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Abstract

The structural vibration suppression via shunted piezoelectric elements is
studied in this work, covering the whole range from the single smart com-
ponent to the �nished prototype smart system.

Part I is devoted to piezoelectric ceramic �bers, the core component
of Active Fiber Composites. A novel characterization procedure for the
ferroelectric characterization of single piezoelectric �bers yielded butter-
�y and hysteresis loops and force-displacement curves for three di� er-
ent commercially available �bers and �bers under development at Empa
Duebendorf. The observed response was correlated to the respective mi-
crostructural properties and �bers were identi�ed for manufacturing AFC
later embedded into the test object.

In Part II the micromechanical properties of so-called Active Fiber
Composites were investigated both numerically and experimentally. Con-
�gurations were optimized in terms of free-strain, force and capacitance
response, respectively. Even so, only marginal improvements could be
achieved with respect to the requirements imposed to activecomponents
for use in structural vibration control.

Part III presents e� orts towards proper integration of sensors and actua-
tors into load-carrying composite structures. A laboratory method provides
for prototyping large area circuitry with moderate resolution on electrically
and thermally stable polyimide. While encapsulation of piezoelectric ce-



iv

ramic wafers allowed for larger modules, perfect insulation and ease of
handling, numerical and extensive experimental investigations quanti�ed
the impact of their inclusion onto GFRP and CFRP laminate strength.

Part IV focuses on the ultimate goal: the suppression of structural
vibration. The performance of Active Fibre Composites and traditional
piezoelectric ceramic elements in suppressing structuralvibration was com-
pared both experimentally and numerically. Traditional monolithic actua-
tors o� er best performance and turned out to be better suited for shunt
damping, due to their larger inherent capacitance. AFC, dueto their larger
voltage output and anisotropic response, seem to be predestined for use as
sensing elements. Both monolithic actuators and AFC sensors were suc-
cessfully placed for optimum vibration suppression usingR-L and switch-
ing R-L shunts. The optimization approach includes a CAD-model, an
FE-model and evolutionary algorithms and proved a valuabletool in �nd-
ing optimum solutions for real-world, highly constrained structures.

A rear wing of a racing car was selected as test object for veri�cation of
all methods and techniques previously introduced. Experimental validation
proved the technology to be e� ective in suppressing structural vibration,
with the trailing edge's �utter mode on the endplates being reduced by
12.5dB (or 76%).



Zusammenfassung

Diese Arbeit untersuchte die Schwingungsdämpfung lasttragender Struk-
turen mittels piezoelektrischen Elementen und passiven elektrischen Netz-
werken. Sie befasste sich mit Problemstellungen, welche von der einzelnen
aktiven Materialkomponente bis hin zum fertigen intelligenten Prototype-
nsystem reichen.

Teil I ist den piezoelektrischen keramischen Fasern gewidmet, der wich-
tigsten Komponente von sogenannten Active Fiber Composites (AFC). Eine
neu entwickelte Prozedur erlaubte die ferroelektrische Charakterisierung
von einzelnen piezoelektrischen Fasern. Schmetterlings-und Hysteresekur-
ven sowie Kraft-Weg-Diagramme konnten für drei verschiedene, kommer-
ziell verfügbare Fasern sowie für Fasern ermittelt werden,welche zurzeit
an der Empa Dübendorf weiterentwickelt werden. Eine enge Korrelation
zwischen der gemessenen ferroelektrischen Antwort und derjeweiligen
Mikrostruktur ist erkennbar. Die Studie identi�zierte dieFaser zur Her-
stellung von AFC, welche später in das Testobjekt integriert wurden.

Teil II beschreibt die numerische und experimentelle Untersuchung der
mikromechanischen Eigenschaften von Active Fiber Composites. Es wur-
den optimale Kon�gurationen für die maximale freie Dehnung, die maxi-
male Kraft beziehungsweise die maximale elektrische Kapazität ermittelt.
Die erreichten Verbesserungen sind hinsichtlich des Einsatzes von AFC
zur Schwingungsunterdrückung leider nur marginal.
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Teil III vertieft ausgewählte Aspekte zur korrekten Einbettung von Sen-
soren und Aktoren in lasttragenden Strukturen. Eine neue Methode er-
möglicht die labormässige Herstellung von gross�ächigen leitfähigen Kup-
ferbahnen auf Polyimid-Folien, einem elektrisch und thermisch stabilen
Polymermaterial. Dank der darau� olgenden Einkapselung von piezoelek-
trischen keramischen Platten konnten grössere Module mit perfekter elek-
trischer Isolierung und vereinfachtem Handling hergestellt werden. Nu-
merische und umfangreiche experimentelle Untersuchungenquanti�zier-
ten den Ein�uss der Einbettung auf die Festigkeit von glasfaser- und kohlen-
sto� aserverstärkten Laminaten.

Teil IV fokussiert auf die Schwingungsdämpfung lasttragender Struk-
turen - das Gesamtziel der vorliegenden Arbeit. Die Schwingungsdämpf-
ung mittels Active Fibre Composites und herkömmlichen piezoelektrischen
keramischen Modulen wurde sowohl numerisch als auch experimentell
untersucht. Aufgrund der höheren inhärenten Kapazität sind monolithis-
che Aktoren besser für den Einsatz mit passiven elektrischen Netzwerken
geeignet. AFC hingegen, sollten Dank der höheren generierten Spannung
und der anisotropen Antwort Einsatz als Sensoren �nden. Sowohl mono-
lithische Aktoren als auch AFC Sensoren wurden so platziert, dass eine
optimale Schwingungsdämpfung mittelsR-L und schaltbarenR-L Netz-
werken erreicht werden konnte. Die Optimierungsprozedur besteht aus
einem CAD-Modell, einem FE-Modell und evolutionären Algorithmen.
Damit konnten optimale Lösungen für reellen, komplexen Strukturen ge-
funden werden.

Der Heck�ügel eines Rennautos diente als Testobjekt zur Veri�zierung
aller entwickelten Methoden und Techniken. Die experimentelle Validie-
rung bestätigte, dass die angewandten Technologien e� ektiv zu einer Sch-
wingungsdämpfung führen. Ein Schwingungsmode der Endplatten konnte
um 12.5dB (oder 76%) reduziert werden.
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Chapter 1

Introduction

In the 20th century, advanced research in materials scienceresulted in man-
made structural materials such as composites. On the other hand, materials
with amazing properties were discovered. These achievements have al-
lowed embedding sensors and actuators into the load-carrying structure,
thus opening up the design space to such an extent, that engineers started
talking about structures that can monitor themselves and adapt to the envi-
ronment.

Smart materials and structures have therefore long been heralded as the
dawn of a new era in the automotive, transportation and aerospace indus-
tries, with engineers and managers planning to integrate them in products
that have to meet ever more demanding performance requirements. This
has largely not happened, at least not in the commercial arena. Among the
many reasons for this are the prohibitive costs, the additional complexity
and weight, and concerns about availability and robustnessof the system.
On the other hand, the intense activity and interaction among physicists,
material scientists, control engineers, and structural engineers may be just
one more indication of the potential represented by smart materials and
structures. The current research e� orts are best represented by four broad
directions.



2 Chapter 1. Introduction

1.1 Materials

Smart materials have the capability of signi�cantly changeone or more
properties upon external stimulus. Piezoelectric materials, e. g., show a
charge separation when strained, and strain when an electric voltage is ap-
plied [1]. Electro- and magnetostrictive materials [2, 3] behave in a similar
way. Shape memory alloys (SMA) [4, 5] are metals, which exhibit pseudo-
elasticity (an almost rubber-like �exibility) and the shape memory e� ect
(the ability to be severely deformed and then return to theiroriginal shape
simply by heating). Electro-rheological (ER) [6] and magneto-rheological
(MR) materials [7] are �uids, which can experience a dramatic change in
their viscosity (from thick �uid to nearly solid) when exposed to a magnetic
or electric �eld. Electroactive polymers (EAP) [8] can be used as actuators
or sensors. As actuators, they are characterized by the factthat they can
undergo a large amount of deformation while sustaining large forces. On-
going research aims at improving smart materials in terms ofperformance,
environmental impact and durability. Several researchersare looking for
lead-free piezoelectric materials [9]; others work on SMA to increase their
bandwidth [10]; and other institutions put signi�cant e� ort into improving
the long-term behavior of EAP [11].

1.2 Structures, Systems and Solutions

The amazing properties of smart materials are useless if notproperly pack-
aged in smart components, structures and systems. In the past, piezoelec-
tric materials were most widely used as sensors in di� erent environments.
Signi�cant e� orts are being undertaken to develop sensors and actuators
showing orthotropic response [12], and e� cient actuators allowing larger
displacements [13]. EAP are being manufactured in shell-like active ele-
ments, capable of smooth out-of-plane displacements [14]. Beam elements
including ER �uid layers are regarded as a promising approach for the vi-
bration damping of bridges and buildings [15], just as MR �uids are the
core component of active dampers for cable-stayed bridges [16, 17]. In an
attempt of manufacturing a� ordable, light-weight smart composite parts,
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thin SMA layers are being sprayed on the load carrying structure [18, 19].

1.3 Tools and Methodologies

The assessment of the potential of new technologies impliesa proper un-
derstanding of both the behavior of smart systems and of their components.
Multi-�eld simulation gives more and more insight into physical aspects of
smart components and predicts the response of complex systems. If cou-
pled with an optimization engine, such simulation models often allow for
better solutions that are beyond the engineer's intuition.Measuring instru-
mentation that senses and actuates at the micromechanical level is needed
for validating numerical results. New manufacturing processes under de-
velopment will allow tailoring structural components formthe micro to
macro levels. Embedding technologies are developed for thestructural in-
tegration of sensors and actuators. Di� erent control strategies are being
tested that minimize energy consumption while enhancing system stabil-
ity [20, 21]. Finding optimum locations for sensors and actuators is - �nally
- a key task, be it for vibration suppression, morphing or structural health
monitoring.

1.4 Applications

Major current activities can be categorized in vibration control and noise
abatement [22], morphing [23, 24, 25] and position control [26], and struc-
tural health monitoring [27]. Potential applications can be found in the
aerospace, automotive, and transportation industries. Prototype applica-
tions can be found among manufacturing systems, medical devices [28, 29]
and measuring systems. Piezoelectric materials are regarded as a promis-
ing approach to control vibration in elevons of �ghter aircrafts at �ut-
ter [30], or in helicopter rotors at critical speeds [31]. They could fur-
ther �nd application as positioning and vibration control devices in atomic
force microscopes [32], in power harvesting devices or as aircraft sensors
that warn of impending cracks [33]. MR �uids are being developed for use
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in car shocks [34], damping washing machine vibration [35], prosthetic
limbs, hydraulic displacement machines [36], exercise equipment [37], and
surface polishing of machine parts [38]. ER �uids have mainly been de-
veloped for use in clutches and valves [39], as well as engine mounts [40]
designed to reduce noise and vibration in vehicles. Due to the similarities
with biological tissues in terms of achievable stress and force, EAP are of-
ten called arti�cial muscles [41], and have the potential for application in
the �eld of robotics, where large linear movement is often needed.

As shown by this short overview of the state of research, the design of
smart structures is on the cutting edge of engineering research and devel-
opment. The reason for the yet missing breakthrough of the highly multi-
disciplinary �eld of smart materials and structures might then be that we
do not understand how to properly integrate structure and control system
design.

As a contribution to the development of comprehensive methodolo-
gies for the integration of smart systems, this thesis focuses on theVi-
bration Control of Load-carrying Composite Structures viaShunted Em-
bedded Piezoelectric Ceramic Elements. Above description expresses the
highly multidisciplinary character of the work, which encompasses aspects
of mechanical engineering, dynamics, composite technology, control engi-
neering and material science.

Relevance of vibration control

Dynamic behavior is one main design criterion for many kindsof load-
carrying structures, as undesirable large-amplitude vibrations often im-
pede the e� ective operation of various types of mechanical systems, in-
cluding antennae, spacecrafts, rotorcrafts, automobiles, and sophisticated
instruments. It is therefore desirable to introduce structural damping into a
system to achieve a more satisfactory response and to delay fatigue dam-
ages [42]. Composites with piezoelectric sensors and actuators o� er great
potential for use in the �eld of active structural acoustic and vibration con-
trol as well as shape control and health monitoring.
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1.5 Goals and Approach

Figure1.1 illustrates our understanding of a general smart structure. This
articulates in four levels. New materials with astonishingproperties are
discovered or synthesized in material science laboratories. Researchers
and engineers combine a smart material component (mostly useless if taken
alone) with a number of passive components to what we call a smart device.
To ful�ll its task, this has typically to be integrated into apassive host
structure and controlled by a dedicated algorithm. The resulting active
structural part can be assembled with one or more passive structural parts
to a complex smart system.

Complex Smart System

Passive
Structural Part

Active
Structural Part

Passive
Structural Part

...

Host Structure Control (Algorithm)

Smart Device

Level 1 Smart Material Passive MaterialLe
ve

l2

Le
ve

l3
Le

ve
l4

Figure 1.1: Schematic of a generic smart structure; Degrees of integra-
tion. The arrowheads symbolize interfaces and interactions between com-
ponents.

Level 1 is, by nature, the realm of material scientists. Mechanical engi-
neers design devices at Level 2 and, joining forces with control engineers,
integrate them into active parts at Level 3. System engineers, �nally, forge
�nal products at Level 4.

Bolstered by the highly multidisciplinary team at Empa, by the col-
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leagues of the Automatic Control Laboratory and by the manifold com-
petence we found at the Centre of Structural Technologies; driven by cu-
riosity, young ambition, and by some degree of unconsciousness; while
de�ning the scope of the present work, we decided to tackle atleast one
aspect for every single level identi�ed above. The researchgoals cover the
whole range from the single components to the �nished prototype system.
The resulting Work Packages are depicted in Figure1.2.
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WP I
Components

Characterization of
PZT Fibers

WP II
Sensor/ Actuator Modules
Active Fiber Composites:
Modeling & Optimization

WP III
Smart Parts

Integration of Active Modules
into Smart Parts

WP IV
Complex Smart Structures

Structural Vibration Control
via Shunted Piezoelectric

Ceramic Fibers

Figure 1.2: Increasing complexity and degree of integration in the research
approach. Work Packages de�ned for the present thesis.

Work Package Iwill be devoted to piezoelectric ceramic �bers, the core
component of Active Fiber Composites. An extrusion route for the produc-
tion of PTZ-based piezoelectric ceramic �bers being currently developed
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at Empa Duebendorf, this is a unique opportunity for customizing �ber
properties and processing to the needs of the vibration control application.
Commercially available �bers will be included in the investigations.

Distinct applications call for di� erent characteristics of piezoelectric
ceramic modules.Work Package IIwill investigate Active Fiber Compos-
ites, identify their actuating variables and disclose the optimization poten-
tial for di� erent target entities.

The best sensor or actuator will show poor performance if notproperly
integrated in the load-carrying structure. This is whyWork Package IIIwill
make contributions on enhancing the prototyping of electrical connections
to the active material and on minimizing the impact of inclusions on lami-
nate strength and on the structural behavior.

Work Package IVwill consider application of methods and technolo-
gies developed in the previous work packages. Whenever necessary, miss-
ing elements will be developed in cooperation with other research groups.
The validation phase will go beyond typically used demonstrators such as
cantilever beams and plates. We will select a test object with higher com-
plexity in term of geometry, boundary conditions and structural require-
ments. New control strategies, developed in the scope of thePhD thesis
"Smart Damping Materials using Shunt Control" [20], will be considered
and integrated at this stage.

The state of research and the resulting research needs for the single
aspects investigated will be presented in the respective chapters.





Part I

Characterization of
Piezoelectric Ceramic

Fibers





Chapter 2

Novel Characterization
Procedure for Single
Piezoelectric Fibers

The work presented in this Chapter can be found with minor modi�cations
as a publication in the scienti�c literature as:

A. Belloli, J. Heiber, F. Clemens and P. Ermanni. Novel Characterization
Procedure for Single Piezoelectric Fibers.Journal of Intelligent Material
Systems and Structures, 20(3):355-363, 2009.

The characterization of the ferroelectric properties of piezoelectric ce-
ramic �bers is paramount for optimizing their manufacturing processes,
for quality control purposes, and for modeling the responseof compo-
nents and structures. Until now, �bers were generally characterized by
measuring so-called 1-3 composites, �ber arrays embedded in a polymer
matrix. The �ber properties can then be extracted provided the volume
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fraction and sti� ness of each phase, the �ber piezoelectric charge constant
as a function of the electrical �eld strength, and the matrixpermittivity are
known. This implies a large amount of time and experimental e� ort. This
article presents a comprehensive procedure for the direct characterization
of single piezoelectric ceramic �bers in terms of butter�y and polarization
loops, as well as their blocking force. The experimental setup is composed
of a wave form generator, a high-voltage ampli�er, a dynamicmechanical
analyzer, a current/charge measuring circuit, and an oscilloscope. The ac-
tive circuitry used for reliably collecting the charge generated by a single
�ber is presented in full detail. The very good repeatability of the mea-
surements showed the proposed procedure to be robust. The comparison
between single �ber measurements and the investigation of 1-3 composites
revealed both procedures to be equal, at 99.9%, in determining the average
strain and polarization properties. In addition, the single �ber measure-
ment provides an estimation of the variation in �ber properties within a
single production batch. This information is essential to understand how
to optimize processing routes and build robust devices.

