figure 4.17: Sample P3, transducer encapsulated in thin foil, no prestrain.

comparable to that of the pure aluminium (20-30). The second highest
AE activity (250-300) was observed for the thin foil encapsulation with
5% (nominal) prestrain. Thin foil encapsulation without prestress and
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Figure 4.18:
strain.

Sample P5, transducer encapsulated in thin foil, 5% pre-

thick foil encapsulation with 5% (nominal) prestress yielded intermediate
numbers (between 30 and 110). For the pure aluminium specimen without
transducer, the AE activity mainly increased during the early stages of
tensile loading, while for all other specimens, the AE activity increased
with increasing load.
If AE maximum signal amplitude is taken as a measure of AE intensity,
the pure aluminium specimen without transducer yielded the lowest values (66dBAE or less), while all others yielded significantly higher values.
The transducers with thick foil encapsulation and 5% (nominal) prestress
yielded AE maximum signal amplitudes between 90 and 95dBAE , and all
others values up to saturation (100dBAE ). These first results do indicate
differences in the damage behaviour of the different encapsulation designs,
but do not directly correlate with the applied tensile load.
In a next step, the AE signal energy rate, i.e., the AE signal energy per
unit time (1 second) was analysed. Figure ?? shows an example for each
type of design including the pure aluminium without transducer. For the
comparison, results of two sensors are shown.
Figures 4.14 to 4.19 illustrate plots of the energy rate (energy per second) of recorded AE signals during tensile tests on the different encapsulation designs for transducers, Figure 4.14 pure aluminium tensile specimen
without transducer, Figure 4.15 transducer without encapsulation and pre-
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Sample P8, transducer encapsulated in thick foil, 5% pre-

sumably insufficient adhesive bond, Figure 4.16 the same with sufficient
adhesive bond, Figure 4.17 thin foil encapsulation without prestress, 4.18
thin foil encapsulation with 5% nominal prestrain, Figure 4.19 thick foil
encapsulation with 5% nominal prestrain.
For pure aluminium without transducer, the energy rate is below 104
energy units (1e.u. = 10−14 V 2 s) throughout the test. All other specimens,
except P1 which shows values below 104 energy units yield energy rates of
at least 107 energy units per second. In the case of P1, visual inspection
after testing did not indicate any damage (cracking) in the transducer.
As discussed above, later inspection showed that the adhesive bonding
between aluminium and transducer was of insufficient quality to transfer
the tensile loads.
It is difficult to identify the source mechanisms of the AE signals that
have been recorded. If energy rates around 106 energy units or higher are
interpreted as signs of crack formation in the piezoceramic material or of
debonding between transducer and aluminium specimen, the load at which
onset of damage occurs can be identified. If the arbitrary energy rate limit
is chosen higher (e.g., 107 energy units per second) or lower (e.g., 105 energy units per second), this translates into higher and lower damage onset
loads, respectively. The average relative ranking of the different designs,
however, is hardly changed (Table 4.6). Thin foil encapsulation does seem
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Specimen
label

P0 pure
aluminum
P1 transducer
without
encapsulation
P2 transducer
without
encapsulation
P3 thin foil
0% prestrain
P4 thin foil
0% prestrain
P5 thin foil
5% prestrain
P6 thin foil
5% prestrain
P7 thick foil
5% prestrain
P8 thick foil
5% prestrain

Load
[kN]
for
≥ 105
energy
units
per
second
-

Load
[kN]
for
≥ 106
energy
units
per
second
-

Load
[kN]
for
≥ 107
energy
units
per
second
-

-

-

-

7.5

10.5

14.5

12

12

16.5

15

15

15

9.5

14

18.2

17.5

17.5

17.5

7

9.7

-

5

7.7

11

Remarks

Questionable
stress
transfer
transverse
cracks
transverse
cracks
transverse
cracks
transverse
cracks
transverse
cracks
longitudinal
cracks
near edges
longitudinal
cracks
near edges

Table 4.6: Tensile loads at which energy rates per second exceed 105 , 106
and 107 energy units per second, respectively for the first time.

to improve damage resistance of the transducers to some extent. Even
though the statistical base for that is small, prestressing the foil by nominally 5% before encapsulating the transducer does tend to yield slightly
higher onset loads than without prestressing. Thick foil encapsulation with
5% nominal prestress does yield the lowest onset loads, even lower than
those for transducers without encapsulation.
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Figure 4.20: Linear location of AE signal sources for sample P7, transducer
encapsulated in thick foil, 5% prestrain.

Figure 4.21: Linear location of AE signal sources for sample P8, transducer
encapsulated in thick foil, 5% prestrain.

86

Encapsulation Procedure: Basic Design, Modeling and Experiments

It is interesting to note the change in damage pattern going from thin
foil to thick foil encapsulation. While all thin foils yield mainly transverse
cracks (normal to the applied tensile load), the thick foil specimens only
yield relatively short longitudinal cracks, mainly near the top and bottom
edge of the transducer. The areas with the longitudinal cracks coincide
with the delaminations between transducer and polyimide foil that were
visually observed after manufacture. It is hence speculated that the thick
foil yielded a specific stress distribution that prevented the formation of
transverse cracks, but simultaneously led to the formation of longitudinal
cracks in the delaminated areas. The acoustic emission clearly indicates
that the onset loads for formation of longitudinal cracks in this case are
lower than for crack formation (however transversely oriented) in transducers without encapsulation. It is, therefore, feasible that thick foil encapsulation is effective in eliminating crack formation up to strains close
to the yield strain of the aluminium, if delamination of the foil during
manufacture of the encapsulation can be prevented.
The sensor array with sensors above and below the transducer, in principle allows for linear location of AE signal sources based on arrival time
differences of the AE signals at the sensors. The linear AE signal source
locations for most tensile specimens yield clusters in the area of the transducer, but resolution of the linear location proved to be insufficient for
resolving the positions of the observed cracks in the transducers. The
estimated location uncertainty is around 2-3 cm. In the case of the transducers with thick encapsulation and 5% prestress, however, the AE signal
source location yielded two distinctly separate clusters (Figure 4.20 and
Figure 4.21) which, within the estimated uncertainty of 1-2 centimeters,
are the areas near the top and bottom edge of the transducer. This is
consistent with the visually observed areas with the foil delamination and
the longitudinal cracks after manufacture and testing, respectively.
Figure 4.22 shows the average cumulative energy for channels 1 and 2
(150 kHz resonant sensors) for the tensile specimens with transducers as
a function of visually observed crack length (from microscopy). The data
do show a roughly linear correlation between cumulative energy and crack
length. This is consistent with the assumption that relatively brittle crack
formation dominates the energy of the recorded AE signals. It is obvious
that thin foil encapsulation does yield significantly more cracks than specimens with thick foil or without encapsulation. It can be hypothesized
that the later onset of damage in the thin foil encapsulated specimens (as
indicated by the data in Table 4.6) results in larger stress relaxation and
hence more damage, i.e., more cracks.
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not encapsulated

thin foil 0%

thin foil 5%

thick foil 5%

Average cumulative energy [e.u.]

1.2E+09
1.0E+09
8.0E+08
6.0E+08
4.0E+08
2.0E+08
0.0E+00
0
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100
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200

250

300

350
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450

Observed crack length [mm]

Average cumulative energy [e.u.]

Figure 4.22: Average
energy
not cumulative
encapsulated thin
foil 0%per
thintensile
foil 5% specimen
thick foil 5% (channels 1
and 1.2E+09
2) versus visually observed crack length.
1.0E+09
8.0E+08

4.5.2.4

3-point Bending Tests

6.0E+08
4.0E+08

Samples made from glass were tested in 3-point bending flexural strength
tests. Measured displacements were used for calculating the failure stress.
2.0E+08
A Weibull distribution was used to evaluate the samples. Table 4.7 summarizes0.0E+00
the measurement results. From the measurements we conclude that
the packaging
of 50the glass
positive
on
0
100 wafer
150 has
200 a slightly
250
300
350 influence
400
450 the
flexural strength. This is believed
to
be
the
appeasement
of
stress
peaks
Observed crack length [mm]
thanks to the soft epoxy embedment. More pronounced is the strength
increase due to the prestraining of the foil. The prestrained thin foil increases the strength compared to the non-prestrained sample by 15.81%.
ajb117, 09.03.2012
Even
50.45% strength increase is Internet
achieved
for the prestrained thick foil.1/1
C:\Users\Florian\AppData\Local\Microsoft\Windows\Temporary
Files\Content.Outlook\T162BOL6\Fig_17_Part_A.doc
Furthermore, it is interesting to see that the Weibull strength distribution
parameter increases for the prestrained transducers which means that the
variation is reduced.
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Type
of
Specimen

Pure glass
Thin foil
no prestrain
Thick foil
no prestrain
Thin foil
5% foil
tension
prestrain
Thick foil
5% foil
tension
prestrain

No.
of
Samples

Max.
displ.

Weibull
strength

n [-]
30
19

umax [mm]
1.049
1.090

N
σ0 [ mm
2]
284
295

Weibull
strength
distribution
parameter
m [-]
5.071
5.759

18

1.107

300

5.266

20

1.263

342

6.958

22

1.665

451

6.403

Table 4.7: Measured 3-point bending flexural strength of glass transducers.

4.6

Summary and Conclusions

In this chapter, a procedure for the prestraining of piezoceramic patch
transducer materials and a suitable packaging method aiming at the development of transducers with increased strain allowables is presented.
Analytical and numeric models were developed to calculate the reachable prestrain and to identify main design drivers and found in excellent
agreement. Both piezoelectric transducers and substitute material modules were modeled analytically and numerically and showed very good
agreement concerning the achievable prestrain. Substitute material modules were also modeled in 3-point bending tests and investigated experimentally. Modeling was in good agreement with experimental flexural
strength findings. Numerous substitute glass material transducers were
manufactured in various configurations for experimental investigations of
the flexural strength in 3-point bending tests. Experiments were evaluated
with a Weibull distribution. It was found that both the packaging itself and
the prestrain have a beneficial influence on the module strength in 3-point
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bending tests. Strength of the substitute material modules was increased
while the statistical spread was decreased for increasing prestrain.
8 samples of piezoceramic transducers were manufactured with different foil thicknesses and prestrain levels. Digital imaging revealed delaminations in the edge zones of the prestrained actuators. This effect was
very pronounced for the thick foil (high prestrain load introduction) and
slightly observable for the prestrained thin foil modules. All piezoceramic
modules were bonded to flat shoulder aluminium specimens and tested in
a universal tensile testing machine. Simultaneous acoustic emission monitoring revealed that the failure onset for prestrained modules can be even
earlier than for non-prestrained modules. Supplementary microscopy investigations showed that the crack pattern changed from transverse crack
to longitudinal cracks for the thick prestrained foil modules. For these
modules acoustic emission can approximately be correlated to the delaminated edge regions of the tested modules. It can be hypothesized that the
early crack onset of these modules is caused by the delaminations. A good
correlation between total crack length of the tested piezoelectric modules
and the measured cummulated acoustic emission energy was found. Total
crack length reduces with increasing prestrain of the modules.
The experimental results of 3-point-bending tests and unidirectional
tensile tests show diverging results. On one hand, it can be stated that the
3-point-bending tests show that the bending strength is clearly increased
by the prestrain mechanism. At the same time, increasing strength also
leads to reduced statistical variation in the strength values. However,
these clear findings could not be verified with the unidrectional tensile
tests with syncronous acoustic emission monitoring. Acoustic emission
signals arise at lower loading levels for prestrained modules than for nonprestrained modules. The fracture pattern of prestrained actuators in
tensile testing showed longitudinal cracks, especially in the edge zones
of the modules, where previous delaminations between polyimide foil and
piezo occurred while non-prestrained samples showed only tranverse cracks
distributed along the module length. This difference in failure behaviour
cannot be explained within this thesis. The author assumes that primarily,
the mechanical load situation contributs to this difference. While the 3point-bending tests generate a maximum mechanical bending moment at
the center of the samples, the tensile testing submits the whole specimen
material to a more equal mechanical loading. However, even the more
homogeneous load situtaion in tensile testing does not lead to a constant
stress in the piezo modules. The complex stress state is a results of the
geometrical circumstances. The width of the piezo module is smaller than
the width of the aluminium substrate and the module is bonded only on
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one side of the substrate which leads to secondary bending moments in
tensile testing.
The author concludes that the presented modeling approaches are appropriate to predict the achievable prestrain in the piezeoceramic and substitute material transducers. 3-point bending tests revealed a beneficial
impact of the packaging technology and the prestrain. According finite element modeling was in good agreement with experimental results. Tensile
testing and acoustic emission monitoring of piezoceramic modules showed
that the edge region of the modules can be critical in terms of early failure
onset. Delaminations in the load introduction region leave the brittle ceramic unprotected and can explain the reduced crack onset loading levels.
In the next chapter of this thesis, special attention is given to the interface
layers and the edge regions of the transducers. Analytical and numerical
modeling for the layers are presented in addition to design improvements
and extended experimental studies.