2.1 Introduction

In the past decade, the scienti�c community has put signi�cant e� ort into
developing piezoelectric ceramic �bers for orthotropic sensing and actua-
tion. Several processes were developed to produce PZT �bersin a certain
diameter range, e.g., the viscous suspension spinning process VSSP [43],
the ALCERU method [44] and the extrusion route [45].

Piezoelectric �bers show high potential as components in ultrasonic
transducers for higher resolution medical imaging [28, 29], sonar technol-
ogy for naval applications [46], structural health monitoring systems [27],
active twist control [47], reduction of acoustic radiation [48], and vibration
suppression [49, 50]. The characterization of their physical, mechanical
and piezoelectric properties is paramount for optimizing the manufactur-
ing processes, for quality control purposes, and for modeling the response
of components and structures.
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2.1.1 Polarization Properties

The commonly accepted criterion of ferroelectricity is a hysteresis loop
on aD � E display [1]. The usual method consists of applying an alter-
nating voltage to the material sample and relating the stored charge to the
instantaneous voltage using a so-called Sawyer-Tower circuit [51], a large
integrating capacitor placed in series with the sample. Thevoltage across it
corresponds to the charge stored. Meyer et al. [29] used a modi�ed Sawyer-
Tower circuit to determine the remanent polarization and the coercive �eld
of 1-3 composites, a multitude of uniaxially oriented �bersembedded in a
polymer matrix. Nelson et al. [52, 53] measured the polarization response
of 1-3 composites by using a device developed at the NationalPhysical
Laboratory [54]. In addition to contributions developed by the �bers and
the matrix, the composite response also comprises a contribution from ac-
tive �ber clamping by the polymer matrix. The polarization response of
the �bers can then be extracted from the 1-3 composite response, provided
that the volume fraction and sti� ness of each phase, the �ber piezoelectric
charge constant as a function of the electrical �eld strength and the ma-
trix permittivity are known [46]. This implies a large amount of time and
experimental e� ort.

Due to at least three reasons, the simple circuit proposed bySawyer and
Tower fails to reliably deliver precise hysteresis loops for single piezoelec-
tric ceramic �bers. Firstly, the capacitance of such a �ber 3mm in length is
in the order of 300f F. Secondly, the input impedance of the oscilloscope
(typically 1M
 ) is not large enough to keep a signi�cant part of the charge
stored on the sample (respectively on the integrating capacitor) from �ow-
ing to ground through the instrument. Finally, the voltage applied to the
�ber can be as large as 10kV. In the case of a (not too unlikely)breakdown,
such a voltage would possibly lead to major oscilloscope damage.

Due to similar reasons, a number of researchers proposed active cir-
cuitry solutions for determining the polarization behavior of polymers, ce-
ramics, or composites. Dickens and co-workers [55] presented a method
for estimating the remanent polarization, coercive �eld, dielectric constant
and linear resistance of polymers with ideal capacitive andresistive behav-
ior to a sinusoidally varying applied voltage. Additionally, an experimental
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technique is introduced which allows the determination of the remanent po-
larization in the presence of non-ideal capacitive and conductive material
behavior. Dias and Das-Gupta [56] published a similar way to measure
the polarization of ferroelectric composites having 0-3 connectivity with
non-ideal capacitive and/or conductive behavior. Their method is based on
the simultaneous measurement of the current of a sample to which a bipo-
lar voltage is applied, and that of two other reference samples to which
a unipolar �eld is applied, thus generating resistive and capacitive cur-
rent components only. These are then subtracted from the current �owing
through the investigated sample, yielding its switching current.

The charge generated by a single piezoelectric ceramic �bercould be
reliably collected by Yoshikawa et al. [57] by means of a non-speci�ed
active circuitry which replaced the passive capacitor. Forthe �rst time, the
ferroelectric nature of a single piezoelectric �ber could be demonstrated.
The same circuit was later used by Bystricky [58] for quality control of
extruded PZT �bers.

2.1.2 Strain Properties

The piezoelectric strain constants of 1-3 composites were investigated by
Steinhausen et al. [28] using a microdisplacement meter with a capaci-
tive detector [59]. Due to issues related to the composite manufacturing,
however, only composites up to a �ber volume fraction of 25% could be
successfully characterized. Meyer et al. [29] obtained the displacement of
1-3 composites using a Linear Variable Di� erential Transformer (LVDT).
Clamping of the �bers by the polymer matrix was observed for the com-
posites with �ber volume fractions between 10% and 45%. Displacement
clamping by the LVDT measuring probe and varying displacement val-
ues across the composite surface were also reported. Nelsonet al. [60]
used impedance analysis to determine the longitudinal coupling factor, the
longitudinal induced strain constant, as well as the short circuit and open
circuit longitudinal compliances for 1-3 composites. The authors then ex-
tracted �ber properties by applying equations proposed by Smith [46]. The
�ber piezoelectric strain can be evaluated, provided the compliance and
volume fraction of each composite phase are known. The authors later ex-
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tended their investigation to the high-�eld behavior of thesame 1-3 com-
posites [52]. In their studies, the sample displacement was monitored using
a capacitance sensor, linked to the sample via a leaf spring [54]. As pointed
out by Nelson et al. [60], frequency dependence of the polymer matrix me-
chanical properties and the strength of the �ber matrix interface may cause
extracted �ber properties to di� er from their true values. The assumption
that the composite behaves as a homogeneous medium - with thestrain
in the �ber and matrix being identical in the longitudinal direction - was
shown to hold for composites with a volume fraction exceeding 10% [52].
Bent [61] was the �rst to measure the free-strain properties of single �bers
(both sliced from monolithic PZT wafers and produced via theextrusion
route) using a planar displacement measuring device including a laser in-
terferometry system. Te�on surfaces minimized the frictional forces to be
overcome by the activated �ber. His results show a large variation in ac-
tuation strain and coercive �elds, thus con�rming the usefulness of single
�ber testing.

When using piezoelectric �bers as components of actuator modules,
one is interested in knowing the work which can be carried outby a single
piezoelectric �ber. To the knowledge of the authors, no successful mea-
surement of the single �ber's blocking force has been reported in literature.

One could argue that only the average �ber performance is relevant
for use in models. On the other hand, variation in �ber properties is just
as important to understand how to optimize processing routes and build
robust devices. Single �ber testing can provide information on standard
deviation with a minimum amount of material, within a production batch
or even a single �ber.

In the view of the limitations described above for the measurement of
1-3 composites, the author and his co-workers proposed a comprehensive
procedure for the ferroelectric characterization of single piezoelectric ce-
ramic �bers. After describing the experimental setup, the procedures for
measuring hysteresis and butter�y loops are speci�ed. The latter is then
extended to determine the blocking force of single piezoelectric ceramic
�bers. The proposed procedures were validated by comparingsingle �ber
measurements with results from 1-3 composites prepared with a multitude
of �bers from the respective batches.
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2.2 Materials and Methods

For characterization of their ferroelectric properties, single PZT �bers from
Smart Material, Corp. 250� min diameter were cut into 3.5mm long pieces
and placed vertically into a PMMA sample holder (Figure2.1). The sample
geometry was modeled and optimized using the Finite ElementMethod for
the electrical �eld distribution in the single �ber to be as uniform as pos-
sible. Both �ber ends were coated with silver epoxy (Electrodag 5915,
Acheson Colloids Company) to apply electrical contact. Theactive free
length of the �bers was thereby shortened to about 2.5mm. The�bers
were immersed in silicon oil to avoid an electrical breakdown. Poling was
achieved by applying electrical �elds of 35kV/cm for 5 min at room tem-
perature.

Upper electrode

Collar

Piezoelectric ceramic �ber

Disc

Lower electrode

Base

or 1-3 composite

Figure 2.1: Exploded view of the sample holder.

The 1-3 composites (�ber volume fraction exceeding 60%) were pre-
pared by incorporating a multitude of �bers from the same batch in cylin-
drical molds 2.0mm in diameter and in�ltrating with a degassed low vis-
cosity epoxy two-component resin system (Araldit BY 158 resin and Aradur



2.2 Materials and Methods 17

Measuring frame

Silicon oil

Sample holder

Central core rod

Upper electrode

PZT �ber or 1-3 composite

Figure 2.2: Detail view of the sample holder and the measuring head of
the Dynamic Mechanical Analyzer.

21 hardener). The composites were cured for 24h at room temperature and
cut to 4mm length. Conductive silver epoxy resin was then applied on their
polished end faces. The sample holder depicted in Figure2.2was adapted
in order to accommodate the 1-3 composites, now approximately 2.5mm
in length. Again, poling was achieved by applying an electrical �eld of
35kV/cm at room temperature for 5 min.

As schematically depicted in Figure2.3, the basic experimental setup
is composed of a waveform generator (Agilent 33120A), a high-voltage
ampli�er (Trek Model 20/20C), a Dynamic Mechanical Analyzer (Perkin-
Elmer DMA7e), a current/charge measuring circuit and an oscilloscope
(Tektronix TDS5034B).

2.2.1 Hysteresis Loops

The current �owing through, and the charge generated by the piezoelectric
ceramic �ber, are measured using the current/charge measurement circuit
schematically depicted in Figure2.4. The current measuring circuit con-
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Figure 2.3: Experimental setup, consisting of a waveform generator, a
high-voltage ampli�er, a Dynamic Mechanical Analyzer, a current/charge
measuring circuit and an oscilloscope.

sists of a transimpedance ampli�er. The low-pass �lter resulting from the
addition of the capacitorC1 enhances stability, reducing overshoot and
oscillations in the output signal. Its cut-o� frequency is approximately
160Hz. The output voltage signal is proportional to the current �owing
through the piezoelectric ceramic �ber investigated. Thissignal is fed into
a voltage follower that has high input impedance, low outputimpedance
and unity gain. Its purpose is to decouple the charge measurement from the
current measurement. The charge stored on the test �ber is determined by
an OpAmp integrator. This corresponds to an inverting resistance-feedback



2.2 Materials and Methods 19

C3

100nF

C4

100nF

VCC_minus

VCC_plus

2

3
6

4
7

185
OPA111BM

C1

100pF

R1

10Meg

C5

100nF

C6

100nF

VCC_minus

VCC_plus

2

3
6

4
7

185

OPA111AM

I-Signal
C7

100nF

C8

100nF

VCC_minus

VCC_plus

2

3
6

4
7

1

85
OPA111AM

C8

200nF
R3

100Meg

S1 to discharge C2 R4
10K

R2

100K

R_trim

Q-Signal

1
Rin

1e22
R_fiber

1

R_line1

1

R_line2

1e10
Rvar

1pF
C_fiber

3pF
Cvar

50pF
C_line

High Voltage

Figure 2.4: Current/charge measuring circuit for single piezoelectric
�bers, consisting of a transimpedance ampli�er, a voltage follower, and
an OpAmp integrator.

ampli�er with the addition of a feedback capacitorC8. The resistorR3 has
DC stabilization purposes.Rtrim, a trimming potentiometer, allows for the
compensation of possible drifts. A varistor protects the measuring circuit
(namely its OpAmps) in case of a breakdown. The input impedance of the
measuring device is 10M
 , 10-fold higher compared to the oscilloscope.

The current measuring circuit was calibrated using a Keithley 6221
AC and DC Current Source. The relative error between input current and
measured current was found to be less than 1%.

The voltage monitoring signal from the high-voltage ampli�er is dis-
played as the horizontal de�ection of the oscilloscope. Thecurrent, and the
charge signal, are displayed as the vertical de�ections, yielding the loops
shown in Figure2.5.

Whenever the electrical resistance and capacitance of the specimen can
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Figure 2.5: Measured charge displacementD (� ) and measured currenti
(� ) at � 30kV=cmelectrical �eld, 1Hz. Note the missing saturation in the
hysteresis loop, due to the in�uence of the experimental setup.

be considered independent of the applied voltage, the response of a ferro-
electric material to a time-dependent applied voltage can be described by

i = C �
dV
dt

+ A �
dP
dt

+
V
R

(2.1)

wherei is the current,C is the specimen capacitance,A is the specimen
cross-sectional area,V is the applied voltage,t is the time,P is the fer-
roelectric polarization, andR is the electrical resistance of the specimen.
This current consists of a capacitive current, a resistive contribution and
the polarization or switching current. Hence, correctionsmust be made for
electrical capacity and conductivity.

According to the ceramic manufacturer [62], the volume resistivity
of PZT5A is in excess of 1011
 m. The conduction of the investigated
piezoelectric ceramic �bers was therefore estimated to be three orders of
magnitude lower than the capacitive response, and thus considered negli-
gible. The dielectric chargeQS etupto be ascribed to the experimental setup
(mainly the condenser built by the measuring electrodes andthe silicon
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oil, in parallel to the piezoelectric ceramic �ber to be investigated) was
determined by measuring a glass �ber in the original setup (Figure 2.6),
multiplied by the ratio between the length of the dummy glass�ber and
the investigated piezoelectric ceramic �ber and subtracted from the total
charge measured during the tests.
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Figure 2.6: Dielectric charge displacement of the measuring setup, deter-
mined by using a glass �ber.

The resulting polarizationP can be then described as:

P(E) = D(E) � � F E =
Q � QS etup

AF
� � F

V
tF

(2.2)

where,Q is the measured charge,AF the piezoelectric specimen's cross-
section,� F the dielectric constant of the �ber material investigated,V the
applied voltage, andtF the piezoelectric specimen's length, respectively.
The low �eld dielectric constant of the poled piezoelectricceramic �ber
was determined using an Impedance/Gain Phase Analyzer (HP 4194A)
and a Dielectric Test Fixture (HP 16451B), both from HewlettPackard.
Following Yoshikawa et al. [57], measurements were carried out at room
temperature and 10kHz on �bers 2-3mm in length.
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An alternative to the correction presented here is the bipolar loop/unipolar
loop method proposed by Dickens et al. [55]. The integration of the current
would then have to be performed by a software package.

Fibers were prepared as described previously in this section and mounted
in the DMA measuring system to ensure nearly free-strain conditions through-
out the measurements (see next section). A linear ramp signal was then
used to generate electrical �eld strengths up to 30kV/cm at 1Hz.

2.2.2 Butter�y Loops

In order to measure the high �eld, free-strain properties ofsingle piezo-
electric �bers, the equipment must ful�ll three basic functions: to apply a
voltage to the electroded �ber ends; to control and minimizethe force ap-
plied to the sample; and to detect �ber elongation. The second and the third
requirements can be ful�lled by a Dynamic Mechanical Analyzer having
su� ciently high sensitivity. The instrument - a DMA 7e from Perkin Elmer
- comprises four functional components: motor, detector, measuring sys-
tem, and environmental system. The force generated by the motor is ap-
plied to the sample through the central core rod which is suspended in a
magnetic �eld. The linear force motor can produce -8000mN to+6500mN
force with a sensitivity of 0.01mN up to 51Hz. The detector, alinear vari-
able di� erential transformer (LVDT), measures the vertical elongation of
the sample with a sensitivity of 0.02� m in the range -5mm to+5mm. The
measuring system allows the sample holder to be mounted easily as de-
picted in Figure2.2. If desired, the environmental system would allow
investigations in the temperature range -150°C to+600°C.

After mounting the sample holder in the measuring system, a force of
0� 0.01mN was applied to enforce nearly free-strain conditions. Due to the
relatively limited sampling frequency of the instrument (1Hz), voltage was
applied at 2.8mHz to give cycle times of 6 min. A linear ramp signal was
used to generate electrical �eld strengths up to 30kV/cm. The measured
displacement is recorded by the DMA software, divided by theactive �ber
length and plotted against the applied electrical �eld strength.
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2.2.3 Blocking Force

Using the same experimental arrangement as in the previous section, the
displacement response was measured for single �bers subjected to a clamp-
ing force. The static force was applied by means of the DMA force motor
and varied from 0 to 400mN in 80mN steps. For each force step, the ap-
plied electrical �eld strength was stepwise increased to 30kV/cm, yielding
force-displacement curves. The blocking force values for agiven actuation
�eld can be interpolated from the measured data.