Chapter 5

Encapsulation procedure
for prestrained
piezoceramic patch
transducers: Design
Improvement and
Investigation of Interface
The work presented in this chapter can be found with minor modifications
in the scientific literature as:
F. Bachmann, M. Ruzzene, A. J. Brunner, A. Bergamini and P. Ermanni. Encapsulation procedure for prestrained piezoceramic patch transducers Part B: Design Improvement and Investigation of Interface. Smart
Materials and Structures, to be submitted, 2012. Andreas Brunner
contributed the section on acoustic emission monitoring while Massimo
Ruzzene contributed the 1-dimensional shear-lag model.
We present the investigation of a packaging procedure for piezoceramic
materials for structural integration purposes. The packaging consists of
a piezoceramic sheet covered with electrodes and fixated with epoxy between polyimide foils. Ceramic, epoxy and polyimide represent different
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layers in the mechanical analysis which are investigated. An analytical
1-dimensional model is developed for calculating the stresses in the layers.
Modeling is further extended to 3-dimensional finite element modeling of
the packaged module for validation. Sharp shear stress gradients in the
edge region of the prestrained modules can cause delaminations. The strain
allowable of the piezoceramic patch transducer has a dramatic impact on
the overall efficiency of the structure. In this context, we propose an
improved design using pre-cured epoxy bevels was developed to achieve a
gradual load introduction and decrease shear stresses in the bonding layer.
Prestrained and unprestrained modules were bonded to aluminium flat
specimens and submitted to tensile testing and simultaneously to acoustic
emission monitoring. As a general trend, the beveled design led to less
acoustic emission detections compared to the intital design. Prestrained
modules showed acoustic emission detection at comparably low loads while
the unprestrained modules showed higher maximum energy content in the
acoustic emission signals which indicate higher damage. The total number
of fractures and fracture length on the module surfaces was reduced compared to the initial module design. The new design is still showing small
delaminations which are probably caused by thermal bonding stresses.
Those defects need to avoided in the future in order to further improve
the tensile properties of the piezoceramic patch transducer.

5.1

Introduction

Piezoceramic modules are excellent birectional energy converters and have
been used for sensing and actuation of composite structures in the past.
We investigate the packaging of piezoceramic material which extends the
use to structural integration of piezoceramic patch transdcuers into complex composite parts. Poyimide foil is used to introduce a high unidirectional compression prestrain into the brittle piezoceramic material which
makes the ceramic withstand higher tension strains in operation. At the
same time, the polyimide foil is insulating the transducer from the electrically conducting carbon fibre reinforced polymers (CFRP). The increased
strain allowables could be verified experimentally with 3-point bending
tests. Tensile tests of piezoceramic patch transducers bonded on flat tensile shoulder samples revealed differences in the failure behaviour of prestrained and non-prestrained specimens. Prestrained specimens are in fact
showing delaminations in the edge regions of the piezoceramic modules.
Digital imaging of the prestrained piezoceramic modules released from the
prestraining manufacturing frame show delamination zones at the edges
of the modules (Figure 5.1). Transducers with delamination zones ex-
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hibit a distinct acoustic emission monitoring behaviour compared to nonprestrained and non-delaminated modules.

Figure 5.1: Delamination areas of samples with thick foil and 5% foil
tension prestrain.
The occurrence of those delaminations could potentially explain the
early failure onset in acoustic emission monitoring during the tensile tests.
In this context, this contribution is aiming at investigating the influence of
different parameters on the local stress and strain level in the edge region.
The relevant interface is investigated using an analytical 1-dimensional
shear-lag model and 3-dimensional finite element modeling. As depicted in
Figure 5.2, the fracture patterns of non-prestrained (left) and prestrained
(right) specimens are different. In the case of prestrained specimens, pattern consist of longitudinal fracture lines originating from the edges of the
modules and extending in the delamination zones.

Figure 5.2: Transverse fracture patterns of non-prestrained modules (left)
and longitudinal fracture patterns for prestrained modules (right).
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Delaminations were observed directly after release of the piezoceramic
transducers from the prestraining frame. The high tension load of the
polyimide foil can not be transferred into the piezoceramic material at the
edges of the transducer because the shear strength of the bonding epoxy
layer is exceeded. It is known from bonding theory [179, 180] that the shear
stress reaches it’s maximum at the edges of an adhesive joint. This effect is
also known as shear-lag [181] and occurs wherever sudden geometric shape
changes are found. The initially unloaded edges of the piezoceramic modules are subjected to a sudden high tension load which causes high normal
stress gradients in the piezoceramic material and corresponding high shear
stress gradients in the bonding layer. A smooth geometry change can help
the gradual introduction of loads into the system. This principle is also
applied for structural reinforcements such as onserts [182, 183, 184, 185].
The idea of a smooth load introduction can be incorporated in the design
of prestrained piezoelectric transducers. Figure 5.3 shows the intial design
and the improved design which incorporates pre-cured epoxy bevels that
are placed at the two edges in the loading direction of the modules. The
thickness of the bonding layer can thus increase gradually. Hence, the load
is introduced into the mechanical system in a more gradual manner and
shear stress peaks are reduced.

Figure 5.3: Initial module design and improved module design incorporating pre-cured epoxy bevels.
As improved design variant, a packaged module using a 5mm epoxy
bevel assuring a smooth thickness increase in the load introduction area
of the module was chosen and fabricated. A total amount of 10 samples
of the new piezoceramic module design were manufactured, 5 without and
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5 with 5% prestrain. All samples were bonded to flat shoulder tensile test
specimens made from aluminium. Tensile testing and simultaneous acoustic emission monitoring and digital imaging was accomplished. Modeling
and experimental results are discussed in the last part of this chapter.

5.2
5.2.1

Analysis of Interface
1-Dimensional Shear-Lag Model

Shear-lag modeling is a 1-dimensional theory for analytical calculation
of normal and shear stresses in layered structures. It assumes constant
thickness of the layers, ideal bonding of adjacent layers, uniform stress
state over layer thickness and pure normal or shear stress states. For more
detailed information on shear-lag modeling please refer to [186, 187, 75].
As depicted in Figure 5.4 the considered arrangement consists of top foil
and bottom foil layers that are bonded with bonding layer (b2 and b3) to
a piezoceramic layer. The packaged module is then bonded with bonding
layer (b1) to the aluminium structure. A tension force F0 is applied to the
substrate structure.

Figure 5.4: Configuration of the layered structure and according normenclature.
Figure 5.5 illustrates the geometry of the layer thicknesses and the
definition of the coordinate system used in the model.
The shear-lag phenomen is consiedered as a 1-dimensional problem
with inherent implications. The multilayer structure undergoes only axial
displacements. Bending effects are neglected. Foils, piezoceramic material
and structure undergo pure extensional strains while bonding layers undergo pure shear. All strain components are assumed as uniform through
the thickness of the individual layers. The prestrain in the polyimide foil
for the packaging of the piezoceramic module corresponds to an assigned
prebonding elongation. Stresses resulting from applied load and foil prestrain during manufacturing of the modules are superimposed.
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Figure 5.5: Geometry and axis definition for the layered structure.
Figure 5.6 illustrates a free body diagram for the different elements
composing the multilayer structure of length dx. In the following section,
we derive the governing equations by imposing the equilibrium of the axial
stress resultants over each layer, and by imposing appropriate constitutive
relations.
For the equilibrium of the base structure, we can state that:
dNs + τb1 dx = 0

(5.1)

Herein Ns is the axial stress resultant in the structure, Es and ts denote
the Young’s modulus and the thickness of the base structure (Figure 5.5).
The axial displacement us = us (x) of the structure is assumed uniform
across the thickness. The shear stress in the bonding layer is defined as
τb1 . Based on the assumption made, the shear stress can be expressed as:
Gb1
(uf b − us )
(5.2)
tb1
The shear modulus of the bonding layer is expressed by Gb1 . In a similar
manner the equilibrium relations for the bottom foil, the piezo patch and
the top foil can be expressed as:
τb1 =

dNf b + (τb2 − τb1 ) dx = 0

(5.3)

dNp + (τb3 − τb2 ) dx = 0

(5.4)

dNf t + τb3 dx = 0

(5.5)
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Figure 5.6: Free body diagram of layers under normal axial strains.