2.3 Results

2.3.1 Hysteresis Loops

Figure2.7 depicts a polarization loop measured at� 30kV/cm for a �ber
from Smart Material, Corp. 250� m in diameter. Its behavior is charac-
terized by a coercive �eldEC of 12kV/cm, a saturation polarizationPs of
43.5 � C=cm2 and a remanent polarizationPr of 36.6 � C=cm2. The hys-
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teresis loops for the same �ber at di� erent electrical �eld strength values
are depicted in Figure2.8. All measurements were carried out at 1Hz.
The good repeatability of the measurement is shown in Figure2.9, with
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Figure 2.8: Polarization loops measured at di� erent electrical �eld
strength values, 1Hz.

�ve measurements carried out on the same �ber. The sample holder was
removed and put in place again after each measurement.

The presented current/charge measuring circuit provides a simple and
e� cient method to determine the hysteresis loops in single piezoelectric
ceramic �bers. The variation of theC1 andR1 values (Figure2.4) allows
the investigation of samples having di� erent capacitance values, such as
1-3 composites [52] or piezoelectric foams [63, 64].

Comparison between 1-3 composite and single �ber measurements

The �ber's polarization can be extracted from the 1-3 composite response,
provided the volume fraction, the sti� ness of each phase, the matrix per-
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Figure 2.9: Polarization loops measured at� 30kV/cm electrical �eld,
1Hz. Even though the sample holder was removed and put in place again
after each measurement, good repeatability was achieved.

mittivity, and the �berd33 are known [46, 52].

Pf (E) =
1
�

8
>><
>>: P(E) � [(1 � � )Pm(E)] +

2
66664

� (1 � � )d2
33(E)E

� s11 + (1 � � )sE
33

3
77775

9
>>=
>>; (2.3)

where, � is the �ber volume fraction,d33(E) is the �ber d33 coe� cient
at electrical �eld E, and s11 and sE

33 are the compliances of the matrix
and �ber respectively. As pointed out by Nelson et al. [52], the clamping
e� ect of the matrix is negligible at high volume fractions. This is the case
for the 1-3 composites used in the present study. The averagehysteresis
loop from 12 single �ber measurements is plotted in Figure2.10. The
hysteresis loops from the 1-3 composites investigated fallwithin the 99.9%
con�dence interval resulting from the standard deviation of the 12 single
�ber measurements. No statistically relevant di� erence can be recognized
between the two measurement procedures.
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Figure 2.10: Average polarization loop of 12 single �bers and 99.9% con-
�dence interval; polarization loops of two 1-3 composites.Measurements
carried out at 1Hz. The plots reveal no statistically relevant di� erence be-
tween the two measurement procedures.

2.3.2 Butter�y Loops

Figure2.11depicts a butter�y loop measured at� 30kV/cm for a �ber from
Smart Material, Corp. 250� m in diameter. The �ber achieves a free satu-
ration strain of approximately 3700�� peak-to-peak.

The good repeatability of the measurement is shown in Figure2.12,
with six measurements carried out on the same �ber. The sample holder
was removed and put in place again for measurements 4-6.

Comparison between 1-3 composite and single �ber measurements

The 1-3 composites were mounted in the DMA measuring system to ensure
nearly free-strain conditions throughout the measurements. Butter�y loops
were measured at �eld levels up to� 30kV/cm.

The free �ber piezoelectric strain can be evaluated from the1-3 com-
posite response by compensating for the restraining mechanical strain, im-
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Figure 2.11: Butter�y curve measured at� 30kV/cm electrical �eld
strength. Fiber from Smart Material, Corp., 250� min diameter.

posed by the polymer matrix [46, 52]:

S f
piezo(E) = S(E)

2
66664
� s11 + (1 � � )sE

33

� s11

3
77775 (2.4)

where,� is the �ber volume fraction, ands11 andsE
33 are the compliances of

the matrix and �ber respectively. The average butter�y loopfrom 12 single
�ber measurements is plotted in Figure2.13. The butter�y loops from
the 1-3 composites investigated fall within the 99.9% con�dence interval
resulting from the standard deviation of the 12 single �ber measurements.
Again, no statistically relevant di� erence can be recognized between the
two measurement procedures.
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Figure 2.12: Butter�y curves measured at� 30kV/cm electrical �eld
strength. A good repeatability can be observed. The �ber wasremoved
and put in place again for the 4th, 5th and 6th measurement.
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Figure 2.13: Average butter�y loop of 12 single �bers and 99.9% con�-
dence interval; butter�y loops of two 1-3 composites. The plots reveal no
statistically relevant di� erence between the two measurement procedures.
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2.3.3 Blocking Force

Figure 2.14 shows the elongation of a �ber (250� m in diameter - from
Smart Material, Corp.) as a function of clamping force and applied elec-
trical �eld strength. The linear response of the �ber is consistent with the
response known from bulk PZT materials and suggests that twomeasuring
points, typically zero force and a load well below the �ber ceramic com-
pressive strength, are su� cient to characterize the displacement response
at a given applied electrical �eld strength.
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Figure 2.14: Fiber tip displacement as a function of the applied electrical
�eld strength and force.

To the knowledge of the authors, force-displacement curvesand block-
ing force values for single piezoelectric �bers have not been reported be-
fore.
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2.4 Conclusions

The present Chapter proposed a novel comprehensive procedure for the
ferroelectric characterization of single piezoelectric ceramic �bers. But-
ter�y and hysteresis loops and force-displacement curves were measured
using an experimental setup composed of a waveform generator, a high-
voltage ampli�er, a Dynamic Mechanical Analyzer, a current/charge mea-
suring circuit, and an oscilloscope. The comparison between single �ber
measurements and the investigation of 1-3 composites revealed both pro-
cedures to be equal, at 99.9%, in determining the average strain and po-
larization properties. In addition, the single �ber measurement provides
an estimation of the variation in �ber properties within a single production
batch. This information is essential to understand how to optimize process-
ing routes and build robust devices. The procedure was used by Heiber et
al. [65] to characterize commercially available �bers and to compare their
performance with �bers developed at Empa. The results from that study
are summarized in the next Chapter.



Chapter 3

Ferroelectric
Characterization of Single
Piezoelectric Fibers

The work presented in this Chapter can be found with minor modi�cations
as a publication in the scienti�c literature as:

J. Heiber, A. Belloli, P. Ermanni and F. Clemens. Ferroelectric Charac-
terization of Single Piezoelectric Fibers.Journal of Intelligent Material
Systems and Structures, 20(4):379-385, 2009.1

In the previous Chapter, a comprehensive procedure was presented for
the direct characterization of single piezoelectric ceramic �bers in terms of
butter�y and polarization loops and blocking force. The ability to investi-

1The �rst and second authors contributed in equal manner to the scienti�c results and
to the redaction of this article. The �rst author explicitlyconsents the present chapter be
included into this thesis.
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gate single �bers is relevant for optimizing their manufacturing processes,
for quality control purposes, and for modeling the responseof components
and structures. In this Chapter the novel testing procedureis used to char-
acterize commercially available �bers distributed by Advanced Ceramet-
rics Inc., CeraNova Corp., and Smart Material Corp., respectively, and to
compare their performance with �bers developed at Empa. Their poros-
ity, grain size and phase composition were investigated to correlate the
ferroelectric properties with the microstructure. Fiberssupplied by Smart
Material Corp. exhibited the best ferroelectric performance, in particular
the highest saturation and remnant polarization, the lowest coercive �eld
and the highest P–E loop squareness. The said properties result from a
low porosity, a su� ciently large grain size and a phase composition near
the morphotropic phase boundary. After removing a surface layer domi-
nated by a rhombohedral phase, Empa �bers developed maximumaverage
free-strains 15% larger than any commercially available �ber. Better con-
trol of the sintering atmosphere thus promises to be the key to very high
performance �bers.

3.1 Introduction

Piezoelectric ceramic �bers are key components for orthotropic sensing
and actuation. Several processes were developed to producePZT �bers in a
certain diameter range. Examples thereof are the sol-gel route [66], a com-
bined sol-gel-extrusion process [67], an electrospinning method [68] or an
electrophoretical coating procedure of SiC �bers with PZT [69]. How-
ever, only �bers fabricated via the viscous suspension spinning process
VSSP [43], the ALCERU method [44] and the extrusion route [45] are
commercially available.

All three major techniques use previously synthesized PZT powder as
the starting material, which is either dispersed in water and subsequently
mixed with viscose or cellulose (VSSP and ALCERU, respectively) or
compounded with a thermoplastic material (thermoplastic extrusion). The
yield mixtures are extruded through dies with appropriate ori�ce dimen-
sions. For �ber forming, solidi�cation and puri�cation VSSP and AL-
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CERU �bers have to pass through several acid and salt containing baths [70,
71]. Finally, the green �bers are thermally debound and sintered at temper-
atures up to 1200 °C. With these techniques �ber diameters down to 15, 30
and 80� mcan be fabricated using the VSSP, the ALCERU or the extrusion
process, respectively [58, 71, 72].

The ALCERU process di� ers only slightly from the VSSP method.
The major di� erence is the use of natural cellulose �bers as a carrier ma-
terial as opposed to viscose. Thus, based on theCS2-free Lyocell method
known from the textile industry, the ALCERU process requires fewer pro-
duction steps, puts less impact on the environment and o� ers the possibility
of producing PZT �bers with a high purity [44]. Both methods, however,
require strict control of the process parameters (e.g. acidconcentrations in
the spinning, coagulation and �nishing baths) and the sintering tempera-
tures are clearly in excess of 1000 °C where lead zirconate titanate starts to
decompose [73, 74]. The extrusion process is characterized by an achiev-
able powder-loading content in the green �ber of more than 92wt.-% and
a relatively high variability of the �ber cross-sectional geometry. Because
of its low number of processing steps and parameters to control, extrusion
represents a rather economical technique [45, 75].

Up to now only extruded or sol-gel-derived single �bers havebeen
characterized with regard to their ferroelectric properties. Bent [61] in-
vestigated the strainS developing as a function of the applied electrical
�eld E (butter�y curves), while Yoshikawa [57] and Bystricky [58] mea-
sured the polarizationP as a function of the applied electrical �eld (hys-
teresis curves). However, none of these authors has given any validation for
their measurements. Otherwise, the �bers are tested in a composite struc-
ture [72, 52] where the �ber properties are extracted from the composite
response and symbolize an average value of a multiplicity of�bers. To
the knowledge of the author, Nelson and co-workers [52] were the �rst to
characterize and compare all commercially available �bersusing 1-3 com-
posites and they found VSSP �bers performed best in terms of free-strain,
polarization, coercive �eld and hysteresis. However, the microstructural
properties such as grain size, porosity and phase composition of the inves-
tigated �bers are not given, making any comparison very di� cult. A later
study by Dent et al. [76] presented the microstructure of commercially
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available PZT-�bers, but the results were not put into any correlation with
the ferroelectric properties of the �bers published by Nelson et al. [52].

Single �ber testing methods are essential for the determination of the
property dependencies from the �ber homogeneity and microstructure, the
investigation of the in�uences of changes in production parameters, and
�nally with the view to further improving �ber performance.At the Centre
of Structure Technologies, ETH Zurich, new testing methodswere devel-
oped to ful�ll these requirements [77]. These are presented in detail in
Chapter2.

The present Chapter summarizes results from a signi�cant amount of
�bers and correlates the observed performance with their intrinsic micro-
structure. Commercially available �bers are compared with�bers devel-
oped at EMPA Duebendorf using a thermoplastic extrusion process [78].

3.2 Materials and Methods

Commercially available PZT �bers fabricated by Advanced Cerametrics
Inc. (AC), Smart Material Corp. (SM) and CeraNova Corp. (CN)via the
VSSP method, the ALCERU process and the extrusion route, respectively,
were chosen to compare their microstructural and ferroelectric properties.
The investigated �bers consist of the same piezoceramic material compo-
sition (PZT5A) and their �ber diameters are in a similar range of around
250� m. In addition, �bers developed at EMPA Duebendorf were also an-
alyzed. These �bers were produced by mixing a commercial PZT5A type
powder (EC65, EDO Corporation) with a thermoplastic bindersystem, ex-
truding the compound vertically downwards through a die 300� m in di-
ameter and thermally heat-treating the green �bers at 1200°C in a PbO-
enriched atmosphere. The production steps are described inmore detail in
Heiber et al. [79].

All �bers were characterized with regard to porosity, grainsize, phase
composition near the �ber surface, phase composition of thebulk material
and ferroelectric properties (free-strain development and polarization as a
function of the applied electrical �eld).

To determine the porosity and the grain size, �bers were embedded in
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a three-component epoxy resin (Technovit 4000, Heraeus Kulzer GmbH
& Co. KG), and polished as described in detail by Heiber et al.[78].
The porosity was quanti�ed by performing scanning electronmicroscopy
(Vega Plus 5136 MM, Tescan) and using image analysis (Digital Micro-
graph 3.10.0, Gatan Inc.). Thereafter, the sample was etched several sec-
onds for grain size visualization using a solution consisting of 5 ml hy-
drochloric acid, 95 ml distilled water, and 5 drops of a 40-percentage hy-
dro�uoric acid [80]. The grain size was determined by the linear intercept
method [81].

X-ray di� raction (XRD) investigations were performed using the X'Pert
Pro MPD equipment by PANalytical. Due to the low X-ray penetration
depth into PZT materials of 3-4� m [82], the �bers were �rst measured in
silica glass capillaries (Debye-Scherrer con�guration) to reveal their sur-
face phase composition [83]. Thereafter, they were crushed, ground, and
stuck on silicon single crystal wafers by using Vaseline, inorder to obtain
information on the average phase composition of the �ber bulk material
(Bragg-Brentano con�guration [83]). Wide-angle scans of 2� from 2° to
120° (Debye-Scherrer con�guration) and from 5° to 80° (Bragg-Brentano
con�guration) with a step width of 0.017° and exposure time of 8 and 2s
per step (CuK� -radiation, 40mA heating current, 40kV beam potential)
were performed, respectively.

For characterization of their ferroelectric properties PZT �bers were
cut into 3.5mm long pieces and placed vertically into a PMMA sample
holder (Figure2.1). Both �ber ends were coated with silver epoxy (Elec-
trodag 5915, Acheson Colloids Company) to apply electricalcontact. The
active free length of the �bers was thereby shortened to about 2.5mm. The
�bers were immersed in silicon oil to avoid an electrical breakdown. Pol-
ing was achieved by applying electrical �elds of 35kV/cm for 5 min at
room temperature. The �bers were subsequently measured in terms of their
free-strain evolution as a function of the applied electrical �eld by using a
wave form generator (Agilent 33120A) and a high voltage ampli�er (Trek
Model 20/20C). The free-strain evolution was recorded for electrical �elds
ranging from -30kV/cm to +30kV/cm with a frequency of 2.8mHz using
a Dynamic Mechanical Analyzer (Perkin Elmer DMA 7e). This piece of
equipment can apply forces to the sample with a sensitivity of 0.01mN,
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thus enforcing nearly free-strain conditions.
Hysteresis curves were measured at room temperature using the same

DMA setup and a current/charge measurement circuit for charge collection
(Figure 2.4). The measured current consists of a capacitive, a resistive
(considered to be negligible) and a polarization contribution. Corrections
have thus to be made for determining the polarization response:

P(E) =
Q � QS etup

AF
� � F E (3.1)

wherein,Q describes the measured charge,QS etup the dielectric charge
contributed by the experimental setup,AF the cross-section of the PZT
�bers and� F the �ber dielectric constant measured using an Impedance/Gain
Phase Analyzer (HP 4194A) and a Dielectric Test Fixture (HP 16451B).
The electrical �eldE was applied as a linear ramp signal having a strength
of up to 30kV/cm with a frequency of 1 Hz.

3.3 Results

3.3.1 Microstructure of the Investigated Fibers

The ferroelectric properties of PZT materials depend mainly on their mi-
crostructure, i.e., density or rather porosity, grain size, chemical compo-
sition, and phase composition. Table3.1 summarizes the �ber diameter,
porosity and grain size values measured for AC, CN, SM and Empa �bers.
Among the �bers investigated, AC �bers showed the highest porosity (ap-
prox. 10%) and the largest grain size (approx. 4� m), suggesting insuf-
�cient sintering. Apart from the slightly higher amount of pores for CN
�bers, the remaining �bers exhibit comparable values for the porosity and
the grain size. Figures3.1 and3.2 show XRD pro�les in a 2� range be-
tween 40° and 48° for the �ber bulk material and the �ber surface, respec-
tively.

The XRD pro�les depict the (h0k)-re�ection peaks at around 44°. For
compositions close to the desired morphotropic phase boundary (MPB)
- where maximum ferroelectric properties are expected - thetetragonal
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Table 3.1: Fiber diameter, porosity, and grain size of PZT5A �bers. Aver-
age values and standard deviation for 10 �bers.