The shear stress in the bonding layers is defined by:
τb2 =

Gb2
(up − uf b )
tb2

(5.6)

τb3 =

Gb3
(uf t − up )
tb3

(5.7)

In the euqations above, the variation of the stress resultants over the infinitesimal length dx is given by:
dNξ =

dNξ
dx
dx

(5.8)

The axial stress resultants in an arbitrary layer ξ, (with ξ = s, fb , p, ft ) is
defined as:
Z
Nξ = σξ dxtξ
(5.9)
where a unit out-of-plane width is considered. Linear elastic behaviour is
assumed for the base structure, so that:
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σs = Es s

(5.10)

The constitutive relations for the bottom and top foils used for packaging of
the piezo include the presence of a prestrain imposed prior to the bonding
of the packaged patch onto the base structure. The constitutive relations
for the top and bottom layer, and for the piezo are therefore:
(0)

σ ξ = E ξ ξ − σ ξ

(5.11)

(0)

Herein σξ is the prestress associated with the prestraining of the packaging polyimide foils and their subsequent bonding to the piezo layer. The
(0)
distribution of σξ (x) is determined through a preliminary analysis of a
multilayer structure consisting of the piezo and top and bottom foils only.
The resulting state of stress is then superimposed to the one resulting
from the applied load after the packaged piezo is bonded to the substrate
structure. Details of the solution process are presented in the following
sections.
Based on the assumption of axial extension with no bending, the axial
strain in the generic layer ξ is given by:
duξ
(5.12)
dx
where uξ denotes the axial displcement of layer ξ, which is assumed constant through the thickness.
The considered set of equilibrium equations and the constitutive laws for
the various layers lead to the following set of coupled equation which govern
the variation of axial displacements of the layers along the length of the
patch:
ξ =

Es ts

Ef b tf b

d2 us
Gb1
+
(uf b − us ) = 0
dx2
tb1

d2 uf b
Gb2
Gb1
+
(up − uf b ) −
(uf b − us ) = 0
dx2
tb2
tb1

Ep tp

d2 up
Gb3
Gb2
+
(uf t − up ) −
(up − uf b ) = 0
dx2
tb3
tb2
Ef t tf t

d2 uf t
Gb3
+
(uf t − up ) = 0
dx2
tb3

(5.13)

(5.14)

(5.15)

(5.16)

5.2 Analysis of Interface

99

The 2nd order system of ordinary differential equations is subject to the
following set of boundary conditions:
Ns (x = ±L) = F0

(5.17)

Nf b (x = ±L) = 0

(5.18)

Np (x = ±L) = 0

(5.19)

Nf t (x = ±L) = 0

(5.20)

The governing equations above can be conveniently expressed in a compact
matrix form as:
Au,xx (x) + Bu(x) = 0

(5.21)

where


Es ts
0
0
0
 0
Ef b tf b
0
0 

A=
 0
0
Ep tp
0 
0
0
0
Ef t tf t
 G

Gb1
0
0
− tb1b1
tb1
 Gb1
Gb2
− Gtb1b1 − Gtb2b2
0 


tb2
B =  tb1
Gb3 
Gb2
Gb2
Gb3
−
−
 0
tb2
tb2
tb3
tb3 
Gb3
Gb3
0
0
tb3
tb3
 
us
uf b 

u=
 up 
uf t

(5.22)

(5.23)

(5.24)

Similarily, the boundary conditions can be expressed as:
Au,x = f

(5.25)

 
F0
0

f =
0
0

(5.26)

with
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Given the formulation of the boundary conditions above, it is convenient
to formulate the problem and the related boundary conditions in terms of
strains. Equation 5.21 is differentiated with respect to the spatial variable
x which gives:
A,xx (x) + B(x) = 0

(5.27)

where  is an array that contains the axial strains in the layers. Equation
5.27 is a homogeneous linear ordinary differential equation which can be
conveniently solved by standard procedures. The general solution can be
expressed as:
(x) =

N
X

φn (x)en

(5.28)

n

where N = 4 defines the number of layers under normal axial strain and
en is the n-th eigenvector obtained from the solution of the following characteristic equation:


B − λ2 A e = 0

(5.29)

It can be shown that B is a singular matrix, so that the functions in
Equation 5.28 are:
φ1 (x) = a1 + b1 x

(5.30)

φn = an sinh(λn x) + bn cosh(λn x)

(5.31)

and

for n = 2, 3, 4. In equations 5.30 and 5.31, λn are the nonzero eigenvalues
of the characteristic equation 5.29, while an , bn are integration constants
defined by the considered set of boundary conditions.
The presented analysis is general and can be applied to the analysis
of structures consisting of a generic number of layers. Governing equations can be expressed in general form as in of equation 5.27. In detailed
layerwise notaion, they can be expressed as:
Ef b tf b

Ep tp

d2 uf b
Gb2
+
(up − uf b ) = 0
dx2
tb2

d2 up
Gb3
Gb2
+
(uf t − up ) −
(up − uf b ) = 0
dx2
tb3
tb2

(5.32)

(5.33)
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Gb3
d2 uf t
+
(uf t − up ) = 0
2
dx
tb3

(5.34)

and the associated boundary conditions are:
f b (x = ±L) = a

(5.35)

Np (x = ±L) = 0

(5.36)

f t (x = ±L) = a

(5.37)

which enforce the condition of initial strain applied to the top and bottom
foils. The constitutive laws for the foils also include the effect of an initial
strain in the foils for which the stress/strain relations are:
σξ = Eξ (ξ − a ) , (ξ = f b, f t)

(5.38)

The governing equations and the boundary conditions can be expressed in
matrix form through a procedure similar to the one previously described
for the complete structure. The solution procedure also follows the steps
described in the previous section. Solution of the governing equations leads
(0)
to the distribution of stresses σξ due to the prestraining of the foils which
is then added to the stresses caused by the load applied to the structure.

5.2.2

Finite Element Model

In addition to the analytical 1-dimensional shear lag modeling, a 3dimensional finite element model was used to calculate the stress distribution in the layers also accounting for material anisotropy, poisson’s ratio
effects and non-uniform stress distribution in thickness direction of the
layers. A parametric ANSYS model includes both the structure of the flat
tensile specimen and the bonded piezo module. Following the approach
selected for the analytical modeling, the prestress of the piezo module
resulting from the polyimide foil prestraining is calculated without considering the substrate structure. The tension loading of the flat specimen
with bonded piezo module is calculated in a second run. Results are then
exported and superimposed. Figure 5.7 illustrates the finite element model
of the flat specimen with bonded piezoceramic module.
The piezoceramic material is modeled with SOLID5 (8 node brick)
elements while the rest of the structure (aluminium, polyimide, bonding
layer) is modeled with SOLID185 (8 node brick, initial stress capability)
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Figure 5.7: Finite element model of flat specimen and bonded piezo module.
elements. The mesh size in the edge regions of the piezo module was decreased in order to increase accuracy while the mesh size for the aluminium
substrate is increased for reducing numeric cost. Table 5.1 summarizes the
material properties used in the simulation.
The model for the improved module design includes a pre-cured epoxy
bevel for a smooth load introduction to the material (Figure 5.8). The
model assessed the impact of bevel length and steepness on the shear
stresses in the bonding layer due to the polyimide foil prestraining. Again,
the mesh size is adapted in the regions of special interest, where high
gradients are expected.

Figure 5.8: Side view of finite element mesh of the improved design module.

5.3 Experimental Procedure

Material
Aluminium
Epoxy
Upilex
Piezoceramic
PIC255

Name
Young’s modulus
Poisson’s ratio
Young’s modulus
Poisson’s ratio
Young’s modulus
Poisson’s ratio
Stiffness
matrix
coefficients
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Symbol
Ex
ν
Ex
ν
Ex
ν
C11
C12
C13
C22
C23
C33
C44
C55
C66

Value
7e10
0.33
3e9
0.3
3e9
0.34
12.3e10
7.67e10
7.025e10
12.3e10
7.025e10
9.711e10
2.226e10
2.226e10
2.315e10

Unit
N
m2

[-]
N
m2

[-]
N
m2

[-]
N
m2
N
m2
N
m2
N
m2
N
m2
N
m2
N
m2
N
m2
N
m2

Table 5.1: Material properties used for the simulations [188].
This model has also been used to investigate the influence of various
bonding procedures of the piezoceramic transducer on the stress distribution in the differernt layers. This bonding process was realized at 80◦ C
for 12 hours and led to small delaminations in the edge regions of the
prestrained actuators. Table 5.2 summarizes the thermal expansion coefficients of the considered materials. A reference temperature of 20◦ C was
set for the model and the body temperature of all elements was set to
80◦ C. Hence, mechanical stresses caused by the heating procedure due to
different thermal expansion coefficients could be captured and were evaluated.

5.3
5.3.1

Experimental Procedure
Preparation of Specimens

The improved module design uses epoxy bevels for a smooth load introduction. They were produced with vacuum infusion in a device made
of teflon for ease of demoulding of the cured bevels. Bevels were cured
over night in the device at room temperature and then removed from the
mould. A careful sandpaper treatment was applied to smoothen the surface afterwards. Figure 5.9 illustrates the manufacturing approach for the
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Material
Epoxy
Upilex
Piezoceramic
PIC255

Name
Coefficient of
thermal expansion
Coefficient of
thermal expansion
Coefficient of
thermal expansion
Coefficient of
thermal expansion
Coefficient of
thermal expansion

Symbol
αth,iso

Value
65

Unit

αth,iso

16

10−6
◦C

αth,x

6

10−6
◦C

αth,y

6

10−6
◦C

αth,z

-5

10−6
◦C

10−6
◦C

Table 5.2: Material properties used for simulation of thermal influences.
beveled modules. The prestraining frame is loaded with a polyimide foil.
The piezoceramic module is then placed between the two precured epoxy
bevels. Liquid resin is added and a second frame with prestrained foil is
placed on top of the configuration. A small amount of adhesive was used
to fixate the bevels and prevent misalignments during resin application
and curing phase. Microscopy of polished specimens of the module’s edge
region validated that the thickness in the edge region is smoothly reduced,
assuring a continuous load introduction.
10 beveled piezoceramic modules (improved design) were manufactured
for tensile testing, all of them using a 75µm polyimide foil for prestraining.
Half of the specimens were manufactured without foil prestrain and half
of them with 5% foil prestrain. Figure 5.10 shows a prestrained module
directly after curing and cut-out to net shape. No delamination has been
detected by visual inspection for the five prestrained samples which indicates that the modified design might have a beneficial influence on the
stress concentrations in the critical area. Curing was done at 80◦ C for
12 hours. After curing, small delamination areas near the edges of the
prestrained modules were visible.

5.3.2

Tensile Testing with Acoustic Emission Monitoring

Acoustic emission monitoring used four AE sensors on the specimens consisted of two 150 kHz resonant sensors (type SE-150M from Dunegan Engineering Corp.) and two multi-purpose sensors (type VS-45H from Vallen
Systeme GmbH). Two 150 kHz resonant guard sensors were mounted with
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Figure 5.9: Manufacturing approach for improved module design including
pre-cured epoxy bevels.

Figure 5.10: Beveled prestrained piezoceramic module after curing and
cut-out to net shape.

magnetic sensor holders on the top and bottom clamp of the test machine.
The rearm time was set to 3.2 ms and the detection threshold to 40 dBAE .
AE signals were again frequency filtered (30 to 1000 kHz in the preamplifier and digital filtering between 25 and 850 kHz in the data acquisition
channels) and the AE signal parameter set recorded with a sampling rate
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of 10 MHz. Machine load and cross-head displacement were again recorded
synchronously with the AE data (4 Hz sampling rate).

5.4

Results and Discussion

In order to gain a better understanding of the effects occurring in the
edges of the piezoelectric modules, analytical shear-lag modeling is used to
calculate the stresses in the zones of possible delaminations. Based on the
findings of these analytical models, a more precise finite element model is
used to develop an improved module design with reduced foil delamination.
The improvement is then verified in experimental investigations. Modules
are manfactured without delaminations and tested in tensile testing with
simultaneous acoustic emission monitoring.

5.4.1

Prestrained Module

Figure 5.11: Shear stress in the bonding layer between foil and piezo:
Complete layer.
Figure 5.11 and Figure 5.12 present the shear stress distribution in the
bonding layer of the module with 75µm thick foil prestrained at 5% calculated with a 1-dimensional shear lag model. A very sharp shear stress peak
of -105 MPa is visible at the edge. Shear stresses for both bonding layers

5.4 Results and Discussion
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Figure 5.12: Shear stress in the bonding layer between foil and piezo:
Detailed view of edge region.

are equal but reversed in sign due to the symmetry of the problem. Figure
5.13 and Figure 5.14 show the shear stress in the bonding layer for the
same case but calculated with a finite element model. Shear stress in the
bonding layer decreases steeply to a miniumum of -45MPa and increases
to zero again. Hence, 3-dimensional material anisotropie and thickness
effects considered in the FE model lead to a more accurate prediction of
the shear stresses
Figure 5.15 and Figure 5.16 illustrate the normal stress calculated with
the 1-dimensional shear lag model in the polyimide foils which increases
sharply at the edge and reaches around 150M P a. This value is in good
agreement with FE results of Figure 5.17 and Figure 5.18.
The analytically calculated compression stress of the piezoceramic layer
is shown in Figure 5.19 and Figure 5.20. It reaches -109 MPa which equals
a compression strain of approximately  = −0.16% while Figure 5.21 and
Figure 5.22 show FE results. Normal stress rises from zero to 6.5MPa and
falls then down to -106MPa. Especially the positive maximum of 6.5MPa
is not observed in the analytical prediction. This can be interpreted as
effects coming from the 3D deformation of the edge region and through
the thickness effects that are not covered by the simple analytical model.
Pull up forces at the edge cause a small tension stress in the edge region.
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Figure 5.13: Shear stress in the bonding layer between foil and piezo:
Complete layer.

Figure 5.14: Shear stress in the bonding layer between foil and piezo:
Detailed view of edge region.
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Figure 5.15: Normal stress in the prestrained polyimide foils: Complete
layer.

Figure 5.16: Normal stress in the prestrained polyimide foils: Detailed
view of edge region.
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Figure 5.17: Normal stress in the structure, bottom foil, piezo and top
foil layer: Complete layer.

Figure 5.18: Normal stress in the structure, bottom foil, piezo and top
foil layer: Detailed view of edge region.
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Figure 5.19: Normal stress in the piezoceramic: Complete layer.

Figure 5.20:
region.

Normal stress in the piezoceramic: Detailed view of edge

The minimum stress of -106MPa in the middle part of the piezoceramic
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Figure 5.21: Normal stress in the piezoceramic: Complete layer.

Figure 5.22:
region.

Normal stress in the piezoceramic: Detailed view of edge

is in good agreement with the analytical value of -109MPa. Hence, the
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polyimide prestraining leads to the wanted compression prestrain in the
piezoceramic. Both analytical and FE models give similar values for the
stress disrtibutions in the middle part of the ceramic. Better accuracy
is achieved with the FE model in the edge region of the ceramic since
material anisotropy and thickness effects are considered.

5.4.2

Prestrained Module bonded on Aluminium
Sample

Figure 5.23: Shear stress in the bonding layers for combined load case
(prestrain and tensile testing): Complete layer.
In this section, we present the modeling of the prestrained modules
bonded on the aluminium substrate under tensile testing. Figure 5.23
and Figure 5.24 show the analytical shear stresses in the three bonding
layers. High stresses in the edges that vanish towards the middle part of
the module are visible. The bonding layer shows comparably low shear
stresses, while the two bonding layers between foil and piezo exhibit high
stresses. The lower bonding layer (bonding layer 2) between lower foil and
piezoceramic shows smaller stresses than bonding layer 3. This is due to
the reversed sign of shear stresses of prestraining and tensile loading. For
bonding layer 3 in contrast, the shear stresses sum up which leads to very
high values.
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Figure 5.24: Shear stress in the bonding layers for combined load case
(prestrain and tensile testing): Detailed view of edge region.

Figure 5.25: Normal stress in the foils and the piezoceramic layer in tensile
testing: Complete layer.
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115

Figure 5.26: Normal stress in the foils and the piezoceramic layer in tensile
testing: Detailed view of edge region.

Figure 5.25 and Figure 5.26 illustrate the FE modeling shear stresses
of the three bonding layers. Similar shear stresses are obatined. For the
two bonding layers of the polyimide foils, an overprediction of stresses by
the analytical model is observed. Finite element modeling gives maximum
values of 44 MPa for the upper bonding layer and -33MPa for the lower
foil bonding layer while analytical modeling predicts stresses of more than
100 MPa and -60 MPa, respectively. Edge effects in combination with nonuniform stress distributions over the layer thickness possibly contribute to
these expectable differences.
The analytical normal stresses in the structure, foils and piezoceramic
are displayed in Figure 5.27 and Figure 5.28. Figure 5.29 and Figure
5.30 illustrate the normal stresses obatined with FE modeling. Generally,
stress distributions of both modeling procedures are in good agreement,
especially in the midle part of the ceramic. Differences are again significant
in the edge regions due to higher precision of 3-dimensional FE Modeling
compared to the 1-dimensional analytical theory. Interestingly, the FE
model shows that the normal stress in the piezoceramic is negative in
the edge region due to the foil prestraining and increases along the path
reaching a maximum value of 126 MPa which illustrates the beneficial
impact of compression prestress in the edge region of the patch.
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Figure 5.27: Normal stress in the structure, bottom foil, piezo and top
foil layer: Complete layer.

Figure 5.28: Normal stress in the structure, bottom foil, piezo and top
foil layer: Detailed view of edge region.
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Figure 5.29: Normal stress in the foils and the piezoceramic layer in tensile
testing: Complete layer.

Figure 5.30: Normal stress in the foils and the piezoceramic layer in tensile
testing: Detailed view of edge region.
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Improved Prestrained Module Design

Figure 5.31: Shear stress in the bottom bonding layer of the beveled
module: Complete layer.
The improved design was developed in order to prevent delaminations
in the piezoceramic module’s edge regions resulting from shear stress peaks
provoked by polyimide foil prestraining. Figure 5.31 and Figure 5.32 show
the FE modeling shear stress in the bottom bonding layer resulting from
5% foil prestraining. The peak shear stress at the left edge is reduced
from -45 MPa to -19 MPa which has been proven acceptable in experimental obersavations. The shear stress decreases along the bevel to 0.4
MPa because of the continuous thickness increase of the bevel. A smaller
second peak is visible in the interface region of bevel and piezoceramic.
A geometry change from bevel to constant thickness of the module and
the high stiffness of the piezoceramic material lead to a less critical second
peak of -10 MPa that was not observed in the initial design displayed in
Figure5.33 and Figure5.34.
Thermal stresses caused by the bonding of the prestrained modules to
the aluminium substrate led to small delaminations as displayed in Figure
5.35. Figure 5.36 shows finite element contour plots of the displacement
vector sum of the beveled piezo module under thermal loading. Regions
of high displacements correspond to delamination areas. We hypothesize
that the high shear stress in the edge region caused by the foil prestrain-

5.4 Results and Discussion

119

Figure 5.32: Shear stress in the bottom bonding layer of the beveled
module: Detailed view of edge region.

Figure 5.33: Shear stress in the bonding layer between foil and piezo:
Complete layer.
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Figure 5.34: Shear stress in the bonding layer between foil and piezo:
Detailed view of edge region.

Figure 5.35: Beveled prestrained module P9 with small delaminations near
the corners after bonding to flat specimen.

ing, the additional shear stress increased by the heating during the bonding
procedure and the long duration (12 hours) of the bonding procedure contribute to the delamination during bonding. Reduction of both bonding
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Figure 5.36: Finite element modeling displacement vector sum of beveled
module caused by thermal loading.
temperature and curing time in combination with surface treatments of
the polyimide foil (increased adhesion) seem to be feasible measures to
prevent the thermal delaminations.

5.4.4

Visual Inspection of Specimens

After tensile testing with simultaneous acoustic emission monitoring, digital imaging was used to investigate the surface of the beveled piezoelectric
modules. Samples P1 to P5 were beveled transducers encapsulated in thick
foil without prestrain and samples P6 to P10 with 5% prestrain. Samples
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Figure 5.37: Digital scannings of the module surfaces after testing: Sample
P3 without fractures.

Figure 5.38: Digital scannings of the module surfaces after testing: Sample
P9 with 5 fractures marked in red.

P1 to P6 did not show any fractures at all while samples P7 to P10 showed
short longitudinal fractures in the edge region. Hence, matching areas of
delaminations caused by thermal bonding stresses. Figure 5.37 and Figure
5.38 show digital surface scans of 2 typical samples (P3 and P9). Sample
P3 shows a unharmed ceramic and P9 a fractured ceramic. Delaminations
are a tentative explanation for the difference in fracture behaviour of the
samples. Furthermore we state that the total number of fractures and
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the total crack length is reduced compared to the unbeveled design which
holds true both for prestrained and unprestrained modules.

5.4.5

Acoustic Emission Monitoring

Figure 5.39: Sample P0, pure aluminium specimen without transducer.
The modified encapsulation design yielded comparatively low AE activities in the tensile tests. The pure aluminium specimen showed the
highest average number of cumulative AE signals (260 and 220) for both
types of AE sensors (SE-150M and VS-45H), while all other specimens
yield averages of less than 150 AE signals. There is no significant difference in AE activity between the two encapsulation designs with and
without prestrain, respectively.
Three specimens with encapsulation without prestrain yield AE maximum signal amplitudes at saturation (100dBAE ), while only one specimen
with prestrain encapsulation reaches that threshold. However, the average AE maximum signal amplitudes recorded for the encapsulation with
prestrain are clearly higher (≥ 89dBAE ) than those for the encapsulation without prestrain (83 - 84 dBAE ). This again indicates that the two
designs are not equivalent but no further conclusions can be drawn.
Figure 5.39 to Figure 5.43 show plots of AE signal energy rate for
selected specimens. Three of the specimens with encapsulation without
prestrain do exceed energy rates of 105 , 106 and 107 energy units (102
14 Vs ) per second. All specimens with encapsulation with prestrain do
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Figure 5.40: Sample P1, beveled transducer encapsulated in thick foil,
without prestrain.

Figure 5.41: Sample P2, beveled transducer encapsulated in thick foil,
without prestrain.

at least exceed 105 energy units per second but none of them exceeds
107 energy units per second. The results for all specimens are compiled
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Figure 5.42: Sample P6, beveled transducer encapsulated in thick foil, 5%
prestrain.