Fiber name AC CN SM Empa
Production method VSSP Extrusion ALCERU Extrusion
Fiber diameter [� m] 241 � 7 282� 1 252� 8 280� 9
Porosity [%] 10.1� 1.3 3.6� 0.5 2.1� 0.4 1.8� 0.4
Grain size [� m] 3.8 � 1.2 2.1� 0.2 1.8� 0.1 1.9� 0.8

and rhombohedral phases coexist. Due to the small di� erences between
the tetragonal and rombohedral lattice parameters, many ofthe di� raction
lines in the coexistence region overlap to some degree. In the present work,
the (200) plane was selected, where three distinct lines areproduced, i.e.,
(002)T, (200)R and (200)T [84]. The di� erent stages of overlapping can
be seen in Figure3.1. A clearly detectable peak splitting, and nearly com-
pletely separated re�exes, indicate a predominant tetragonal phase and a
low amount of rhombohedral phase. This is the case for the XRDpat-
terns of the AC and CN �bers depicted in Figure3.1 (bulk material). The
shoulder on the tetragonal peak for the Empa and SM �ber bulk material
indicates a larger amount of rhombohedral phase, and thus a composition
closer to the morphotropic phase boundary. Summarizing, Figure3.1 re-
veals that AC and CN �bers consist of a higher amount of tetragonal phase
than SM and Empa �bers. Figure3.2 depicts the XRD pro�les measured
at the �ber surface. All �bers but the SM �bers show distinct pro�les for
the bulk and surface compositions. The changes in phase composition are
especially pronounced in the case of Empa �bers. Due to the sintering
conditions, these consist predominately of a rhombohedralphase at the
surface. Conversely, CN �bers show a larger amount of tetragonal phase at
the �ber surface, as indicated by a more pronounced peak splitting.

The e� ect of sintering on the surface phase composition was investi-
gated. A surface layer 30� m in thickness was removed from Empa �bers
by using the etching solution given in Section3.2. Figure3.3shows a �ber
cross-section, the original contour and the one after removing the surface
layer. The respective XRD pro�les disclose the phase compositions.
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Figure 3.1: X-ray di� raction pro�les between 40° and 48° for the �ber
bulk material (T - tetragonal phase; R - rhombohedral phase).

While the rhombohedral phase predominates near the initial�ber sur-
face (23� 10 wt% of tetragonal phase), a higher fraction of tetragonalphase
is present 30� m below (59� 9 wt%), as visualized by a split peak. In the
case of Empa �bers, these changes across the �ber radius are caused by the
lead oxide-enriched sintering atmosphere that leads to a lead oxide absorp-
tion accompanied by a titanium oxide loss. The grain fracture behavior
(from intergranular to transgranular) and the chemical composition were
found to vary as well, whereas the porosity and the grain sizewere rela-
tively una� ected [78]. Secondary phase - which might a� ect the ferroelec-
tric performance - was not found by X-ray in any of the �bers investigated.
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Figure 3.2: X-ray di� raction pro�les between 40° and 48° for the �ber
surface (T - tetragonal phase; R - rhombohedral phase).

3.3.2 S(E)-Behavior

The free-strain evolutionS as a function of the applied electrical �eldE
was measured for 10 single �bers from each manufacturer. Themaximum
free-strainSmax and the coercive �eldEC are obtained from the butter�y
curves. Figure3.4 depicts average butter�y curves of the �bers investi-
gated. Average values and standard deviation for the maximum free-strain
Smax and the coercive �eldEC are summarized in Table3.2.

The investigations showed that the etched Empa �bers developed the
highest average maximum free-strain. The remaining �bers reached a com-
parable averageSmax, whereas the CN �bers with about 4000�� showed
slightly better and the AC �bers with 3600�� slightly worse strain prop-
erties. The reduced properties of the AC �bers might be caused mainly
by the higher porosity [58, 85], whereas the better properties of CN �bers
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Figure 3.3: (a) Fiber cross-section of an Empa �ber; original contour
(black) and the one after removing the surface layer (white). (b) Corre-
sponding XRD pro�les and relative amounts of tetragonal phase, deter-
mined by Rietveld analysis.

could be explained by their phase composition. As with the CN�bers,
etched Empa �bers consist of a phase composition dominated by a tetrago-
nal phase (assuming the phase composition at the etched �bersurface to be
representative for the bulk material). Nevertheless, etched Empa �bers de-
velop a signi�cantly higher maximum free-strain. This could be explained
by the lower porosity in Empa �bers. The relatively high coercive �eld
strength of CN �bers (EC = 13.8kV/cm) - on the other hand - indicates that
the CN �bers consist of a larger amount of the tetragonal phase than the
etched Empa �bers [86]. This leads to the assumption of a phase compo-
sition further from the desirable morphotropic phase boundary, resulting
in the lower maximum free-strain of CN �bers compared to etched Empa
�bers [87].

Etching of the Empa �bers revealed signi�cant changes in thephase
composition across the �ber diameter. Again, the signi�cant increase in
coercive �eld values suggests a larger relative amount of tetragonal phase.
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Table 3.2: Maximum free-strainSmax and coercive �eldEC. Average val-
ues and standard deviation for 10 �bers.

Fiber Smax EC

[�� ] [kV /cm]
AC 3600� 400 10.5� 0.8
CN 4000� 500 13.8� 1.1
SM 3700� 300 10.7� 1.0
Empa 3800� 200 9.2� 0.5
Empaetched 4500� 350 10.1� 0.3

After removing the surface layer (30� m thick), dominated by the rhombo-
hedral phase, the average maximum free-strain was enhancedby 15%.

3.3.3 P(E)-Behavior

The polarizationP as a function of the applied electrical �eldE was inves-
tigated. Average values and standard deviation are summarized in Table3.3
for the saturation polarizationPs, the remanent polarizationPr , the coer-
cive �eld Ec and the loop squareness. Average hysteresis loops are shown
in Figure3.5. The dielectric constant� r measured at 10 kHz - needed for
subtracting the capacitive contribution from the charge collected - is also
given in Table3.3. The hysteresis measurement results reveal average sat-
uration polarization values for SM, Empa and etched Empa �bers of up to
40� C=cm2. CN and AC �bers do not quite match this performance. The
similar behavior of SM and Empa �bers is in line with their comparable
phase composition for bulk material, porosity and grain size. SM �bers
show a slightly lower coercive �eld due to a larger amount of rhombohe-
dral phase as opposed to Empa �bers. Conversely, the larger amount of
tetragonal phase in etched Empa �bers is responsible for a higher coer-
cive �eld compared to the original Empa �bers. However, the changes in
chemical composition across the �ber diameter, do not show such a large
in�uence on the polarization behavior as is the case of the strain response
(Section3.3.2).
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Figure 3.4: Average butter�y curves (10 �bers each).

-40 -30 -20 -10 0 10 20 30 40-60

-40

-20

0

20

40

60

Electrical FieldE [kV/cm]

P
ol

ar
iz

at
io

nP
[�

C
=c

m
2
]

AC
CN
SM
Empa
Empaetched

Figure 3.5: Average hysteresis curves (10 �bers each).



3.3 Results 43

Ta
bl

e
3.

3:
D

ie
le

ct
ric

co
ns

ta
nt�

r
(m

ea
su

re
d

at
10

kH
z)

,s
at

ur
at

io
nP
s

an
d

re
m

an
en

tp
ol

ar
iz

at
io

nP
r,

co
er

-
ci

ve
�e

ld
E

C
an

d
hy

st
er

es
is

lo
op

sq
ua

re
ne

ss
(m

ea
su

re
d

at
1H

z)
.

A
ve

ra
ge

v
al

ue
s

an
d

st
an

da
rd

de
vi

at
io

n
fo

r
10

�b
er

s.

F
ib

er
A

C
C

N
S

M
E

m
pa

E
m

pa
et

ch
ed

� r
[-

]
11

40
�

50
10

10
�

70
11

10
�

70
10

90
�

70
10

40
�

60
P

s
[�

C
=c

m
2 ]

27
.8

�
2.

3
34

.6
�

1.
8

39
.6

�
2.

0
37

.3
�

2.
2

37
.8

�
0.

7
P

r
[�

C
=c

m
2 ]

25
.8

�
1.

5
31

.7
�

2.
1

37
.0

�
1.

9
36

.1
�

2.
3

38
.2

�
0.

2
E

C
[k

V
/c

m
]

14
.1

�
0.

5
17

.3
�

0.
5

12
.5

�
0.

8
13

.6
�

0.
9

14
.9

�
0.

4
S

qu
ar

en
es

s
[-

]
1.

3�
0.

1
1.

3�
0.

1
1.

5�
0.

1
1.

3�
0.

1
1.

3�
0.

1



44 Chapter 3. PZT Fibers: Characterization

According to Haertling and Zimmer [88], the polarization properties
are signi�cantly a� ected by the microstructural properties. Material den-
sity has a large in�uence on the remanent polarization, whereas the co-
ercive �eld mainly depends on the grain size. While having compara-
ble phase compositions, CN and AC �bers show signi�cant di� erences
in porosity and grain size. The lower remanent and saturation polarization
values of AC �bers can consequently be attributed to their higher porosity.
Their larger grain size, on the other hand, explains the lower coercive �eld
compared to CN �bers.

A comparison between the results from the hysteresis and thebutter-
�y measurements reveals a signi�cant discrepancy in coercive �eld values.
Distinct measuring frequencies (1Hz for the hysteresis loops, 2.8mHz for
the butter�y loops) are assumed to be the reason for such di� erences. A
preliminary investigation - carried out exemplarily on CN �bers - yielded
larger coercive �eld values for increasing measuring frequencies (Figure3.6).
The results presented in this study were measured at 1Hz, as are most val-
ues given in literature.
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Figure 3.6: Frequency dependence of the hysteresis loop for CN �bers.
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As per Bystricky [58], an optimal ferroelectric material exhibits high
remanent polarization, low coercive �eld, no conductivity, and a square-
shaped hysteresis loop. Signs of conductivity were not found in any of the
samples investigated. High remanent polarization and low coercive �elds
were measured in SM and Empa �bers. In particular SM �bers also exhibit
a highP � E loop squarenessRsq, de�ned as:

Rsq =
Pr

Ps
+

P1:1EC

Pr
(3.2)

whereP1:1EC corresponds to the polarization at an applied electrical �eld
of 1.1EC [88].

3.4 Summary

Three di� erent commercially available PZT �bers and �bers developedat
Empa Duebendorf were investigated in terms of their microstructural prop-
erties and their ferroelectric response. The observed free-strain response
and the polarization behavior were correlated to the measured values for
the porosity, the grain size and the phase composition. The strain and po-
larization investigations were performed using a novel measurement proce-
dure for single �bers developed at ETH Zurich. The followingconclusions
can be drawn:

ˆ Fibers produced by Smart Material Corp. using the ALCERU method,
showed low porosity and a grain size of about 2� m. SM �bers per-
formed best in terms of ferroelectric behavior - reaching the highest
saturation polarization, showing a high remanent polarization, hav-
ing the lowest coercive �eld and the highestP � E loop squareness.

ˆ Extruded �bers made by CeraNova Corp. exhibit slightly higher
porosity that a� ected mainly the polarization response. Their very
high coercive �eld is a consequence of the large relative amount of
tetragonal phase. CN �bers developed the highest free-strain values
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among the �bers investigated in this study.

ˆ Fibers produced by Advanced Cerametrics Inc. via the Viscous Sus-
pension Spinning Process showed the highest porosity, the largest
grain size and the lowest ferroelectric performance.

ˆ Empa �bers - fabricated via a thermoplastic extrusion route- showed
microstructural properties, to a large extent comparable to those of
SM �bers. Their ferroelectric performance was accordinglyhigh.

ˆ Compared to the commercial �bers, Empa �bers present a strongly
in�uenced �ber surface with a predominantly rhombohedral phase
composition. After removing the surface layer, the Empa �bers show
an exceptionally high maximum free-strain of about 4500�� , while
the polarization properties remain unchanged.

ˆ The phase composition was found to in�uence mainly the strain be-
havior and the coercive �eld. The porosity a� ected the remanent and
saturation polarization, whereas the grain size impacted the coercive
�eld.

ˆ Sintering the Empa �bers in aPbZrO3-ZrO2 enriched atmosphere
could represent a way to mitigate the in�uence of the sintering step
on their surface layer.

Based on the present �ndings, �bers produced by Smart Material Corp.
were selected for manufacturing AFC modules used in Chapter4, Chap-
ter5, Chapter7, Chapter8 and Chapter10.



Part II

Active Fiber Composites:
Modeling and Optimization





Chapter 4

Modeling and
Characterization of Active
Fiber Composites

The work presented in this Chapter can be found with minor modi�cations
as a publication in the scienti�c literature as:

A. Belloli, B. Castelli, X. Kornmann, C. Huber and P. Ermanni. Modeling
and Characterization of Active Fiber Composites.SPIE Smart Structures
and Materials - Smart Structures and Integrated Systems, volume 5390,
pages 78–88, San Diego, CA, March 2004.

The scienti�c community has put signi�cant e� orts in the manufactur-
ing of sensors and actuators made of piezoceramic �bers withinterdigitated
electrodes. These allow for increased conformability and actuation capa-
bility at high �eld regime. The prediction of their coupled �eld behavior,
however, is so far limited to low �eld applications, where the piezoelectric
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coupling coe� cient is assumed to be constant. An approach, which takes
into account the strain driven nonlinearity of a representative work cycle
at high �eld regime is still lacking. This study presents a nonlinear Finite
Element Model to simulate the free-strain properties of Active Fiber Com-
posites (AFC) under high electric �eld conditions. Input data for the fully
parametric model are the Representative Volume Element (RVE) geome-
try and the material properties of its piezoceramic and epoxy resin com-
ponents. The high �eld properties of single PZT �bers under free-strain
conditions were determined using the characterization procedure described
in Chapter2. Free-strain properties of the actuators were measured experi-
mentally, and important geometrical parameters (contact angle between the
�ber and the electrode, average spacing between the �bers) were measured
using micrographical imaging. The results of the simulation show good
agreement with the free-strain measurements, allowing forprediction of a
representative work cycle hysteresis. The in�uence of important geomet-
rical parameters on the actuator properties such as the electrode spacing
and the contact angle between electrode and �ber was investigated both
numerically and experimentally.

4.1 Introduction

Active Fiber Composites (AFC) originated from work startedat MIT in
1992 [89]. AFC are composed of PZT (lead zirconate titanate) �bers and
epoxy resin. Interdigitated electrodes (IDE) are used for poling and to di-
rect the electrical �eld along the longitudinally orientedPZT �bers (Figure
4.1). AFC achieve greater actuation energy density by exploiting thed33

e� ect along the �bers versus thed31 actuation used in most monolithic
piezoceramic materials. The use of piezoceramic �bers maintains the ma-
jority of the sti� ness and the bandwidth of pure piezoceramics, by simul-
taneously achieving high conformability and thus integrability in complex
curved structures. Furthermore, they allow for anisotropic actuation. These
properties make AFC interesting components for applications in di� erent
�elds, such as shape and vibration control.

Analytical and numerical methods were used to predict the perfor-
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mances of AFC. In his PhD thesis, Bent [61] proposes an analytical model
as summation of parallel and series additions of two phase materials. The
resulting Uniform Fields Model (UFM) is thus a generalization of the well
known "Rules of Mixtures" and assumes the uniformity of the electrical
and mechanical �elds in each phase. Compatibility and equilibrium are
violated at some interfaces. The UFM simpli�es the AFC's complex ge-
ometry, thus not taking into account the electrical �eld distortion under the
electrode �ngers. Nevertheless, it provides a closed form solution that al-
lows physical insight into the problem. The AFC geometry (i.e. circular
�ber cross sections, electrode con�guration) can be fully modelled with
FE, and electrical �eld variations in the single phases can be visualized
and quanti�ed. This is of special interest in the matrix gap between elec-
trode and �ber and in the “dead-zone” under the electrode �nger, where
the actuation is supposed to be very small or completely absent.

The in�uence of con�guration parameters on the actuation behavior of
AFC has been investigated by di� erent authors, however only for low �eld
actuation. According to Rossetti [90] and Bent [47], AFC with a small
electrode spacingp to �ber diameterd ratio show good actuation at lower
voltages, but are less e� cient due to the steep curvature of the electrical
�eld in the vicinity of the electrode traces. Alternatively, larger p/d ratios
are more e� cient, but require higher drive voltages to achieve actuation
at the same �eld levels. Nelson [60] claims that 80% of the theoretical
maximum strain can be achieved with a p/d ratio greater than 4. Investi-
gating the in�uence of the interdigitated electrode structure on the strain
response of a PZT bulk substrate, he identi�es an optimum electrode width
to substrate thickness ratio of 0.5.