Figure 5.43: Sample P9, beveled transducer encapsulated in thick foil, 5%
prestrain.

in Table 5.3. The data clearly indicate that the encapsulation without
prestrain (with one exception) does yield high energy rates at high loads,
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Specimen
label

P0 pure
aluminum
P1 thick foil
0% prestrain
P2 thick foil
0% prestrain
P3 thick foil
0% prestrain
P4 thick foil
0% prestrain
P5 thick foil
0% prestrain
P6 thick foil
5% prestrain
P7 thick foil
5% prestrain
P8 thick foil
5% prestrain
P9 thick foil
5% prestrain
P10 thick foil
5% prestrain

Load
[kN]
for
≥ 105
energy
units
per
second
-

Load
[kN]
for
≥ 106
energy
units
per
second
-

Load
[kN]
for
≥ 107
energy
units
per
second
-

13.5

21.3

21.3

-

-

-

-

-

-

21.8

21.8

21.8

21

21

21

8

21

21

8

-

-

12

-

-

8.5

9

-

10

10

-

Remarks

no cracks
visible
no cracks
visible
no cracks
visible
no cracks
visible
no cracks
visible
no cracks
visible
vertical cracks
near edges
vertical cracks
near edges
vertical cracks
near edges
vertical cracks
near edges

Table 5.3: Tensile loads at which energy rates per second exceed 105 , 106
and 107 energy units per second, respectively for the first time.

close to the yield strength of the aluminium. The loads at which energy
rate levels of 105 and partly 106 energy units per second are exceeded for
the encapsulation with prestrain are clearly lower (average of 9.3 kN for
105 energy units per second). This can tentatively be interpreted as clear
difference in damage behaviour.
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At first sight, the encapsulation without prestrain does seem to perform
better, since high energy acoustic emission is only observed close to the
yield strain of the aluminium. However, thermally induced delaminations
between the polyimide foil and the transducer in the modules with 5%
prestrain (compare Figure 5.35) may induce damage in the delaminated
part of the piezoelectric transducer. Visual inspection did not show any
delaminations for the encapsulation without prestrain. Acoustic emission
analysis does indicate possible damage, i.e., high energy rate emissions, for
modules without prestrain at loads near yielding in the aluminium. Since
comparable acoustic emission is absent in the pure aluminium specimens
without transducer modules, it is likely that the observed high energy rate
acoustic emissions are due to mechanisms in or related to the modules.
Since visual inspection after testing did not find any sign of crack formation
in those transducers, a possible explanation is that partial debonding of the
adhesive layer between the aluminium and the module may have occurred.

5.5

Summary and Conclusions

This contribution gives special attention to the interfaces and edges of
the piezoceramic module layers. Analytical 1-dimensional modeling and 3dimensional finite element modeling was presented to calculate the stresses
in the different module layers. As a general trend, good agreement between
the analytical modeling and the finite element modeling was found in the
middle part of the transducers. Significant differences between the two
models are found near the edge regions where stresses have pronouced
gradients. Shear stresses have identical sign but are overpredicted by the
analytical model in this region. Finite element modeling considers deformations, such as thickness increase of the layers in the edge region,
3-dimensional material behaviour (orthotropic piezoceramic, poisson’s ratio) and non-uniform stresses in thickness direction of the individual layers.
Shear stresses caused by 5% prestraining of the polyimide foil lead to maximum stresses of 45MPa which is a good explanation for the experimentally
observed delaminations of the initial module design. The normal stress in
the piezoceramic is reduced by the prestraining of the foils. Finite element
modeling of the improved design incorporating pre-cured epoxy bevels revealed that the optimized design reduces shear stress peaks from -45 MPa
to -19 MPa. Hence, a proper foil prestrain load introduction to the piezoceramic material is experimentally observed. Beveled piezo modules did
not show any delaminations after curing, cool down and cut-out to netshape. However, the final bonding of the prestrained modules to the flat
tensile specimen caused small delaminations which can be explained by
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thermal shear stresses due to different coefficients of thermal expansion of
the involved materials and the long (12 hours) heating procedure, possibly affecting the adhesion between polyimide and matrix. Tensile testing
of the beveled specimens and simultaneous acoustic emission monitoring
revealed relatively low acoustic emission activities compared to the initial
design of the modules. Based on acoustic emission activity only, no clear
difference between the beveled prestrained and non-prestrained transducers could be derived. When comparing acoustic emission energy rates,
prestrained modules showed energy rates above 105 energy units at clearly
lower load thresholds. The non-prestrained modules yielded overall higher
energy rates exceeding 107 energy units, but only at tensile loads near
the yield strain of the aluminium. For non-prestrained and prestrained
modules, number and observed length of cracks were significantly reduced
compared to the initial design. For the unprestrained modules, no fractures could be indentified at all while the prestrained modules suffered
longitudinal fractures in the small delamination zones.

Chapter 6

Comparative Study of
Passive Damping of
Composites Blades using
Embedded Piezoelectric
Modules or Shape
Memory Alloy
The work presented in this chapter can be found with minor modifications
in the scientific literature as:
F. Bachmann, R. de Oliveira, A. Sigg, V. Schnyder, T. Delpero, R.
Jaehne, A. Bergamini, V. Michaud and P. Ermanni Passive damping of
composite blades using embedded piezoelectric modules or shape memory
alloy wires: a comparative study. Smart Materials and Structures, Vol.
21, Iss. 7, pp. 075027 2012.
Emission reduction from civil aviation has been intensively addressed
in the scientific community in the last years. The combined use of novel
aircraft engine architectures such as open rotor engines and lightweight
materials offer the potential for fuel savings, which could contribute significantly to reach gases emissions targets, but suffer from vibration and
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noise issues. The potential improvement of mechanical damping of open
rotor composite fan blades by comparing two integrated passive damping systems: shape memory alloy wires and piezoelectric shunt circuits
is investigated. Passive damping concepts were first validated on carbon
fibre reinforced epoxy composite plates and then implemented in a 1:5
model of an open rotor blade manufactured by resin transfer moulding
(RTM). A two-step process was proposed for the structural integration
of the damping devices into a full composite fan blade. Forced vibration
measurements of the plates and blade prototypes quantified the efficiency
of both approaches, and their related weight penalty.

6.1

Introduction

Methods and techniques for passive damping enhancement to be implemented and structurally integrated into aerodynamically loaded turbomachinery blades for application in future open rotor aircraft engines
are investigated. Turbomachinery blades are manufactured to date from
metallic materials such as high strength steel or titanium. Improvement
of weight to stiffness ratio, weight to strength ratio or the possibility to
produce complex shapes fostered the research towards composite blades
[189, 190, 191]. Rotating composite parts are prone to vibrations that not
only have inherent negative consequences on their reliability and durability, potentially through flutter [192, 193] but also are a source of noise.
One of the requirements for the sustainability of air transport is to reduce its impact on environment through noise control [192]. This can
be accomplished through aerodynamic/acoustic optimization of the blade
shape, by the use of absorbing materials but also by implementing more
efficient damping on the blade by active or passive means. In this study,
passive damping solutions are evaluated (i.e. without any external power
source) that can be directly integrated into highly loaded aerodynamic
open rotor fan blades. Apart from traditional viscous damping methods
[193, 194], numerous novel damping techniques have been investigated in
the last two decades. A comprehensive comparative study of active and
passive damping techniques such as piezoelectric damping, shape memory
alloy (SMA) damping, particle damping, magnetic damping, viscoelastic
damping, coulomb damping, fluid damping and eddy current damping can
be found in the literature [195]. Turbomachinery rotor blades are designed
to convert mechanical rotation energy to propulsive flow energy. In order
to achieve high efficiency, accurate aerodynamic surface quality is a key.
Embedding the damping systems into the blade structure is thus preferable to ensure the least possible aerodynamic interference. Besides, their
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integration should not significantly affect the weight and stiffness of the
composite part and they should also survive the manufacturing process.
Strain and temperature gradients during use of the rotor blade caused by
high centrifugal loads at high rotational speeds should not affect the system either. To address these issues, piezoelectric shunt damping and SMA
damping were identified as potential systems that can be integrated in the
composite for passive damping. In this chapter, two concepts of damping using embedded shunted piezoelectric material and embedded SMA
wires are explored, respectively. A comparative study was conducted to
determine the benefits/disadvantages of both concepts. Passive damping
enhancement in carbon-fibre reinforced polymer (CFRP) composites from
both concepts was first evaluated by forced vibration testing of cantilever
plates. Damping elements were then embedded in a 1:5 model of an open
rotor blade structure manufactured by resin transfer moulding (RTM). A
finite element mechanical study of the composite blade was performed to
determine the section of the blade that is submitted to higher vibration
strain amplitudes. Passive damping enhancement of CFRP blades was
finally evaluated by forced vibration testing.

6.2

Damping Methods

For the passive damping of the composite blades, shape memory alloy
wire damping and piezoelectric shunt damping was investigated. This
thesis focuses on piezoelectric shunt damping. However, the interested
reader can find more information on shape memory alloy wire damping in
the above mentioned journal publication. Within the group of piezoelectric damping systems, the piezoelectric shunt damping approach features
complete autonomy from external power supply with obvious advantages
for structural integration. Typically, mentioned systems incorporate a
piezoelectric transducer, wiring and an electronic circuit (shunt). For this
study, an in-house piezoelectric transducer device, which was specially developed for high strain environments [196], was used in conjunction with
a resonant shunt and a synchronized switch damping on inductor circuit
(SSDI). The concept of piezoelectric shunt damping in conjunction with
the classic RL resonant shunt was first proposed by Hagood et al. [26].
The resonant shunt works similarly to a mechanical vibration absorber
that is tuned to attenuate a specific eigenfrequency. In a similar manner, the resonant shunt’s electric LCR-circuit is tuned to the mechanical
vibration eigenfrequency of interest. Especially low mechanical eigenfrequencies (less than 100Hz) imply bulky circuit design because very high
electric inductances have to be integrated either as bulky coils or as syn-
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thesized inductances using active electronic circuits. Bulky circuit design
and high mistuning sensitivity have led to the investigation of more robust
circuit topologies such as the SSDI technique. Interesting work in this
area can be found in [197, 198]. Investigations of improved resonant shunt
architectures in conjunction with fibre based piezoelectric actuators can be
found in [149, 170, 129]. SSDI is a shunt topology developed specifically to
overcome the drawbacks of the classical resonant shunt architectures. It
is operable with very small inductances in the order of millihenries, which
can be physically implemented with small coils and structurally integrated.
Synchronized switch damping uses MOSFET switches to connect and disconnect a small inductance from the piezoelectric transducer during the
vibration cycle. The switching changes the piezoelectric’s stiffness in order
to dissipate energy [129]. The SSDI is insensitive to parameter variations
of the mechanical vibration system such as changing mass and eigenfrequencies due to wear, aging or deposit of matter on the structure. For
this study, the SSDI implementation of Delpero et al. was used and is described in detail in [28]. Further source of parameter variations are electric
components of the shunt circuit such as resistors, capacities and inductances, which may change with temperature and time. The synchronized
switch damping on inductor (SSDI) has been lately intensely investigated
[199, 200, 201, 202]. The SSDI approach is very efficient for a one degree
of freedom system [199]. It loses performance for multi degree of freedom
systems since neighboring modes are excited. One way to improve this
drawback is a modified switching strategy [200, 201]. Another improvement can be achieved by increasing the inductance [202]. For vibration
damping with passive shunt circuits, externally applied piezoelectric transducers are generally considered [199, 200, 201, 202]. Giovanardi et al. [203]
embedded piezoelectric transducers in a simple graphite fibre/epoxy plate.
The sound radiation of the plate could be successfully decreased by 20 dB.
Krajenski et al. [204] presented selected examples of composite systems
with integrated piezoelectric components whereas Kroll et al. [205] investigated process routes enabling mass production of lightweight structures
with integrated piezoelectric transducers. Sénéchal et al. [206] present an
optimization method using finite element modeling for the shunt damping
of a turbojet fan blade.