An approach is still lacking that predicts the strain drivennonlinearity
observed in AFC under free-strain conditions. In the scope of this study,
a fully parametric FE model is implemented, which predicts the nonlinear
work cycle of di� erent AFC con�gurations. Butter�y loops and work cy-
cles of single PZT �bers - later required for the model - are measured using
the procedure developed in Chapter2. Manufacturing and characterization
of corresponding AFC allow for experimental validation of the numerical
results.
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4.2 FE Analysis

In the scope of this study, the response behavior of AFC is predicted by a
FE model. In order to minimize computational requirements,an AFC unit
cell is de�ned, that comprises all relevant parameters. Because of symme-
try, the so called Representative Volume Element (RVE) can be de�ned as
an octant of a single �ber and its surrounding matrix included between two
adjacent electrode �ngers (Figure4.1).

Matrix

b

Fiber

d

Symmetry plane

� Electrode

	 Electrode

Electrode Matrix
bc/2 w/2

t/2

d/2

b/2

' /2
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Figure 4.1: Schematic view of an Active Fiber Composite (AFC). The
Representative Volume Element (RVE) is de�ned as an octant of a single
�ber and its surrounding matrix included in two adjacent electrode �ngers.

4.2.1 Geometrical Parameters

The �ber diameterd, the �ber spacingb, the electrode widthw, the elec-
trode spacingp and the contact angle' are considered in the numerical
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model (Figure4.1). The angle of contact de�nes the portion of the circu-
lar cross-section, which is in contact with the upper resp. lower electrode
�nger. In addition, the thickness of the insulating polyimide foils is ac-
counted for.w andp were obtained from the AFC manufacturer, whereas
the remaining parameters were investigated taking advantage of the micro-
graphical imaging technique (Section4.3.2).

4.2.2 Material Properties

Stress piezoelectric constants, relative dielectric constants and sti� ness
constants are summarized in Table4.1.

Table 4.1: Material properties for PZT5A1 and Epoxy Resin Araldite LY
564/ Aradur 2954.

Fiber Epoxy
e31 [C/m2] -2.8 - -
e33 [C/m2] 16.4 - -
e15 [C/m2] 8.4 - -
" S

1 ="0 916 " 1="0 4
" S

3 ="0 830 " 3="0 4
cE

11 [GPa] 120 c11 [GPa] 6.52
cE

12 [GPa] 75.1 c12 [GPa] 3.98
cE

13 [GPa] 75.1 c13 [GPa] 3.98
cE

22 [GPa] 120 c22 [GPa] 6.52
cE

23 [GPa] 75.1 c23 [GPa] 3.98
cE

33 [GPa] 111 c33 [GPa] 6.25
cE

44 [GPa] 21 c44 [GPa] 1.27
cE

66 [GPa] 21 c66 [GPa] 1.27

The experimentally obtained representative work cycle of the inves-
tigated AFC reveals a large nonlinear response (Figure4.6). The strain
driven nonlinearity becomes important for free-strain conditions at high
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�eld regime. Accordingly, the piezoelectric response has to be described
with constants for low �eld, respectively strain vs. electric �eld curves for
high �eld applications.

Since no representative work cycle could be found in the literature, a
procedure was proposed in Chapter2 for the characterization of single PZT
�bres. Polynomial interpolation yields characteristic curvesd33 = f (E3)
for the upward resp. downward sectors of the measured work cycle to be
implemented in the free-strain model presented in subsection4.2.3.

4.2.3 The FE-Model

The AFC's behavior is predicted using ANSYS Direct Coupled Field Anal-
ysis. SOLID 5, 8-node 3D multi�eld elements are used. The mesh is gen-
erated in a parametric way, thus assuring similar degree of accuracy for
di� erent �ber diametersd and electrode spacingsp.

The electrode is not explicitly modeled as shown in Figure4.1, but
de�ned as an electrical boundary condition. According to Castelli [91],
the part of the electrode in the matrix has only little e� ect on the �ber due
to the low resin dielectric constant" . Consequently, the electrode is only
modeled on the �ber, but not in the matrix. A de�ned voltage isapplied
to the nodes lying on the surface of the �ber and in the area 0< z < w=2
and 0< x < bc=2. Because of symmetry, the �ber is grounded atz = p=2
and the voltage on the electrode is U/2, where U is the voltage applied to
actuate the AFC.

Prediction of the AFC response under free-strain conditions requires
the implementation of the nonlinear piezoelectric coe� cients (Figure4.2).
For a continuous increase of the tension on the electrodes the homogeneous
electric �eld is determined as (EPjz= p

2
). Piezoelectric coe� cientsd33 =

f (E3) are computed using the characteristic curves described insubsection
4.2.2. Values ford31 and d15 are computed in accordance to following
expressions1:

1Smart Material Corp., 4721 White Tail Lane, Sarasota, FL 34238 USA, www.smart-
material.com
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d33 = = 440pm/V
d31 = -d33/2.38 = -185pm/V
d15 = d33� 1.27 = 560pm/V

Stress piezoelectric coe� cients are updated according to the constitu-
tive equations [92]:

e = dcE; (4.1)

wherecE is the sti� ness matrix. For each substep the electric �eld and free-
strain values are computed. Electrical and mechanical boundary conditions
are de�ned in Table4.2.

EP = 0
U = 0 d33(EP) = d33(0)

+� U

ANSYS
code

S3 = f (U) EPnew
d33(EPnew) = f (EPnew)

Figure 4.2: Implementation ofd33(E) in ANSYS.

4.3 Materials and Methods

Piezoelectric ceramic �bers PZT-5A with a diameter of 255� m were sup-
plied by Smart Material Corporation, Osprey, USA. Polyimide foils of
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Table 4.2: Electrical and mechanical boundary conditions for the free-
strain model.

Coordinate Mechanical Electrical
x = 0 u1 = 0 D1 = 0
y = 0 u2 = 0 D2 = 0
z = 0 u3 = 0 D3 = 0

x = b=2 coupledu1 D1 = 0
y = t=2 coupledu2 V = U=2 on electrode

(D2 = 0 elsewhere)
z = p=2 coupledu3 V = 0

Kapton 100 HN (25� m in thickness) supplied by Dupont, Mechelen, Bel-
gium were used for the preparation of the screen-printed electrodes. The
silver paste used for the electrodes was the CB025 from Dupont. The
two-component epoxy resin, Araldite LY 564/Aradur 2954 from Vantico
AG, Basel, Switzerland, was used in combination with few drops of the
antifoaming agent BYK-A530 supplied by BYK-Chemie GmbH, Wesel,
Germany as matrix for the AFC.

The high �eld properties of PZT �bers were determined using achar-
acterization procedure for single �bers described in Chapter 2. The strain
versus electrical �eld response of a single �bre is measuredusing a Dy-
namic Mechanical Analyzer. Its force control allows for free-strain con-
ditions during the whole measurement. After poling at room temperature,
butter�y loops were recorded. Work cycles were then measured for elec-
trical �eld values ranging from -9kV/cm to 30kV/cm.

4.3.1 AFC Manufacture

AFC were manufactured by laminating a piezoelectric �ber mat consti-
tuted of approximately 75 �bers sandwiched between two screen-printed
interdigitated electrodes and embedded in an epoxy matrix [93]. The inter-
digitated electrodes had a �nger width of approximately 200� m, a �nger
electrode spacing of 700, 900, 1100, or 1300� m and a �nger thickness of
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approximately 15� m. The active area of the AFC module was 20mm in
width and 31mm in length. The AFC were cured under pressure (3.4MPa)
in an hydraulic press at 120°C for 1 hour. They were then post-cured 8
hours in an oven at 160°C. They were then poled through the IDEby ap-
plying an electrical �eld of 28kV/cm during 20 minutes in an oven at 80°C.

4.3.2 AFC Characterization

Free-strain Measurement

The free-strain response of AFC was measured thanks to standard 350

electrical resistance foil strain gauges (Type 10/350LY11, 10mm in length,
5mm in width) supplied by HBM AG, Naenikon, Switzerland bonded sym-
metrically on both sides of the AFC and connected in series toan ampli-
�er via a half Winston bridge. Electrical �elds between -10kV/cm and
30kV/cm were applied to the AFC in order to generate characteristic actu-
ation curves (i.e. work cycles).

Microscopy

AFC were cut at di� erent angles and observed under the optical micro-
scope (see Figure4.3). The measured entities were statistically analyzed
to obtain realistic parameters. These are listed in Table4.3.

Electronic Speckle Pattern Interferometry

AFC were �nally characterized using Electronic Speckle Patterning Inter-
ferometry (ESPI). The method, described in Pini et al. [94], allows for non-
destructive investigation of the AFC strain response. Unlike strain gages,
which deliver an averaged information over a given region, it gives both lo-
cal and global information on the deformation response of the sample. The
interested reader �nds further information on ESPI in Goudemand [95].

ESPI measurements were performed using a Steinbichler 3D-ESPI sys-
tem. The actuator was held in place on a polypropylene plate with a
thin layer of vacuum grease which only minimally a� ects the deformation
in both the actuator's in-plane and out-of-plane directions. The actuator
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Contact angle

Fiber spacing

Fiber diameter

Figure 4.3: Geometrical parameters measured using the micrographical
imaging technology. Fiber diameter, �ber spacing, contactangle and elec-
trode thickness are described.

was covered with a thin coating of a white aerosol developer (Magna�ux
Spotcheck SKD-S2). The ESPI experimental setup records phase maps for
each of the 3 illuminated directions of the actual state, which are then un-
wrapped and demodulated in 2 displacement �elds. Corresponding strain
�elds are computed from the displacement �elds.

4.4 Results

The micrographical imaging investigation revealed a contact region be-
tween �ber and electrode. The contact angle is observed to bedirectly pro-
portional to the pressure applied during manufacturing andto the electrode
thickness. The investigated AFC showed a main value of 63.10°, whereas
the single values are sensitive to the sequence of �ber diameters, as em-
phasized by the relatively high standard deviation of 20:81%. A �ber with
smaller diameter that the neighbor �bers will have a smallercontact angle
to one or both electrodes. The circular �ber cross section presents a main
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diameter of 256:6� mwith a standard deviation of 1:46%. The main center-
to-center �ber spacing is 291:5� mwith a standard deviation of 5:17%.

Table 4.3: Geometrical parameters. Fiber diameterd, �ber spacingb and
contact angle' were investigated using the micrographical imaging tech-
nology. Values for electrode spacingp and electrode widthw refer to the
electrode supplier.

Geometrical parameter Main value Std. Dev. CV%
d Fiber diameter [� m] 256.6 3.75 1.46
b Fiber spacing [� m] 291.5 15.06 5.17
' Contact angle [o] 63.1 13.13 20.81
p Electrode spacing [� m] 900 - -
w Electrode width [� m] 200 - -

4.4.1 High Field Response of PZT Fibers

Butter�y loops were measured for the used piezoelectric ceramic �ber.
Figure4.4 (a) shows a quite symmetric curve with a developed strain of
approximately 3500�� . The coercive electrical �eld lies around 10kV/cm.
These results show very good agreement with the literature [52].

The measured work cycle shows a peak-to-peak actuation of approxi-
mately 3100�� for an electrical �eld ranging from -9kV/cm to 30kV/cm.
The typical strain driven nonlinearity can be recognized inFigure4.4(b).

4.4.2 FE Results for the RVE

The isopotential lines in Figure4.5(a) show the potential distribution in the
RVE and the negligible contribution of the electrode area separated from
the �ber by the epoxy resin. The direct contact between electrode and �ber
induces high electrical �eld near the electrode edge (Figure 4.5 (b)). The
resulting strain peak is up to four times larger than the strain in the middle
of the �ber, where the electrical �eld is uniform. Further, areduction in
the strain response along the �ber axis can be observed underthe electrode
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Figure 4.4: Characterization of a PZT5A piezoelectric ceramic �ber via
DMA device. a) Butter�y loop, electrical �eld� 30kV/cm. b) Work cycle
for an electrical �eld ranging from -9kV/cm to 30kV/cm.

in Figure4.5 (d). This “dead zone” is generated by the distortion of the
electrical �eld under the electrode, as shown in Figure4.5(c).

The predicted AFC behavior is presented in Figure4.6. Free-strain re-
sponse versus applied voltage was computed for discrete substeps. The
clamping e� ect of the resin and the polyimide foils is re�ected in the nar-
rower hysteresis curve, compared to the �ber work cycle in Figure4.4(b).
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a) b)

c) d)

Figure 4.5: FE results. a) Potential distribution in the RVE with contact
between electrode �nger and �ber. b) Electrical �eld distribution in the
RVE . Notice the �eld peak near the electrode edge and the ”dead zone”
under the electrode surface. Far away from the electrodes, auniform �eld
distribution can be observed. c) Electrical �eld lines in the RVE. Notice
the �eld distortion under the electrode. d) Strain distribution in the RVE.
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Figure 4.6: Work cycles for an electrical �eld ranging from� 10 to
30kV=cm. The numerical prediction slightly overestimates the measured
free-strain response.

4.4.3 Experimental Results and Validation

Figure4.6presents the work cycle measured for the investigated AFC. This
presented an electrode spacingp of 0.9mm and a contact angle of 63.10°.
The comparison with results from the nonlinear simulation shows a good
agreement between the predicted free-strain response and the measured
work cycle. The numerical model overestimates the peak-to-peak strain by
6.5%. This is mainly due to the uniformly de�ned piezoelectric coe� cients
(see also [60]). Being computed for the electrical �eld reigning atz = p=2,
these are clearly exceeding the real values in the ”dead zone” under the
electrode. Hysteresis shape and width are accurately predicted.
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4.4.4 Parameter In�uence

Contact Angle

The contact area between the electrode and the �ber has a large in�uence
on the AFC's performance. Increasing the contact angle for agiven elec-
trode width allows for a more e� cient �eld distribution while limiting the
”dead zone” under the electrode. On the other hand, increasing the elec-
trode width for a given contact angle would lead to a larger ”dead zone”
and increase the breakdown risk in the resin matrix. The e� ective piezo-
electric constant was compared to the theoretically attainable for di� erent
contact angles. Figure4.7shows a large performance enhancement for in-
creasing contact angles, asymptotically approaching the 90% mark. AFC
manufactured with di� erent pressures show according contact angles and
free-strain actuation. The experimental results are in good agreement with
the numerical prediction. Current AFC manufacturing technology is ex-
pected to allow contact angles up to 80°. Trough-the-thickness electrodes
under development [96] will completely enclose the �bers, thus generating
a rotationally symmetric electrical �eld.
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Figure 4.7: AFC performance versus contact angle between electrode and
�ber. Experimentally investigated con�gurations show good agreement
with the numerical prediction.
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Electrode Spacing

Simulation and experimental results were compared for fourAFC manu-
factured with di� erent electrode spacings. The remaining manufacturing
parameters are supposed to be unchanged. A value of 50° was assumed
for the typical contact angle. Larger electrode spacings show an actuation
improvement. Again, the numerical model overestimates thepeak-to-peak
strain. Both the experimental curves and the numerical results reveal a de-
creasing performance enhancement with increasing electrode spacing (Fig-
ure4.8). This is due to the decreasing relative in�uence of the “dead-zone”
under the electrode (w/p-ratio). These �ndings are in good agreement with
results presented by di� erent authors in previous work [90, 47, 60].
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Figure 4.8: Work cycles of AFC manufactured with di� erent electrode
spacings. Both experimental and numerical results predictlarger peak-to-
peak strains for increasing electrode spacing.



4.4 Results 65

4.4.5 Electronic Speckle Pattern Interferometry

Figure4.9shows a quantitative strain distribution in longitudinal direction
for a representative AFC. Measured by ESPI, these results give insight on
both the local and the global deformation response of the sample. Fig-
ure4.9(b) depicts the regular strain pattern between the �nger electrodes.
The constraining action of the polymer matrix and the polyimide �lms is
evident at the borders of the investigated module. The "dead-zone" under-
neath the �nger electrodes can be easily recognized in Figure4.9(c).

Thanks to its nondestructive nature, the procedure could beused for
quality control of AFC to be later integrated in active structural parts,
namely to identify possible non-active regions. At the sametime the method
can also deliver very accurate quantitative strain measurements [94].
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(a) Isometric

(b) Top

(c) Side

Figure 4.9: Quantitative strain distribution in longitudinal direction for a
representative AFC, measured by ESPI. (a) isometric view; (b) top view;
(c) side view. Notice the "dead zone" underneath the �nger electrodes.
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4.5 Conclusions

The free-strain response behavior of AFC under high �eld conditions has
been predicted by a nonlinear FE Model. The micrographical imaging
technology was chosen for determination of relevant geometrical param-
eters. This revealed a direct contact region between electrode �ngers and
piezoelectric ceramic �bers. Required characteristic curves for the piezo-
electric coe� cients have been accurately determined using a characteriza-
tion procedure for single PZT �bers based on the DMA device. The numer-
ical simulation accounted for the AFC's geometrical complexity and gave
insight into the electric �eld and strain distributions. Due to the assumed
uniformity of the piezoelectric coe� cients, numerical results slightly over-
estimate the experimentally determined free-strain response. The typical
work cycle has been predicted for AFC with di� erent electrode con�gura-
tions, thus providing a tool for further AFC optimization, as documented
in the next Chapter. Numerical and experimental �ndings corroborate pre-
viously published results, revealing enhanced actuation performance for
increasing electrode spacing to �ber diameter ratios. Finally, the in�uence
of the contact angle has been investigated, showing interesting potential
for further performance improvements. Insight on both the local and the
global deformation response of the sample was given by measurements
carried out with the ESPI method, a nondestructive procedure that could
be used for quality control of AFC to be later integrated in active structural
parts.





Chapter 5

Numerical Optimization of
Active Fiber Composites

This Chapter presents a comprehensive approach for the optimization of
the response of Active Fiber Composites (AFC). Based on a nonlinear �-
nite element model of its Representative Volume Element (RVE) and evo-
lutionary algorithms, it allows the simultaneous investigation of the rel-
evant parameters directly in�uencing the AFC performance in terms of
developed free-strain, generated force per cross-sectional area and capaci-
tance. Free-strain could be enhanced by 14.9%, stress by 6.4% and capac-
itance by 438% compared to the reference AFC.
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5.1 Introduction

Previous work in predicting the actuation performance of AFC shows the
in�uence of con�guration parameters on their actuation behavior. Follow-
ing Rossetti et al. [90] and Bent and Pizzochero [47], a small ratio be-
tween electrode spacingp and �ber diameterd enables actuation at lower
voltages, but is detrimental to actuation e� ciency due to the electric �eld
distortion in the vicinity of the electrode traces. Conversely, largerp=d ra-
tios lead to better actuation e� ciency, but require higher driving voltages
to achieve actuation at equivalent �eld levels. Further, higher active �ber
volume content results in larger actuation force capability [47].

An approach is still lacking, however, that simultaneouslyinvestigates
the in�uence of all main parameters (�ber diameter, electrode spacing and
electrode width) on AFC performance. Moreover, di� erent potential ap-
plications require the optimization of the corresponding problem objective
(e.g. maximum strain, force or capacitance). In this study,both problems
are addressed by implementing a �nite element model and evolutionary al-
gorithms (EA). Results will be useful for assessing the potential of AFC as
active components in structural vibration control.

5.2 Optimization Procedure

For the sake of conciseness, we refrain from elaborating on basic concepts
of EA and con�ne ourselves to a brief description of the application of
evolutionary optimization methods to the problem at hand. The interested
reader will �nd more detailed information on EA in [97, 98, 99].

Before evolutionary algorithms can be used for the optimization of any
property of the AFC, some preparatory steps have to be carried out. First, a
simulation model of the active structure to be optimized is required in order
to evaluate the �tness value for each individual. The straindriven nonlin-
earity becomes important for free-strain conditions at high �eld regime.
Accordingly, the nonlinear �nite element model described in Section4.2.3
is used for the optimization of the AFC's free-strain response S. Con-
versely, a clamped �nite element model with linear piezoelectric relation-
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Figure 5.1: Working schedule of evolutionary algorithms.

ships is used to describe the AFC's generated force per cross-sectional area
(stress� ) and the capacitance-densityCd. This speeds up the correspond-
ing optimizations.

After de�ning the simulation model, the optimization process can be
set up. The so-called parameterization is the key to an e� cient and suc-
cessful optimization. It has to be de�ned which parameters are modi�ed
during the optimization process. The last task to be accomplished before
starting the optimization process is the de�nition of the evaluation step, in
particular of the �tness function. Both aspects are presented in some detail
in Sections5.2.2and5.2.3.

Figure5.1illustrates a general working schedule for optimization prob-
lems addressed with an evolutionary approach. Starting from a randomly
initialized population, the optimization loop containingevaluation, selec-
tion, crossover, mutation, replacement and model update isiteratively run
until a given stopping criterion is satis�ed and an optimum design solu-
tion is found. A proprietary software tool called DynOPS (Dynamic Opti-
mization Parameter Substitution) written in C++ copes with the complex
task of managing the optimization loop. For more detailed information on
DynOPS, the interested reader is referred to Wintermantel [98].
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5.2.1 Optimization Runs

First, the free-strain developed by the Active Fiber Composite is inves-
tigated as a function of the electrode widthw and the �ber diameterd,
whereas the electrode spacingp is held constant. For optimization runs 2
and 3, the �ber diameterd is then held constant at values corresponding to
commercially available �bers. The free-strain is computedas a function of
the electrode spacingp and the electrode widthw. Finally, the �ber diame-
terd, the electrode widthw and the electrode spacingp are simultaneously
optimized for maximum free-strain (optimization run 4), generated force
per cross-sectional area (optimization run 5) and capacitance (optimization
run 6), respectively (see Table5.1for a summary of the optimization runs).

5.2.2 Parameterization

The parameterization links the search space (genotype) to the solution
space (phenotype). The following parameters de�ne the RVE:

ˆ Fiber diameterd

ˆ Electrode widthw

ˆ Electrode spacingp

Parameter Bounds

Table5.1 summarizes the parameter bounds de�ned for the di� erent op-
timizations. For optimizations 2 and 3 the lower bound for the electrode
widthw corresponds to the accuracy achievable by the screen printing tech-
nology, the method of choice at Empa Duebendorf. The use of alternative
technologies (e.g. photolithography) is considered in optimizations 1 and
4 through 6. Even though current PZT �bers with a diameterd<100� m
do not show the quality required for manufacturing AFC with reproducible
performance, this limit is expected to be lowered to 30� m in the next fu-
ture.
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Table 5.1: Boundaries for the geometrical parameters.

Optimization Constant Variables Bounds
lower upper

[� m] [ � m] [ � m]
1 p� 900 d 45 300

w 45 300

2 d� 105 w 100 300
p 400 1670

3 d� 255 w 100 300
p 400 1670

4-6 d 30 300
w 10 300
p 400 1670

Reference d� 255
w� 200
p� 900

5.2.3 Fitness Function

The �tness function to be minimized by the optimization engine is de-
scribed by Equation5.1. This comprises an optimization objective and a
constraint, expressed by the penalty function.

f itness = �
o

ore f
+ � �

1

1 + exp
�
� 
 �

�
Emax
Ere f

� 1
��

|                           {z                           }
Penalty function

(5.1)
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where o is the optimization objective
ore f is the respective value from the reference AFC
� is a weighting factor for the penalty function

 is the steepness-factor of the penalty function
Emax is the maximum E-�eld in the �ber
Ere f is the respective value from the reference AFC

Three di� erent target values of the RVE are investigated:

ˆ StrainS

ˆ Generated force per cross-sectional area�

ˆ Capacitance-densityCd

The maximum target value, obtained without or only slightlyo� ending
the electrical �eld constraint, will correspond to the minimum value of
the respective �tness function. Based on previous experience,� and
 in
the �tness function (Equation5.1) are set to 3 and 60, respectively. The
population size is set to 20 individuals.

5.3 Results

5.3.1 Strain

Constant Electrode Spacing

In a �rst optimization, the developed free-strain is investigated as a func-
tion of the �ber diameterd and the electrode widthw, both in the range
45-300� m, whereas the electrode spacing is held constant at 900� m. Only
results for con�gurations not exceeding the constraint of 30 kV/cm in elec-
trical �eld are presented in Figure5.2. Blue dots represent con�gurations
evaluated numerically after selection by the optimizationengine, the color-
scaled surface is interpolated through the blue dots. Best performance in
terms of the developed free-strain is found ford = 90� m andw = 48� m
with a value of 2020�� . This is 11.6% more than the value predicted and
measured for the reference AFC (1810�� ). With this best set ford andw,
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the resultingEmax is 28.2kV/cm compared to 28.7kV/cm for the reference
AFC.
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Figure 5.2: Resulting strain againstd andw for p = 900� m.

Constant Fiber Diameter

A second investigation focuses on two commercially available �ber diam-
eters. Combinations of electrode spacingp and widthw are evaluated for
d = 105� m andd = 255� m, respectively. Again, only results for con-
�gurations not exceeding the constraint of 30 kV/cm in electrical �eld are
considered.
Results ford = 105� m are discussed �rst. Not surprisingly, the larger
the electrode spacing, the higher is the resulting average strain. De�ning
the bounds forp andw imposed by the current electrode manufacturing
technology, highest free-strain (2050�� ) is achieved for nearly maximum
electrode spacingp = 1630� m and an electrode widthw = 103� m, close
to the lower bound. This is 13.3% more than the value predicted and mea-
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sured for the reference AFC (1810�� ); Emax is 30.5kV/cm. Results are
depicted in Figure5.3.
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Figure 5.3: Resulting strain againstp andw for d = 105� m.

Similar results were obtained ford = 255� m. Slightly lower maximum
free-strain (2010�� ) is achieved for nearly maximum electrode spacingp =
1660� m and an electrode widthw = 150� m. This is 11.0% more than
the value predicted and measured for the reference AFC (1810�� ); Emax

amounts to 27.6kV/cm. Results are depicted in Figure5.4.
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Figure 5.4: Resulting strain againstp andw for d = 255� m.

Simultaneous Optimization ofp, d and w

The simultaneous optimization of electrode spacingp, �ber diameterd
and electrode widthw yielded a slight increase in predicted free-strain
compared to the previous optimizations. By allowing narrower electrodes
(which would require photolithographyor equivalent technologies for man-
ufacturing) its value is increased by roughly 14.9% compared to the refer-
ence AFC (2080�� vs. 1810�� ). The optimization engine identi�ed a best
set composed of an electrode spacingp = 1670� m, an electrode width
w = 45� m and a �ber diameterd = 120� m. Such a �ber diameter is not
commercially available, but could easily be manufactured using dies with
according ori�ces, as described in Chapter3.1. With Emax=28.0kV/cm,
the narrower electrodes don't generate higher electrical �eld concentra-
tions compared to the reference AFC.
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Table 5.2: Optimization results (bold numbers were de�ned as constant).

d p w Emax StrainS �
[� m] [ � m] [ � m] [kV /cm] [�� ] [%]

Reference 255 900 200 28.7 1810
d � w 90 900 48 28.2 2020 11.6
p � w 105 1630 103 30.5 2050 13.3
p � w 255 1658 150 27.6 2010 11.0
p � d � w 120 1670 45 28.0 2080 14.9

d p w Emax Stress� �
[� m] [ � m] [ � m] [kV /cm] [106Pa] [%]

Reference 255 900 200 32.2 32.7
p � d � w 300 1640 246 32.4 34.8 6.4

d p w Emax Cd �
[� m] [ � m] [ � m] [kV /cm] [F=m3] [%]

Reference 255 900 200 32.2 0.0266
p � d � w 293 400 192 32.4 0.1432 438

5.3.2 Generated Force per Cross-sectional Area

The investigation of the clamped model yielded largest generated stress for
largest �ber diameterd and electrode spacingp. The optimization engine
identi�ed a best electrode widthw = 246� m. The present �ndings are in
line with results reported by Bent and Pizzochero [47]. With the optimized
parameters, the stress, respectively the blocking force could be increased
by 6.4% compared to the reference AFC.

5.3.3 Capacitance

The largest improvement in target value could be achieved for the capac-
itance optimization. The total capacitance of the AFC module is a result
of the capacitance of the RVE and of the parallel and serial alignment of
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the RVEs within the AFC module. The RVE volume, on the other hand,
directly depends on the �ber diameter and the electrode spacing. It makes
therefore sense to compare results in terms of capacitance per volume. Not
surprisingly, the optimization engine selected a �ber diameter close to the
upper bound (d = 293� m) and minimum electrode spacing (p = 400� m).
With w = 192� m, the optimum electrode width remained virtually un-
changed compared to the reference AFC. According to these �ndings, the
capacitance of the AFC module with equivalent volume could be increased
by 438% from 0.90nF to 4.82nF.

All optimization results are summarized in Table5.2.

5.4 Conclusions

The AFC response is decisively in�uenced by the electrode width w, the
electrode spacingp, as well as the �ber diameterd. Based on previously
developed parametric FE models (see Chapter4), the in�uence of all three
parameters was simultaneously investigated using evolutionary algorithms.
Best con�gurations were found for largest free-strain, maximum generated
force per cross-sectional area and largest capacitance density, respectively.
Free-strain could be enhanced by 14.9%, stress by 6.4% and capacitance
by 438% compared to the reference AFC.

As documented in Chapter8, this represents only marginal improve-
ments considering the requirements imposed to active components for use
in structural vibration control.





Part III

Integration of Active
Modules into Smart Parts





Chapter 6

Inkjet Printing of
Palladium Catalyst
Patterns on Polyimide Film
for Electroless Copper
Plating

The work presented in this Chapter can be found with minor modi�cations
as a publication in the scienti�c literature as:

S. Busato, A. Belloli and P. Ermanni. Inkjet printing of palladium cata-
lyst patterns on polyimide �lm for electroless copper plating. Sensors and
Actuators B, 123(1):840-846, 2007.
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A convenient method has been developed that provides for applying
patterned copper tracks on �exible polyimide �lm for electronic applica-
tions. The work�ow comprises inkjet printing of an aqueous palladium(II)
solution onto surface treated polyimide �lm, followed by reduction to metal-
lic palladium and electroless copper plating. All processing steps involved
require minimal infrastructure and result in metallic feature dimensions
down to 100� m using a desktop inkjet printer. Ink stability is documented
by UV/vis, and copper line dimensions and electrical resistivityare exam-
ined as function of design dimensions and electroless plating time. The
procedure was successfully applied for manufacturing interdigitated elec-
trode �lms as used in Active Fiber Composites.

6.1 Introduction

Since the advent of inkjet printing for typeset and graphic arts applica-
tions, the technology's potential for the patterned deposition of virtually
any type of liquid material, including polymer solutions and molten met-
als [100], has been recognized. In particular, signi�cant researche� orts
have been directed towards printing low-cost, large-area electronic circuits
on �exible substrates by additive inkjet patterning [101]. When printing
electronic devices such as transistors or organic light emitting diodes based
on organic (semi-)conductors, the typical resolution limit of inkjet printers
(50–100� m) imposes a limit to its direct printing capabilities. Printing
of sub-hundred-nanometer features has been demonstrated,however, with
indirect printing techniques by either lithographically pre-patterning the
substrate into regions of di� erent surface energy [102, 103] or by the self-
aligning drying behavior of printed droplets overlapping two regions of
di� erent surface energy [104]. On the other hand, there exists a range of
electronic applications with lower requirements in terms of spatial reso-
lution that can easily be met with direct inkjet printing. Flexible printed
circuitry (FPC) as used in radio frequency tags or connections of modular
electronic subassemblies is conventionally prepared by photolithographi-
cal patterning and subsequent etching of a metal clad polymer �lm with a
�nal metal track width down to 0.1mm. Direct inkjet printingof such cir-
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cuitry has been reported by several authors. Printing of concentrated non-
aqueous gold or silver nanoparticle colloids followed by low-temperature
sintering [105] or laser curing [106] resulted in features with resistivities in
proximity of the corresponding bulk metals, avoiding the extreme condi-
tions required for liquid metal printing. Similarly, printing of the chemical
vapor deposition precursor vinyltrimethylsilane copper(I) hexa�uoroacety-
lacetonate [107] followed by disproportionation at elevated temperatures
yielded conducting copper patterns. A di� erent approach relies on printing
weakly concentrated aqueous catalyst ink followed by a post-processing
step aimed at increasing the metal loading and electric conductivity of the
initiator tracks. Typically, this approach is based on general chemistry as
used in the metal plating of polymers [108], e.g. in the electroless copper
plating of �ber reinforced epoxy sheets in the manufacture of printed cir-
cuit boards. Colloidal platinum inkjet printed onto Na�on and coated or
surface treated poly(ethylene terephtalate) �lms yieldedwell-de�ned fea-
tures down to 100� mafter electroless copper plating [109]. Silver nanocol-
loids were equally printed with good resolution onto paper and inkjet trans-
parencies [110], but not metal-plated (silver, however, does catalyze copper
deposition from appropriate plating solutions [111]). Critical issues with
colloids reside in the sedimentation stability of the corresponding sols, typ-
ically requiring stabilizers and limiting the metal concentration to low val-
ues, and in the associated risk of metal encapsulation reducing catalytic
activity for the electroless plating process. This paper describes a conve-
nient, inexpensive and reproducible laboratory method forthe patterning
of copper features on commercial polyimide �lm. Inkjet printing of a pal-
ladium(II) solution followed by chemical reduction and electroless copper
plating results in feature dimensions down to 100� m.
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6.2 Experimental

6.2.1 Ink Preparation

Palladium(II) chloride (40mg, Riedel-de Haen) and ammonium chloride
(40mg) were stirred in 23.75g water for ca. 1 h until a clear yellow solu-
tion was obtained. Three drops (ca. 0.15ml) 30% hydrogen peroxide were
added, followed by 1.25g 2-propanol. The resulting ink containing ca.
1mg Pd/ml showed no precipitation over a period of more than 4 months
when stored at 4°C. At room temperature visible precipitation of metal-
lic palladium occurred within 2-3 weeks. Surface tension was measured
with a Sinterface Pro�le Analysis Tensiometer PAT1, viscosity with a Paar
Physica MCR300 Modular Compact Rheometer. UV/vis measurements
on dilute inks containing 0.5mg Pd/ml (20mgPdCl2 and 20mgNH4Cl in
same amounts of liquids as above) were performed with a UV/VIS/NIR
Spectrometer Perkin-Elmer Lambda 900.