6.3

CFRP Rotor Blade Model

Passive damping enhancement by means of piezoelectric shunt damping or
SMA wires is highly dependent on the mechanical strain the materials experience in operation. The embedment location of the damping elements
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is thus crucial. In order to optimize the efficiency of damping concepts, a
finite element model (FEM) of the blade, without any damping element,
was implemented. Results were validated with the measured transfer function of the manufactured reference carbon blade.

6.3.1

CFRP Rotor Blade

A typical geometry of an open rotor blade, at scale 1:5 is considered in
this work. Figure 6.1 presents a CAD volume model of this highly complex
structure incorporating twist, deformation and varying thickness both in
spanwise and chordwise direction. In order to reflect potential industrial
blade manufacturing and to account for the complexity of the shape, a
RTM process has been chosen for manufacturing of the blade structures.
A two-step approach is proposed for the integration of the damping
elements into the composite fan blade. Carbon fibre 5 HS woven fabric
and an epoxy system for RTM are considered. In a first step a CFRP
”core” is manufactured. Damping elements are then applied at its surface.
The core, overwrapped by carbon fibre fabric, is then enclosed in a mould
where epoxy resin is injected to obtain the final rotor blade.

Figure 6.1: Different views of the CATIA volume model of the open rotor
blade.
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Finite Element Modeling of Composite Blade

Numerical analysis was performed in commercial FEM software ANSYS.
In order to take into account the geometry of the blade and the necessary
variation of thickness the model of the blade is divided into thirteen sections. Ten areas represent the laminate lay-ups of the inner full composite
core and three areas define the laminate lay-ups for the final covering layers of the blade. Figure 6.2 shows the layers of the blade. The laminate
lay-up and consists in total of 26 layers of fabric, 20 for the core and 6
final layers. The red rectangular illustrates the clamping area used both
for experimental and numerical investigations.

Figure 6.2: Area definitions for the laminate lay-up.
Areas were meshed using 4-node linear Shell elements (Shell181) with
6 degrees of freedom at each node (3 translational, 3 rotational). The
microstructure of the complex weave of the fabric is taken into account
by attributing orthotropic half-ply properties to the material. The fabric
layer is decomposed in two half-plies, each featuring quasi unidirectional
properties with 80% of the fibres in the longitudinal direction and 20%
in the transverse direction, respectively. The mechanical properties of
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the CFRP lamina were calculated based on mechanical tests and on the
laminate theory. Used material data for the half-ply are summarized in
Table 6.1.
Name
Young’s Modulus
Young’s Modulus
Shear Modulus
Poisson’s ratio
Density
Material damping coefficient
Half-ply thickness

Symbol
Ex
Ey
Gxy
ν
ρ
ζ
t

Value
150000
55000
4600
0.0818
1.5e-09
0.01
0.125

Unit
N/mm2
N/mm2
N/mm2
[-]
t/mm3
[-]
mm

Table 6.1: Material parameters for half-ply

6.3.3

Modal Analysis of the Blade

The manufactured reference blade without any damping devices included
was investigated in the frequency domain with both modal analysis and
a forced response analysis. Only the first eigenmode of the blade is of
practical relevance for this study. However, to ensure proper representation of the FEM, four eigenmodes were included in the validation having
frequencies below 800 Hz. Table 6.2 shows the eigenfrequencies calculated with the FEM of the reference blade. The QR-damped procedure
in ANSYS is used to calculate the eigenmodes and frequencies. It combines the Complex Hessenberg Method (QR algorithm) and the traditional
Block Lanczos Method and is adapted to suit the investigation of slightly
damped structures (ζ = 0.01).
No.
1
2
3
4

Form
1st bending
2nd bending
1st torsion
2nd torsion

Frequency FE Model [Hz]
118.57
313.24
628.55
722.85

Table 6.2: Finite element modeling eigenmode results

136

Comparative Study of Passive Damping of Composites Blades

Figure 6.3: Mode shape of the first blade eigenmode (first bending) at
118.57 Hz.

Figure 6.4: Strain of blade core in chordwise direction (x-direction).

6.3.4

Forced Response Analysis of the Blade

A harmonic analysis (forced response) was conducted in the frequency
range from 100Hz to 140Hz with linear frequency spacing and 40 steps.
The frontal solver was chosen as solver method for the finite element run,
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Figure 6.5: Strain of blade core in chordwise direction (z-direction).

Figure 6.6: Strain of blade core in chordwise direction (y-direction).

assuring a robust process and little memory requirements. The structure
was modelled as clamped at the root and excited by a harmonic force
of 0.1N amplitude at the tip of the blade. The simulation provides the
6 different strain components in the laminate layers of the blades. The
absolute values of the strains do not match the strains in later testing
but the proportion between the strain components remains equal. The
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strain distribution results are thus used for finding optimum placement
positions for the damping devices. As the core serves as application region
for the damping devices, we consider only the part of the blade, which
is available for device placement although the whole blade was modelled.
Normal strain distributions in the 3 axis directions are considered in the
following section, shear strain terms are very small and therefore omitted
here. Figure ?? (a) illustrates the mode shape of the first bending mode.
Figure 6.3 and Figure 6.4 illustrate the strain of the blade core in chordwise direction (x-direction) for the outermost laminate layer. Maximum
strain values in the middle part of the core are around 160µ. Strain is
maximal in the middle part of the blade core and diminishes towards the
edges and the root. Figure 6.5 shows the strain of the blade core in thickness direction for the outermost laminate layer. The maximum value here
is around 11.3µ which is one order of magnitude lower than the strain
in the chordwise direction. At the boundary between the different regions
local maxima are observed, which is believed to be due to the stepwise
change of stiffness and thickness at these points. Figure 6.6 illustrates the
strain in spanwise direction (y-direction) of the blade core for the outermost laminate layer. For a plate-like structure, the strain is highest at the
clamping for the first bending mode. Surprisingly, for the displayed blade
core geometry excited at the first bending mode the upper right region
experiences the highest strains. The maximum strain values reach 457µ
and are significantly higher than for the other two directions. The strain
in spanwise direction appears to be the key driver in the strain controlled
vibration damping process for the integrated damping devices. Positioning
of damping elements in the upper right region should be considered when
using strain controlled vibration damping.

6.4
6.4.1

Experimental Approach
Materials and Processes

For the manufacturing of CFRP plates and blades, a carbon fibre 5 HS
woven fabric from Hexcel (46280 W1000 from Hexcel, fiber IM7, 6K, Atlas
5, 285g/m2) was chosen. Matrix consisted of a 2 component epoxy resin
system developed by Composites Busch S.A. based on the Dow D.E.R.332
resin mixed with a suitable hardener. The weight fraction of hardener
in the system was fixed at 18%. CFRP plates were manufactured by
vacuum infusion while a two-step RTM process was adopted for blade
manufacturing.
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6.4.1.1

139

Plates Manufacturing

The CFRP plates lay-up was symmetrical, [(0/90)/(+45/−45)/(0/90)]s to
obtain quasi-isotropic mechanical properties. Plates having the dimensions
100 mm x 270 mm were manufactured with a simple vacuum assisted
process instead of a RTM process involving a steel mould. Mixing and resin
injection were performed at 45◦ C while curing was at 70◦ C for 2 hours
before a post-cure of 2 hours at 140◦ C. Cantilever plates for vibration
testing were cut with the final dimensions 230mm x 60mm x 2mm. A
piezoelectric transducer was glued close to the clamping area onto the
surface of one CFRP plate using a high performance two component epoxy
glue from Araldite (Araldite 420 A/B) and an adhesive layer of 0.1mm
thickness. For reasons of simplicity, the piezoelectric actuators were not
structurally integrated but surface bonded for the plate tests.

Figure 6.7: CFRP plates with embedded and surface bonded SMA wires
and bonded piezo transducer.
Two Nitinol SMA wires types with different compositions and 200µm
in diameter were purchased from SAES Getters Spa. They were chosen
for having superelastic and martensite properties at room temperature,
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respectively. Their surface was oxidized in order to ensure a good adhesion
to the epoxy resin. SMA wires were embedded in CFRP plates along the
entire longitudinal direction. Wires were positioned as far as possible
from the neutral axis of the composite plate to maximise the wires strain
in vibration. A metallic mould with a frame was designed for SMA wire
placement during infusion process. A pre-strain of 2.5% was applied to
superelastic wires using this frame in order to achieve a better damping
effect [207]. In total, eight samples were manufactured. Three different
volume fractions of wires, 3%, 5% and 8%, were considered in order to
verify the influence of SMA volume fraction on damping performance.
Figure 6.7 shows plates with embedded SMA and surface bonded SMA
and piezo transducer used for testing.
6.4.1.2

Blades Manufacturing

Two moulds were designed and machined from steel in order to produce
a core (Figure 6.8) and the final blade shape (Figure 6.9), respectively.
The CFRP laminate was based on [0/90// + 45/ − 45// − 45/ + 45//90/0]
lay-up. The number of plies for each section was adapted in order to fit
to rotor blade geometry while keeping lay-up symmetry. The final part
geometry was adapted from the CAD (Figure 6.1) by adding a plate at
the top, to possibly clamp these blades on both ends for further tests under
additional strain.

Figure 6.8: Blade mould for core injection (filled with dry fabric).
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Small cores were produced by RTM. Cores were made from 20 layers
of (0/90) fabric, positioned alternatively at 0◦ and 45◦ orientations. After
curing, cores were equipped with piezoelectric actuators or prestrained
SMA wires at their surface. They were finally placed inside the second mould and overwrapped with 3 more layers of (0/90) fabric laid at
(0◦ , 45◦ , 0◦ ). Resin was injected at room temperature to obtain the final
smart blade with integrated damping devices.

Figure 6.9: Blade mould for final injection process.
Moulds were heated at a constant temperature of 70◦ C during curing. After injection, the parts were cured for 1h before they were released
from the mould. After demoulding, samples were cooled down to room
temperature and then submitted to a postcuring process according to the
temperature cycle presented in table 6.3 consisting of 6 steps. Fibre volume content for all injected plate and blade samples ranged from 50% to
55%.
In order to investigate the impact of piezo placement on the vibration
damping performance, two different configurations were manufactured.
One blade core was equipped with piezo actuators at the clamping of
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No.
1
2
3
4
5
6

Start Temp. [◦ C]
30
100
100
180
180
60

End Temp. [◦ C]
100
100
180
180
60
60

Duration [min]
70
2
160
90
120
3

Table 6.3: Post curing temperature cycle

Figure 6.10: Rotor blade core with positions of piezo transducers.

the blade core while a second variant incorporated a position in the upper
right region of the blade core, Figure 6.10. Both actuators were integrated in laminate layer no. 11. A higher performance was expected due
to the high strains calculated in the finite element analysis for the upper
right position. Piezo actuators were made from PZT ceramic material
(PIC 255 from Physikinstrumente) and sized 50mm x 30mm x 0.2mm. A
detailed description of the module manufacturing can be found in [196].
Modules manufactured according to [196] are suitable for application to
doubly curved structures and could successfully be bonded to the blade
core without visible fractures. PIC 255 has a high Curie temperature and
pressure tolerance assuring proper functionality even after thermal cycling
during injection and postcuring processes. Actuators were packaged between polyimide foils for electrical insulation in the conducting CFRP
environment. In order to overcome possible delaminations due to the foil
inclusions in the laminate, the adhesion quality between foil and matrix

6.4 Experimental Approach

143

was improved. A treatment with fine sandpaper increased the critical interface strength allowing for structural integration of the transducers.
Based on the findings from the finite element simulations, SMA wires
were wound around the blade core in spanwise direction (Figure 6.11).
Superelastic wires were pre-strained up to 2.5%, wound around the blade
core with prestrain and fixed at the root with small screws. Martensitic
SMA wires were integrated without prestrain. Due to the complex shape
of the blade core, the wires were not completely attached to the surface of
the blade core but had a varying offset of some millimeters depending on
the region of the blade core. Another variant was processed using flattened
SMA wires, initially 1mm in diameter, with the same composition as the
thin martensitic wires, also from Saes Getters Spa. The flat wires were
glued onto the surface of the cores, and could thus cover a wider area than
the thin wires.

Figure 6.11: Blade core with applied prestrained SMA wires (left) and
applied piezo modules (right) in top and bottom view.
A crucial point in the 2 step manufacturing process of the blades was
the prevention of possible delaminations and dry spots due to insufficient
impregnation of the fabric. To guarantee adequate impregnation quality
some cut outs were realized in the fabric layer covering the damping devices before the final injection. 180 kN closure force was applied by a
press to assure proper closing of the divided RTM mould. Together with
cut out of the fabric, this assured proper impregnation and prevention
of delaminations between prestrained wires and matrix/fabric. The piezo
blades were equipped with flat electric connections than came out of the
mould in order to be able to contact them to different shunt circuit designs
for vibration experiments. Flexible sealing material was used to properly
seal the mould exit of the electric connections. For later series production
of smart blades, the shunt circuit can be miniaturized and structurally

144

Comparative Study of Passive Damping of Composites Blades

integrated into the blade together with the wiring. The very flat wiring
of the piezos was made of copper foil and was insulated with polyimide
foil suitable for structural integration. The thin design reduces laminate
interference in thickness direction to an essential minimum. Beside prestraining, SMA wires do not need system changes and can be integrated
without any external interface or surface treatments into the blade. This
fact comfortably reduces their system complexity.

6.4.2

Vibration Damping Measurement Test Set-Up
and Evaluation Procedure

CFRP plates and blades were tested by forced vibration. The vibration
set-up was controlled by a Desktop PC running LabVIEW. A signal generation card (DAQ PXI 6229) was used to generate the input for the shaker
amplifier (TiraVib Type 5111) that is connected to the electromechanical
shaker (TiraVib, maximum force of 200N) exciting the structure close to
the clamping. The shaker was connected to the sample via a steel rod.
A force measurement head was installed between the structure and the
rod of the electromechanical shaker to capture the actual applied force.
A laser displacement sensor (Keyence LC 2400) was used together with
the according laser controller to capture the displacement at the tip of
the structure. Force sensing signals and displacement sensing signals were
transmitted to a PXI card connected to the LabVIEW PC to evaluate
the measurement. Figure 6.12 shows a clamped blade during tests. After
clamping in the vibration test stand, CFRP plates had a free length of
200mm.
All experiments on plate and blade structures were analyzed in the frequency domain. A frequency sweeping with linear spacing and 200 steps
was used for the excitation of the shaker. Different vibration amplitudes
were considered. The applied voltage at the exit of the signal generation
board ranged from 10 mV up to 800 mV for the plate tests and was held
constant to 1V for the blade tests. 1V output corresponds to 20N amplitude shaker force. Since the blades were much stiffer than the plates,
a higher excitation force was used for testing. To guarantee the stability of the measures, for every test frequency 25 settle cycles were used to
mitigate unwanted transient effects. The following 50 cycles were used to
obtain an averaged and representative value of the sample’s displacement
amplitude. Hence, the fundamental harmonic amplitude was used for the
evaluation of experiments.
Data from the transfer functions of the tested structures were then
further processed by a Matlab program to calculate the loss factor of the
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Figure 6.12: Vibration damping test stand with clamped blade.

systems. Measured eigenfrequencies were clearly distinguishable in the
frequency domain. This permitted to consider the system as a 1 DOF
simple harmonic system represented by a mass m and a spring k [208]. We
state that the assumption of a 1 DOF system is only an approximation.
The piezoelectric resonant shunt is at least a 2 degree of freedom system
(mechanical and electric degrees of freedom) and the SSDI shunt is nonlinear. Alternative methods for damping assessment are the measurement
of the peak reduction in dB determined in forced vibration experiments
or an equivalent damping ration determined by the decay of an oscillation
in the time domain [199, 209]. However, for the damping determination
of the reference blade and the SMA samples, the following equivalent loss
factor determination is justified. For the piezo systems, an alternate approach was chosen and is further explained below. For a system with
hysteretic damping, the stiffness k can be replaced by a complex stiffness
k* (k∗ = k(1 + jη)). Herein, η is the loss factor. If the system is excited by
a steady-state harmonic force F ejωt at angular frequency ω, the following
differential equation can be formulated (Newton’s 2nd law) as:
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m

d2 x
+ k (1 + jη) x = F ejωt
dt2

(6.1)

When ω is low, response and excitation are in phase (δ ≈ 0) and we can
state that::
H=

x
=q
F

1

(6.2)
2

(k − mω 2 ) + k 2 η 2

H is the frequency response funtion (compliance). It’s maximum value,
Hmax , is obtained at the resonance frequency ωpeak (peak frequency). The
resonance occurs for the considered model axactly at
r
k
ωpeak =
(6.3)
m
The amplitude of the peak reaches then excatly
Hpeak =

1
kη

(6.4)

For small values of η, the classical half power bandwidth method holds
true:
∆ω
∆f ∼ 
η
ωhigh − ωlow
η 
=
=
− 1−
=η
= 1+
ωpeak
ωpeak
fpeak
2
2

(6.5)

The loss factor for reference CFRP samples without any damping devices
and with embedded SMA wires was evaluated following this procedure.
For the piezoelectric damping systems a modified approach had to be
used, since the electric shunt circuits introduce nonlinearities into the system and cannot be regarded as a 1DOF systems. The loss factor, intrinsic,
of the CFRP plates without any shunt circuit connected was determined at
first using the half-power bandwidth method. A second transfer function
was measured with connected shunt and the peak amplitude reduction in
dB was measured. This allowed to calculate the damping caused uniquely
by the shunt shunted. The total loss factor of the system is then measured as an equivalent loss factor that a 1DOF system would achieve for
the same amplitude reduction. The damping introduced by the shunt can
then be calculated as:
 Hintrinsic −Hshunted 
20
ηshunt = 10
ηintrinsic − ηintrinsic
(6.6)
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It is important to mention that in equation 6.6 the amplitude values for
Hintrinsic and Hshunted are considered in dB. In other terms this can be
put as:
Hpeak
ηtotal,shunt
ηshunt + ηintrinsic
=
=
Hshunt
ηintrinsic
ηintrinsic

6.5
6.5.1

(6.7)

Experimental Results and Discussions
Passive Damping of CFRP Plates

Table 6.4 summarizes the measured eigenmodes of the blade structure.
Results are in good agreement with the finite element model.

No.
1
2
3
4

Form
1st bending
2nd bending
1st torsion
2nd torsion

Frequency
Experimentally
[Hz]
124.1
299.3
650.8
714.9

Frequency
FE Model
[Hz]
118.57
313.24
628.55
722.85

Table 6.4: Comparison of experimentally and numerically determined
eigenmodes and frequencies.
Table 6.5 gives an overview of the damping measurements accomplished
with the reference CFRP plate and the piezo CFRP plate. The reference
CFRP plate possesses a loss factor of 0.51%. It does not change with test
excitation amplitude. The loss factor for all samples tested is related to the
loss factor of the reference sample. Hence, the relative loss factor increase
is listed or displayed.

Sample
Reference plate
Piezo Switching Shunt 200mV
Piezo Resonant Shunt 10mV

Relative Loss Factor
Increase [%]
0
81.71
207.02

Table 6.5: Damping measurements for reference and piezo plate specimens.
The plate equipped with piezoelectric actuators at the clamping was
tested with two different shunt circuits: a resonant and switching shunt,
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respectively. For the resonant shunt a comparably low 10mV shaker excitation voltage was chosen to protect the electric circuit from overload and a
possible damage. The switching shunt was tested with a shaker excitation
voltage of 200mV since it is less sensitive to electrical overload. Shaker
force is related to the provoked strain in the test structure and hence,
to the electric voltage caused in the piezoelectric material. Both shunt
systems can be modified to withstand higher shaker excitation voltages.
Figure 6.13 presents the effect of damping elements on the frequency
response function of CFRP plate during forced vibration test. The black
curve illustrates the frequency response function of the undamped reference
plate while the other graphs show the effect of different resistance values
for the resonant shunt on the frequency response. Using only the parasitic
resistance of the resonant shunt, the red curve showing the two typical
peaks was measured. The inductivity and resistance values were calculated
in the classical way also mentioned in [26].

Figure 6.13: Frequency response function of piezo plate without shunt
(black) and resonant shunt with different resistance tuning values (colored).
Figure 6.14 presents the frequency response functions of the plate samples with switching shunt. The practical implementation of the switching
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shunt was accomplished with a 50mH inductivity. A detailed description
of the circuit designs can be found in [28].

Figure 6.14: Frequency response function of piezo plate without shunt
(black) and switching shunt (red).
An increase of 81.71% of the loss factor was measured when using the
switching shunt and of 207.02% when using the resonant shunt. Piezoelectric transducers were only externally applied for the plate tests in order to
further investigate possible foil surface treatments for adhesion improvement prior to structural integration in the blade.
Figure 6.15 presents the evolution of the damping effect with the excitation amplitude for the plate with integrated martensitic SMA. For all
plates an increase of damping with vibration amplitude was measured.
This is in agreement with SMA characteristics. For higher strain amplitudes, higher hysteretic loops were induced and consequently more energy
was dissipated.
Figure 6.16 displays the relative increase in loss factor as a function
of applied testing force. SMA samples show a loss factor increase for
increased applied force. This is in accordance with theory since higher
strain amplitudes contribute to increased hysteresis effects. The results of
forced vibration testing on CFRP plates with embedded SMA wires showed
to be dependent on testing conditions, and particularly on the clamping.
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Figure 6.15: SMA martensitic 5% transfer function for different excitation
levels.

Aluminium tabs were glued on the surface of plates for improvement of
clamping. Despite some scatter in the results general trends are observed.
Piezo samples were tested at constant excitation force to protect associated
electronics from overloads.
Figure 6.17 shows the relative weight increase of the tested plate samples versus the achieved loss factor increase with regard to the reference
plate. As expected, a weight increase with increasing volume fraction of
SMA is observed. As a general trend, a higher volume fraction of SMA
increases the damping of the samples. Higher strain amplitudes caused by
higher shaker excitation forces lead to higher damping values. Plate experiments validated the feasibility of SMA and piezo damping approaches.
Both technologies could successfully be applied to or integrated into a plate
test structure and increased the damping compared to a passive structure.
System complexity was then further increased with focus on structural
integration and complex shapes of a blade structure.
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Figure 6.16: Relative loss factor increase wrt reference plate of martensitic
(M), superelastic (SE), and piezo plate samples as function of applied force.