6.2.2 Surface Treatment of Polyimide Film

The palladium ink was printed onto polyimide (PI) �lm (Upilex-R:
poly(biphenyl dianhydride-4,40-oxydianiline), UBE Industries Ltd., Japan)
of 25 and 75� m thickness, respectively. Two wet-chemical methods were
employed for rendering as-received PI �lm hydrophilic and receptive for
Pd(II) ions.

Method A

The �lm was oxidatively etched in a solution of potassium permanganate
(60g/l) and sodium hydroxide (30g/l) at 80°C for up to 60 min, cleaned
by sonication in water, immersed in 10M potassium hydroxideat room
temperature for 2 h and �nally rinsed with water and dried.

Method B

The �lm was immersed in 10M potassium hydroxide at room temperature
for up to 72 h and �nally rinsed with water and dried.
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Best printing results (resolution, reproducibility) wereobtained with
method B and a treatment time of no less than 48 h. The surface topog-
raphy of �lms was studied by scanning electron microscopy (SEM) using
a LEO1530 SEM. The contact angle of water on PI �lms was determined
with a Krüss G-1 Contact Angle Measuring Instrument.

6.2.3 Inkjet Patterning

Printing patterns were designed with Adobe Illustrator graphics software.
Near-black patterns were drawn in Adobe RGB (1998) working color space
with color values set to R= G = B = 10. A Hewlett Packard Deskjet
1220c printer (resolution 600x600 dpi; DIN A3 format) was used for print-
ing using the black cartridge only ("HP45": full part number51645G or
51645A); however, an empty tri-color cartridge ("HP78": full part num-
ber C6578D or C6578A) needed to remain installed for the printer to work
properly. The foamless, spring-bag type black cartridge was emptied, rinsed
with water and 5% ammonia to remove any residual original inkand �nally
�lled with 15-30ml palladium ink. The printer driver (HP v2.0) was set to
plain paper mode with the following settings: print qualitybest, paper type
plain paper, image enhancement on, convert to grayscale o� , all other set-
tings left to default. Print color space was identical to working color space.
The surface treated PI �lm was a� xed to a supporting sheet of plain pa-
per using Repositionable Adhesive Spray (3M ReMount) and carefully fed
through the printer. The print-out was allowed to dry at ambient condi-
tions until no more liquid ink was visible and �nally baked at60°C for 15
min. Reduction of the surface-bound palladium(II) to metallic palladium
was accomplished by immersion into 0.1M sodium borohydrideat room
temperature for 5 min and �nal water rinse. After reduction,the printing
pattern was just about discernible to the naked eye.

6.2.4 Electroless Copper Plating

A plating solution (adapted from [109]) was freshly prepared by dissolving
sodium hydroxide (3.5g/100ml), ethylenediamine tetraacetic acid
(5.1g/100ml) and copper sulfate pentahydrate (2.5g/100ml) in water, adding



88 Chapter 6. Copper Electrodes on Polyimide Films

aqueous 36% formaldehyde (0.4ml/100ml) and �nally adjusting the pH
to 12.4-12.5 by dropwise addition of concentrated sulfuricacid. Inkjet
patterned PI �lms were immersed at 25°C for up to 60 min (typically 20
min), resulting in selective copper deposition on the printed patterns. Shiny
copper lines appeared almost black when observed from the reverse side
through the transparent PI �lm. Plating was accompanied by visible gas
evolution and - for the case of extended plating duration - byoccasional
blister formation on the copper tracks. Average line width was determined
as the ratio of surface area to length (measured with opticalmicroscopy) on
2500� mlong sections. Average line thickness was determined by measur-
ing the surface pro�le with a Tencor P10 Surface Pro�ler at a minimum of
three locations for each sample. Resistivity was measured using a 4-point
method with an in-house built test �xture and a Keithley 237 High Voltage
Source Measure Unit.

6.3 Results

6.3.1 Palladium Ink

An inkjet printable solution containing palladium ions wasprepared by �rst
stirring palladium chloride and ammonium chloride in water. The surface
tension of this solution was virtually identical to water (72.8mN/m) and
needed to be adjusted to match the value of the original ink for the printer
to be used in order to attain similar jetting behavior. Surface tension re-
duction was accomplished by addition of a cosolvent, avoiding the use of
non-volatile surfactants and their potential risk of inhibiting palladium ad-
hesion to the printing substrate. Considering 2-propanol for the purpose,
we realized that this solvent e� ectively reduces palladium(II) resulting in
quick precipitation of the metal. In reminiscence of a common practice
for revitalizing aged sensitizer solution in the art of the photographic pal-
ladiotype process [112], we found that adding a small amount of hydrogen
peroxide to the solution prior to 2-propanol addition e� ectively stabilizes
the solution against precipitation. Thus, adding three drops (ca. 0.15ml) of
30% hydrogen peroxide for 25g of �nal ink and 2-propanol to amount to
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5% (w/w) did reduce the surface tension to 49.3mN/m, closely matching
the value of the black ink of a "HP45" cartridge (47.1mN/m). The yellow
clear ink had a palladium content of ca. 1mg/ml and did not precipitate over
more than 4 months (maximum observation time) when stored at4 °C. At
room temperature precipitation set in after 2-3 weeks. The signi�cantly
lower viscosity (<1mPa� s) as compared to the "HP45" ink (3.35mPa� s)
was not deemed critical for printing. UV/vis measurements (Figure6.1)
were taken on two ink formulations containing 0.5mg Pd/ml, one prepared
as described above and one purely aqueous reference in which2-propanol
had been replaced by the equivalent amount of water.

Five minutes after preparation both samples exhibited an absorption
maximum at 422nm attributable to the d-d transition of thePdCl2(H2O)2

complex [113]. After 14 days at room temperature the maximum absorp-
tion of both solutions had shifted to 410nm at slightly reduced absorptivity,
indicating hydration to [PdCl(H2O)3]+ . Thereafter, the aqueous reference
remained virtually unchanged in both spectral and physicalappearance up
to 105 days, whereas gradual precipitation set in in the alcoholic sample.
Spectra of the latter's supernatant liquid after 54 and 105 days showed a
shift back towards longer wavelengths at lower absorption values. Presum-
ably the reduced palladium ion content and concomitant increased relative
chloride concentration led to anation of the monochloro back to the origi-
nal dichloro complex.
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Figure 6.1: UV/vis-spectra of dilute palladium(II) solutions (0.5mg
Pd/ml) after storage at room temperature: (a) in 5% aqueous 2-propanol
stabilized with hydrogen peroxide; (b) in water; after 5 min(–), 14 days
(N), 54 days (� ), and 105 days (� ).
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6.3.2 Wet-chemical Treatment

In order to render the hydrophobic polyimide �lm wettable bythe aqueous
palladium ink, two wet-chemical methods for surface treatment were ex-
amined. Method A (adapted from [114]) comprised two steps, namely ox-
idative surface micro roughening by immersion in alkaline potassium per-
manganate solution at 80°C for up to 60 min, followed by chemical imide
ring opening by exposing the pretreated �lm to 10M potassiumhydroxide
at room temperature for 2 h. Method B (adapted from [115]) consisted of
the chemical imide ring opening only by immersion into 10M potassium
hydroxide at room temperature for up to 72 h. SEM pictures of samples
after both surface treatments are shown in Figure6.2.

2� m

Figure 6.2: SEM pictures of polyimide �lms after surface treatment in
KMnO4–NaOH=KOH (left) andKOH (right), respectively.

Method A resulted in the formation of a large number of recesses on the
�lm surface, con�rming the �ndings of Wang et al. [114]. The number and
dimensions of recesses generally increased with the permanganate treat-
ment time, reaching up to 1� m in diameter after 30 min. By contrast, no
topographical features were observed for �lms treated according to method
B.
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Gravimetrical monitoring of the �lms during treatment showed a nearly
linear weight loss with time up to ca. 8.2% after 60 min for method A
and a nearly linear weight gain up to ca. 1.7% after 48 h for method B,
respectively. The weight loss (method A) is attributed to the oxidative re-
moval of material from the surface. On the other hand, imide ring opening
(method B) results in the formation of both carboxylic acid and potassium
carboxylate groups for the present case of �nal water rinse [115] (rinsing
with hydrochloric acid would leave only carboxylic acid groups, whereas
rinsing with 2-propanol would leave potassium carboxylate) and entails
the uptake of one equivalent water or potassium hydroxide, respectively,
for every imide ring cleaved, explaining weight gain. Measurements of the
advancing contact angle of water drops on the treated �lm turned out to
be poorly reproducible with values of 66-74° for untreated �lm and 21-
52° for treated �lm. In addition, water drops on PI �lms treated according
to method A displayed a distinct tendency to spread and grow in contact
area, a phenomenon comparable to the "bleeding" of writing ink on �lter
paper caused by capillary forces. Spreading of drops was notobserved on
smooth �lms treated according to method B.

6.3.3 Printing and Electroless Copper Plating

Printing experiments on PI �lms of up to DIN A3 size (297 by 420mm)
were conducted with an older HP Deskjet 1220c desktop printer, chosen
mainly for the ease of re�lling the corresponding foamless black cartridge.
This hardware with a printhead containing 304 nozzles (diameter 28� m)
allowed rapid printing of large areas. The limited control over number
and size of drops available through the few adjustable parameters in the
printer driver was su� cient for the present application. Adjusting the red,
green and blue color values of patterns drawn in the chosen working color
space (Adobe RGB (1998)) allowed additional control over the amount of
ink jetted. After printing and drying of the palladium(II) ink no pattern
was visible to the naked eye. Short immersion of the print-out in 0.1M
sodium borohydride revealed a faint grayish deposit of metallic palladium
where the ink had been jetted by the printer. Electroless copper plating at
room temperature resulted in copper lines appearing withina few minutes.
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Figure6.3shows samples of copper lines for both polyimide surface modi-
�cations described above under otherwise identical conditions (design line
width 150� m, copper plating time 20 min).

500� m

Figure 6.3: Sample copper lines printed on polyimide �lm after sur-
face treatment inKMnO4–NaOH=KOH(left) and KOH(right), respec-
tively (design line width 150� m).

On a microscopic scale, in both cases the lines do not exhibitstraight
boundaries, re�ecting the characteristic array of overlapping dots of inkjet
droplets impacting on a surface. However, for the case of oxidative etching
(method A) blurred lines were observed even on a macroscopicscale. On
the other hand, hydrolytic treatment (method B) for no less than 48 h de-
livered crisp and reproducible features, making this the method of choice.
The two-stage etching procedure (method A) had been shown [114] to in-
crease the peel strength of electroless copper on polyimideby a factor of
more than �ve over simple hydrolytic surface treatment (method B). In
qualitative tests, we found both surface treatments to yield highly scratch
resistant (�ngernail) copper features that could not be peeled o� with ap-
plied adhesive tape (Flashbreaker, Airtech). With the plating bath com-
position used, plating was accompanied by visible gas evolution and - for
extended plating duration - by occasional blister formation on the deposited
tracks. Presumably, hydrogen gas was being generated by recombination
of adsorbed atomic hydrogen stemming from the initial formaldehyde de-
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hydrogenation step [116]. The rate of copper deposition was strongly pH
dependent with lower pH slowing the reaction down. Good results were
obtained with the pH in the range 12.4-12.5 and a plating timeof 20 min
at 25°C. Generally, larger features required shorter plating time than �ne
lines.

Measured line width and thickness as function of plating time are de-
picted in Figures6.4and6.5, respectively.
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Figure 6.4: Actual copper line width as a function of electroless plating
time (design line width 150� m): measured values (� ), linear �t (—), and
95% prediction bounds (� � � ).

Average line width gradually increased from 206.5� m after 15 min to
222.4� m after 60 min for a design line width of 150� m, with a standard
deviation of less than 5%. Plated copper thickness increased at a rate of
approx. 1� m=h with measurable conductivity attained after approx. 15
min. Electrical resistance of 40mm long line sections (Figure6.6) showed
power decay with plating time, in agreement with the observed linear cop-
per thickness development. The corresponding speci�c conductivities re-
mained nearly constant at (2:5� 3)� 107 S m� 1, representing approximately



6.3 Results 95

replacements

10 20 30 40 50 600

0.4

0.8

1.2

1.6

Plating time [min]

C
op

pe
r

lin
e

th
ic

kn
es

s
[�m

]

Figure 6.5: Copper line thickness as a function of electroless plating time:
measured values (� ), linear �t (—), and 95% prediction bounds (� � � ).

half the value of bulk copper (5:95 � 107S m� 1). Actual width of copper
plated lines (20 min plating time) as function of design linewidth (Fig-
ure 6.7) lay within acceptable agreement, but prior experimental calibra-
tion was required for improved anticipation of �nal featuredimensions.
Particularly at the lower end the observed overshoot of up to50� m repre-
sented a signi�cant deviation from design dimensions. The thinnest prac-
ticable and reproducibly conducting line had a width of some130� m. On
single occasions, conducting lines down to 100� mcould be produced. This
value can be expected to be lowered by printing through smaller print noz-
zles, reduced ink surface tension and corresponding smaller drop volume.
Nozzle diameter of typical color print heads is around 15� mfor an ink sur-
face tension of ca. 30mN/m. Modi�cation of the present palladium ink to
this value was accomplished by increasing the 2-propanol content to 20%
(w/w) without incurring a reduction in precipitation stability. However,
we refrained from making use of the printer's "HP78" color cartridge due
to its foam based construction, making it cumbersome to handle and also
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Figure 6.6: Electrical resistance of copper lines (40mm long, approxi-
mately 200� m wide) as a function of electroless plating time (left axis):
measured values (� ), linear �t (—), and 95% prediction bounds (� � � ). Cor-
responding speci�c electrical conductivity (right axis):measured values
(� ), linear �t (—), and 95% prediction bounds (� � � ).

signi�cantly accelerating palladium precipitation. We adopted the present
method for manufacturing �exible interdigitated electrode �lms, key com-
ponents of the Active Fiber Composites used in Chapter10. The reject
rate of the geometrically complex electrodes – consisting of a multitude of
individual lines – was reduced by choosing an uncritical target line width
of 200� m. The electroless copper plated prints were additionally electro-
plated in order to further reduce track resistance (electroplating bath con-
taining 200g/l copper sulfate pentahydrate and 100g/l concentrated sulfuric
acid, galvanostatic conditions at ca. 10mA=cm2) and subsequently elabo-
rated by sandwiching a layer of unidirectional piezoceramic �bers between
two aligned electrode �lms and impregnating the arrangement with epoxy
resin.

Figure6.8 shows one electrode �lm and the �nal AFC patch that was
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Figure 6.7: Actual copper line width obtained for given design line width:
measured values (� ), linear �t (—), and 95% prediction bounds (� � � ).

successfully poled and operated at voltages up to 2.4kV.

6.4 Conclusions

Hydrogen peroxide e� ectively stabilized a palladium(II) solution in water/2-
propanol against premature precipitation, allowing inkjet printing onto potas-
sium hydroxide treated polyimide �lm. After reduction withsodium boro-
hydride the formed metallic palladium patterns were subjected to electro-
less copper plating yielding �exible printed circuitry with feature dimen-
sions down to 100� mand good copper adhesion. The simple procedure and
solution chemistry involved – devoid of the issues typically associated with
colloidal suspension preparation and stability – combinedwith inexpensive
printing hardware and data driven patterning, make for a convenient labo-
ratory method for prototyping large area circuitry with moderate resolution
on electrically and thermally stable polyimide. The technique was used for
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Figure 6.8: Interdigitated electrode �lm after �nal electroplating (left).
Laminated active �ber composite patch (right). Unidirectional piezoce-
ramic �bers are aligned perpendicularly to the interdigitated electrodes.
Copper lines in the patch appear black when seen from the reverse side
through the transparent PI �lm.

manufacturing all electrode �lms then laminated to monolithic and AFC
active modules, components of the test object described in Chapter10.