6.5.2

Structural Integration of Damping Devices into
Blade Structure

Figure 6.18 presents the different blades that were manufactured. Both
the structural integration of SMA and piezo damping proved feasible for
structural integration in real blades.

6.5.3

Passive Damping of CFRP Blades

The generalized electromechanical coupling coefficient was determined by
evaluating the response of the structure with a resonant shunt. When
different values of resistance are used in the RL connection, different frequency response functions are obtained that interesect in two points S and
T, as shown in Figures 6.13 and ??, whose corresponding frequencies are
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Figure 6.17: Relative weight increase wrt reference plate versus Relative
loss factor increase wrt reference plate.

related to the value of Kij [147]. Equation 6.8 was used for the calculation
of the generalized electromechanical coupling coefficient.
Kij =

√ ωT − ωS
2
ωshort

(6.8)

The generalized electromechanical coupling of the piezo blade equipped
with piezo actuator placed at the clamping possessed a generalized electromechanical coupling coefficient of Kij = 0.0509 whereas the blade
equipped with piezo in the upper right area of the blade core possessed a
generalized electromechanical coupling coefficient of Kij = 0.0685. Figure
6.19 shows the measured frequency response function of the blade with
integrated piezo high position without connected shunt and with resonant
shunt connected. Figure 6.20 shows the frequency response function of
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Figure 6.18: Blades after final injection with integrated damping devices.

the same blade and switching shunt. The peak vibration amplitude is
significantly reduced in both cases.
For the vibration tests, the same test stand as for the plate structures
was used together with an adapted clamping to hold the root of the blades.
In comparison to the plates, the blades were much stiffer due to their
pronounced thickness in the root region of the blade. The eigenfrequency
of the first bending mode was shifted from 46.54Hz to 124.52Hz. The pure
reference blade served as the benchmark providing a loss factor of 0.65%.
Results of the blade testing are summarized in Figure 21. All tested
samples increased the damping compared to the reference blade. As a
general trend, we observe that an increase in damping is connected to an
increase in added mass. Martensitic wire samples increase the damping
between 130% and 300% at the cost of 8%-17% added weight. Superelastic
wire SMA increases in the damping by 30% at the cost of 13% added
weight. The piezo samples increase the damping by 500%-600% at the
cost of a weight increase of 23%-32% using the resonant shunt circuits.
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Figure 6.19: Frequency response function of blade with piezo high position
without shunt (black) and connected resonant shunt (red).

Figure 6.20: Frequency response function of blade with piezo high position
without shunt (black) and connected switching shunt (red).
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Figure 6.21: Relative weight increase wrt reference blade versus relative
loss factor increase wrt reference blade.
First manufactured blades nonetheless prove the feasibility of the chosen
manufacturing approach and selection of technologies.

6.6

Conclusions

Both piezoelectric shunt damping and SMA damping have proven to be
feasible passive damping enhancement solutions for the application in open
rotor fan blade application. Vibration damping measurements of plate
structures equipped with damping devices were carried out. Comprehensive measurements of damped plates with different testing forces confirmed
theoretical assumptions that the SMA damping depends on strain amplitudes due to its hysteresis effect and according phase transformations
inside the SMA material. Piezoelectric shunt damping was tested at individual excitation force levels in order to protect the associated electron-
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ics from overloads. SMA and piezoelectric elements increased the system
damping when compared to an undamped CFRP plate sample significantly.
Structural integration of the damping devices into blade structures was
addressed with a two step RTM injection process. Damping systems were
designed to withstand the high temperature and pressure conditions during
injection and post-curing safely. The chosen process route represents a
realistic scenario for the potential commercial manufacturing of open rotor blades with integrated passive damping devices. Specific cut-outs in
the fabric lay-up representing the damping devices shape were prepared
in order to maintain a similar level of fibre volume content inside the
blade. Vibration damping measurements were carried out after the blade
manufacturing process to validate their functionality. It was found that
both SMA and piezoelectric shunt damping increase the blade damping
compared to the undamped CFRP blade. Piezoelectric shunt damping
increases the loss factor of the blade further than the SMA at the cost of
more additional weight for the overall blade structure. In contrast to classic broadband viscous material damping, the investigated smart damping
technologies achieve a higher damping performance for single mode applications and are therefore well suited for application in open rotor aircraft
engine blades.

Chapter 7

Conclusions and Outlook
7.1

Conclusions

This thesis investigated the use of piezoelectric shunt damping for application in open-rotor composite rotor blades. Recent research and development activities of both scientific and industrial institutions showed
that lighweight design is a key driver for modern products. Lighter composite structures lead to reduced fuel consumption for aircraft operation
and according emission reduction. However, lightweight design makes the
structures also prone to vibration problems that counteract the benefits
of the weight savings. Therefore, this thesis looked at the mitigation of
vibration problems for leightweight composite structures.
Piezoelectric shunt damping has been investigated in the past decades
intensively by the scientific community. However, research mainly focused
on simple engineering structures such as beams or plates. This thesis aims
to close the gap between fundamental scientific research and applied research in the area of piezoelectric shunt damping. In the first part of this
thesis, a new method for optimal placement of piezoelectric transducers in
complex composite structures was investigated. The proposed approach
is numerically very efficient and allows for exhaustive search of positions
in the design domain. Hence, the most performant position can be found.
The placement method was investigated numerically and experimentally
on a full carbon composite rotor blade with structurally integrated piezo
transducers. The new placement method was compared with the traditional calculation procedure for 10 test positions and with experimental
results. The author concludes that the new method efficiently finds the
optimum position. It gives similar results compared to the traditional
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placement approach. Absolute measured coupling values were lower than
the calculated ones which is potentially due to imperfect load introduction inside the composite laminate. The presented method is a viable
approach for the optimal placement of piezoelectric transducers in complex real-world composite structures and represents a useful method for
smart composite product development.
Structural integration of piezoelectric transducers into composite structures is mandatory in order to fulfill aerodynamic requirements. Commercially available actuators are not designed for integration but for application to surfaces. A new packaging method for piezoelectric transducers
was developed in this thesis. It cosists of monolithic piezoelectric material with flat copper electrodes sandwiched between isolating polyimide
foil. The foil serves as source for mechanical prestrain and makes that the
transducers achieve higher strain allowables than commercially available
tranducers. Additionally, their flat design is ideal for structural integration and minimal laminate strength reduction through integration. The
design idea was experimentally implemented with a devided metal frame
construction. It was used to prestrain the isolating polyimide foil prior to
assembly of the modules. Manufactured actuators were characterised in
three-point-bending tests for different prestrain levels. The strength increase could be observed experimentally and was in good correlation with
analytical modeling. Further unidirectional tensile testing with acoustic
emission testing revealed that delaminations in the edge zones of the prestrained actuators can lead to early failure onset in the edge regions. Onedimensional modeling of the shear-lag effect showed that the high tensile
forces of the polyimide foil lead to excessive shear stresses in the bonding
layers that consequently led to delaminations between polyimide foil and
bonding layer. As a result, the according areas of the patch remained
without prestrain and were detected as sources for early fracture onset in
the tensile testing with acoustic emission monitoring. The delamination
problem was analyzed with three-dimensional finite element modelling. An
improved design was developed that used epoxy bevels to introduce the
tensile foil loads more cautiously into the ceramic material. The shear
stresses in the bonding layer could successfully be reduced to acceptable
limits. The proposed piezoelectric module design is suitable for structural
integration into highly loaded composite structures.
Both the proposed placement method and the new packaging method
for prestrained piezoelectric actuators were tested experimentally. A comparative study looked at the vibration damping capabilities of piezoelectrically damped and shape memory alloy wires damped plate and blade
structures. The placement of the piezo actuators was optimized with the
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method proposed in the first part of this thesis. The in-house manufactured
prestrained piezo modules were used for the integration. The piezoelectric
samples were tested with resonant shunt and switching shunt architetures.
It could be successfully proved that the structural integration of the piezo
actuators within a two step RTM (resin tranfer moulding) manufacturing process does not harm the modules. Vibration testing revealed that
the blades equipped with piezo modules achieved higher damping than
the shape memory alloy wires. At the same time, the weight penalty for
the piezo samples was higher than for the shape memory alloy wires. The
comparative study proved that the damping of a real-world composite part
can be significantly increased by the integration of piezoelectric modules.
Furthermore, the two step manufacturing process represents a successfully
approach for the structural integration of smart damping materials and
can be used on an industrial scale to manufacture smart rotor blades.
It is the achievement of this thesis to present a comprehensive method
for the optimal placement of piezoelectric devices in complex composite
structures, a piezoelectric module design suitable for high strain environments and structral integration and a successfull approach for the manufacturring of smart blades. The proposed methods and technologies are
believed to narrow the gap between fundamental research in the area of
piezoelectric shunt damping and the application to real products.

7.2

Outlook

During the research leading to the achievements of this thesis, several
interesting new questions came to the author’s mind that shall be presented
here.
The delamination problem of the prestrained transducers could be successfully solved by a design improvement. However, long term thermal
loading of the preatrained actuars can still lead to delaminations. The
polyimide foil was used for the module design because of the high stiffness and ultimate strength compared to other plastic foils. Additionally,
polyimide is very resistant against chemical and thermal influences. A
drawback is the weak interface when glued with epoxy resin. The author believes that the investigation of physical and chemical treatments
of the foil could be useful to further increase the bonding quality between
polyimide and matrix.
A further aspect is the relaxation of the polyimide foil that leads to a
loss of prestrain over time. In the three-point-bending tests accomplished
in this thesis, no relaxation was observed. However, the modules were
tested between one to four days after manufacturing. It cannot be guar-
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anteed that relaxation for a longer period of time does not influence the
strength of the modules in a negative manner. Similarily, the long term (fatigue) behaviour of the structurally integrated actuators remains unclear
and could also be investigated in more detail.
An interesting topic for further research is the experimental investigation of flutter phenomena. The effect of additional smart damping of
aeroleastic structures could be experimentally investigated in wind tunnel experiments and compared to analytical and numerical modelling. To
the author’s knowledge, a loss factor increase of 1% or more is considered
as relevant for the aeroelastic behaviour of structures (blades, wings) by
experts. This thesis proved that this limit can easily be exceeded with
piezoelectric shunt damping. Hence, a further study of the aerolastic impact of the additional damping would be beneficial.
The structural integration of piezo modules was successfully proved in
this thesis. The associated shunt circuits remained outside the blades for
reasons of variablilty in vibration testing. For a completely autonomous
shunt damping system, the circuits should also be integrated into the structure. This poses the question of miniaturisation of the shunt circuits and
their unharmed integration within the RTM manufacturing process. The
author belives that also the electrical insulation of the shunt circuit in the
conducting carbon fibre environment as well as the mechanical strength of
the circuit are challenging topics for further research.

Appendix A

Appendix
A.1

Material data of PIC255 piezoelectric
material
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