Chapter 7

Reliability
Characterization of Smart
Composite Laminates with
AFC Inclusions

The work presented in this Chapter has been submitted with minor modi-
�cations as a paper to Composites Science and Technology:

M. Melnykowycz, A. Belloli, R. Paradies and P. Ermanni. Reliability Char-
acterization of Smart Composite Laminates with AFC Inclusions. Com-
posites Science and Technology, submitted January 2009.1

1The �rst and second authors contributed in equal manner to the scienti�c results and
to the redaction of this article. The �rst author explicitlyconsents the present chapter be
included into this thesis.
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The current Chapter explores smart materials integration into compos-
ite materials using experimental and numerical methods to characterize
the mechanical integrity issues associated with smart materials integration.
Active Fiber Composite (AFC) devices and Dummy AFC (DAFC) were in-
tegrated into woven Glass (GFRP) and cross-ply Carbon FiberReinforced
Plastic (CFRP) laminates and tested to determine the e� ect of integration
on the laminate tensile properties. Di� erent integration procedures includ-
ing cutout, insertion, and interlacing have been considered. Experimental
activities have been supported by numerical modeling of theintegration
con�gurations using ANSYS. Tsai-Wu Strength Index (TWSI) values were
plotted and correlated with experimentally observed fracture patterns. Re-
sults show that mechanical integrity decreases as elementsare integrated
away from the midplane of CFRP and GFRP laminates. The use of CFRP
cross-ply composites reduces the impact of device integration on mechan-
ical property degradation. Actuation ability was assessedusing a custom
ANSYS shell element with piezoelectric capabilities. It was found that ac-
tuation ability increases as actuators are placed near the laminate surface,
which imposes the largest penalty on mechanical integrity.

7.1 Introduction

Smart materials can be designed for speci�c sensor and actuator applica-
tions including structural health monitoring, shape control, and vibration
damping and therefore have received a great deal of attention in the re-
search community. Lead Zirconate Titanate (PZT) based materials are
commonly employed as the active element in many smart materials sys-
tems due to their actuation and sensing abilities, which include the gener-
ation of high forces coupled with a fast signal response time. PZT devices
are commonly manufactured as wafers, stacks, Active Fiber Composites
(AFC) [12] with circular cross section �bers, and Macro Fiber Composites
(MFC) [117] with rectangular cross section �bers.

Smart or adaptive material systems based on PZT elements in either
wafer or �ber form are currently employed in smart skies and snowboards
[118, 119], tennis racquets [120], automotive vibration sensors, �at panel
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speakers [121] as well as active rotor blade [31] applications. Often poly-
mer or �bre reinforced polymer-based materials - such as laminated com-
posites made of Glass (GFRP) or Carbon Fiber Reinforced Plastic (CFRP)
- are used in the structural design. Polymer composites are good host struc-
ture candidates in smart materials design due to their layer-wise con�gu-
ration, the easy integration of sensors and actuators and the conformability
during the manufacturing process.

The development of truly smart structures eventually requires the direct
integration of sensors and actuators into passive structural host materials.
Ideally a smart material should simultaneously serve as a structural and ac-
tive component. Currently, however, smart structures are often composed
of two distinctly dissimilar materials, the structural andactive components.
Creating material systems of two dissimilar materials invariably will lead
to problems with structural integrity that need to be addressed. Few stud-
ies have addressed the integrity and performance parameters of AFC or
PZT wafer devices as a component in a smart structure and the synergy
between the active element and the surrounding host structure. The inte-
gration of smart devices is expected to have an e� ect on the mechanical
performance and integrity of a structure. In particular, degradation of the
strength properties is a great concern. This is of particular relevance to
critical applications such as rotor blades or airplane wings where e� cient
structural designs with high strength to weight ratios and maximum in-
tegrity are required.

7.1.1 Integration Techniques and their Impact on the Lam-
inate Properties

Integration may be de�ned as any technique used for embedding an ac-
tive element into a structure or material. In a laminated composite the
two basic integration techniques are "insertion" and "cutout insertion" or
"embedding" (Figure7.1). Insertion entails simply placing the device be-
tween the laminate layers, essentially sandwiching it in place. Embedding
or cutout insertion involves removing laminate material, and then placing
the device into the void so that the device becomes continuous with the
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surrounding structure or material. Combining the two techniques leads to
"interlacing". The interlacing technique involves distributing the cutout
integration region through the thickness of the laminate.

(a) (b)

Figure 7.1: Integration techniques. (a) Insertion (b) Cutout.

Past studies on smart materials integration have focused onthe cen-
ter or symmetric integration of PZT wafer devices in composite laminates
under uniaxial loading with the active element integrated in the 0° or 90°
plies. Crawley and De Luis [122] investigated the integration of PZT wafer
actuators into woven composites using analytical and experimental meth-
ods and proposed design criteria for PZT actuators such as a high Young's
modulus to allow stress transfer with the surrounding laminate. In static
tension, the integration of PZT devices via cutout integration was found
to have little e� ect on the Young's modulus, but a 20% decrease in the
ultimate tensile strength of the integrated GFRP laminateswas observed.
Mall and Coleman [123] investigated the e� ect of PZT wafer integration
on CFRP laminates under monotonic tensile and fatigue conditions and
reported that with quasi-isotropic CFRP lay-ups the integration technique
does not greatly a� ect laminate strength, reporting a di� erence of only 4%
between the mechanical properties of composite laminates without inte-
grated devices and those that employed the insertion and cutout integra-
tion techniques with PZT elements integrated in or adjacentto the 90° low
load-bearing plies. Paget and Levin [124] performed similar work with
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PZT wafers inserted in the center of CFRP laminates and only saw a 3%
di� erence in the ultimate tensile properties between laminates with inte-
grated PZT wafers and the reference laminates. Interlacingthe laminate
plies and distributing the integration region throughout the laminate thick-
ness has been found to improve laminate integrity with integrated elements.
Shingh and Vizzini determined an optimal interlacing con�guration using
numerical methods [125]. In a second study, Shukla and Vizzini [126] eval-
uated the optimum design by tensile testing of UD GFRP laminates with
integrated glass slides to simulate the presence of active elements. It was
reported that increasing the taper length improves load transfer but also
increases the resin rich zone at the integration region. Reducing the taper
length improves failure at the device interface but also degrades laminate
integrity [127].

Summarizing, in a symmetric [0,90] cross ply laminate composed of
unidirectional (UD) material loaded in the 0° direction, device integration
in the low load-bearing 90° plies will reduce the impact of integration on
laminate integrity as compared with integrating the devices into the load
bearing 0° plies. However, this design philosophy can not beadopted for
multi-axial loading. The development of a tool which can easily assess the
impact of di� erent integration approaches on laminate integrity would be
of bene�t to engineers designing smart composite laminates.

7.1.2 Prediction of the Laminate Integrity

An understanding of the failure of smart laminates is neededto design
structures that ful�ll the functional as well as the structural mechanical de-
sign requirements of a given application. In particular, tools and methods
for determining the e� ect of smart materials integration on laminate in-
tegrity can be used to better characterize the trade-o� between adding ac-
tuation and sensing capabilities while in�uencing the mechanical integrity
of the structural design. Many smart material applicationsrequire service
life of sensors and actuators in fatigue and cyclic environments. Separately
both PZT and composite materials have shown robustness overmillions of
fatigue cycles. A critical point with integrating the materials together into
a system is the ability to characterize damage evolution dueto the mis-
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match of material properties and how this impacts the initiation of dam-
age in the laminate system. Numerically characterizing laminate integrity
can be accomplished by employing failure criterion predictions for dif-
ferent laminate con�gurations with integrated smart elements. A number
of failure theories are available for composite laminate materials, and are
generally characterized as limit, interactive, or partially interactive [128].
The World-Wide Failure Exercise [129, 130] was conducted to assess the
e� ectiveness of various failure criteria for predicting the behavior of com-
posite laminates. The Tsai-Wu quadratic failure criterion[131] was shown
to perform well in predicting laminate response and ultimate failure [130].
The First Ply Failure (FPF) prediction is also available, and has been found
to agree with experimental results. Limitations were foundfor post FPF
and Last Ply Failure (LPF) values [132], however it has been found to be
a robust tool for engineering with composite materials. Tsai-Wu is lim-
ited in that di� erentiation is not established for matrix versus �ber failure
in a laminate. This distinction is covered in a partially interactive criterion
such as Puck [133]. However, the easy implementation and performance of
Tsai-Wu makes it an ideal choice for evaluating composite smart laminate
integrity and is relatively easy to integrate into a �nite element program
such as ANSYS2.

The current work focuses on the mechanical evaluation of smart device
integration in GFRP and CFRP laminates via experimental andnumerical
methods, investigating the case where the ratio of passive to active plies
is lower than in previous investigations. By using a higher percentage of
active layers the impact of device integration is more pronounced. Woven
GFRP laminates with integrated devices were used to investigate integra-
tion in the load-bearing plies of a laminate. Devices were integrated into
the 90° plies of cross-ply CFRP laminates to study the e� ect on low load-
bearing plies. The integration position through the thickness of laminates
was also considered by placing devices in the midplane or near the laminate
surface. Numerically, ANSYS modeling was employed to emphasize the
impact of actuator and sensor integration on the structuralintegrity of the
passive material in relation to the smart functionality (sensor and actuator

2www.ansys.com
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ability) of the system as a whole.

7.2 Materials

GFRP laminates were produced using Isopreg HR 320P-40 plainweave
pre-impregnated (pre-preg) composite plies supplied by Isovolta3. CFRP
laminates were manufactured using ELITREX pre-preg CFRP composite
plies (EHKF 420-UD24K-40) supplied by Stesalit4. AFC (nominal thick-
ness of 330� m) were produced using 250� m diameter PZT-5A �bers sup-
plied by Smart Material Corp.5.

7.3 Methods

7.3.1 Laminate Manufacture

Orthotropic plain weave GFRP laminates composed of 8 (insertion inte-
gration) or 9 (cutout integration) plies were manufacturedusing a vacuum
bagging and pressing process. Plies were prepared by cutting sections of
the pre-preg strips to dimensions of 30 x 30 cm. Vacuum was applied via
an external pump and the GFRP plates were cured for 30 minutesat 120°C.
CFRP cross-ply laminates composed of 12 plies of UD pre-pregwere man-
ufactured with a [0; 90]3S con�guration. CFRP plies were cut to exact di-
mensions using a computer controlled Zünd M-1600 cutter, which allowed
precise dimensioning of the cutout area for integration of DAFC and AFC.
Ply arrangement was performed by hand on an aluminum toolingplate and
an aluminum frame was used to contain the plies. The CFRP laminates
were processed in an autoclave at 120°C for 90 minutes. Following pro-
cessing, the reference (containing no AFC/DAFC) and integrated (contain-
ing AFC/DAFC) laminate plates were prepared in accordance with ASTM
Standard D 3039/D 3039M-00. The specimen geometry and dimensions
are shown in Figure7.2.

3www.isovolta.com
4www.stesalit.com
5www.smart-material.com
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Figure 7.2: Schematic view of the laminate test specimens.

Aerolite epoxy glue was used to secure tab material to the ends of each
specimen. Tensile testing was performed in accordance withASTM Stan-
dard D 3039/D 3039M-00 using an Instron 1251 test machine with a 200kN
load cell and an extensometer (50mm gage length) was used to determine
strain during the test.

7.3.2 AFC/DAFC Manufacture

AFC (Figure7.3) with dimensions of 33mm x 40mm and a nominal thick-
ness of 0.33 mm were produced for integration into the composite lami-
nates using a previously described method for AFC manufacture [134].

IDE

PZT Fibers

Matrix

Insulating Film

Figure 7.3: Schematic view of an Active Fiber Composite.
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The DAFC (40mm x 40mm) were cut from a laminate of UD GFRP and
Kaptonr . Two UD GFRP plies were arranged at a+/- 20° orientation to
one another to e� ectively match the measured longitudinal modulus of the
AFC [134]. This GFRP core was sandwiched between sheets of Kaptonr
�lm and the DAFC laminate was processed in a press at 5 bar of pressure
with a temperature of 120°C and maintained for 90 minutes.

7.3.3 Integration

The AFC/DAFC elements were integrated into the laminates using dif-
ferent integration techniques and placement positions with respect to the
laminate thickness. The element position through the laminate thickness
varied with respect to the midplane of the laminate. Three positions were
de�ned: center, o� center, and far o� center.

Far O� Center

O� Center

Center

(a)

GFRP layer
(D)AFC layer

Far O� Center
O� Center

Center

(b)

Figure 7.4: Position of the AFC/DAFC in the GFRP laminates. (a) Inser-
tion integration procedure (8 ply laminate); (b) Cutout integration proce-
dure (9 ply laminate). All ply angles are 0°.

This relative position was kept as constant as possible in the di� er-
ent materials systems even though the plies were of di� erent thicknesses.
DAFC were integrated into the woven GFRP laminates using theinsertion
and cutout methods (Figure7.4) while DAFC integration in the cross-ply
CFRP laminates was performed with the insertion and interlacing methods
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(Figure7.5). AFC were integrated into the GFRP laminates in the center
and far o� center positions using the cutout method while the AFC integra-
tion in the CFRP laminates included the inserted and interlaced methods
in the far o� center position. Table7.1summarizes the di� erent combina-
tions of laminate materials, integration methods, and placement positions
that were tested. The symmetric con�guration entailed two DAFC ele-
ments integrated using cutout (GFRP) and interlaced (CFRP)integration.

Table 7.1: Experimental programme.

Material Integration Device Specimen #

GFRP

Cutout

Center
DAFC 5
AFC 4

O� Center DAFC 5

Far O� Center
DAFC 5
AFC 4

Symmetric DAFC 5

Insertion
Center DAFC 5
O� Center DAFC 5
Far O� Center DAFC 5

CFRP

Insertion

Center DAFC 5
O� Center DAFC 5

Far O� Center
DAFC 5
AFC 5

Interlaced

Center DAFC 5
O� Center DAFC 5

Far O� Center
DAFC 5
AFC 5

Symmetric DAFC 5
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(a) Center insertion

(b) Center interlaced

(c) O� Center insertion

(d) O� Center interlaced

(e) Far O� Center insertion

(f) Far O� Center interlaced

Figure 7.5: Integration con�gurations for inserted and interlaced CFRP
laminates. 0° plies in light, 90° plies in dark color.
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7.4 Finite Element Model

The laminate geometry and di� erent integration methods were modeled in
ANSYS to assess their mechanical integrity and actuation capabilies. The
layered SHELL99 element was employed, which allowed each ply angle to
be easily de�ned. The in�uence of ply compaction on the ply mechanical
properties was taken into account. To assess mechanical integrity, Tsai-
Wu Strength Index (TWSI) values (Last Ply Failure) were computed by
imposing the failure loads recorded experimentally. Experimental results
and TWSI values were compared for validation of the model. FPF loads
(i.e. TWSI equal 1 for any ply) were then determined for the di� erent lam-
inate con�gurations. To assess the sensing and actuation capability of the
di� erent con�gurations, a custom shell element with piezoelectric capa-
bilities [135] was used to model the AFC modules. The laminate model
was cantilevered at one end and actuated. Strain energy and tip de�ection
at the free end of the laminate were the quantities related tothe di� erent
con�gurations. Additionally, the sensor performance could be assessed
by imposing a de�ection boundary condition and calculatingthe sensor
voltage signal, proportional to the strain experienced by the piezoelectric
module in the integration region.

7.5 Results and Discussion

7.5.1 Tensile Test Results

The failure load results from the GFRP laminates are graphically repre-
sented in Figure7.6 while the CFRP laminate results are shown in Fig-
ure 7.7. These experimental results are also presented in Table7.2 and
Table7.3at the end of this Chapter.

As can be seen in Figure7.6the maximum force of the GFRP laminates
decreased with the integration of DAFC in the laminate (center placement)
and decreased further as the DAFC were placed far from the laminate mid-
plane. Center placement decreased the maximum force value by about
6-9% while the o� center and far o� center placements showed a drop in
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Figure 7.6: Failure load of the GFRP laminates.

strength of 13-18% and 24-25% respectively. Although a quanti�able dif-
ference is seen between cutout and insertion integration, considering the
standard deviation of approx. 2-4% both integration techniques appeared
to have an equivalent e� ect on the strength of the GFRP laminates. The
higher overall maximum force exhibited by the cutout con�guration is due
to the additional fabric ply as opposed to the insertion con�guration (Fig-
ure7.4).

In contrast to the GFRP �ndings, the in�uence of DAFC integration on
the strength of the CFRP laminates (Figure7.7) was statistically insignif-
icant for center and o� center placement, since the decrease in maximum
force was on the same order of magnitude as the standard deviation. How-
ever, the far o� center placement showed a reduction in strength of 6-7%,
regardless from the integration method. The maximum force values for
the CFRP laminates with AFC showed a di� erence from between 5.5% to
11% as compared with the reference laminate.

The di� erence in the GFRP and CFRP behavior can be attributed to the
ply arrangement of the two laminates as well as the di� erence in sti� ness
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Figure 7.7: Failure load of the CFRP laminates.

between host laminate and inclusion. Integration directlya� ected the load
bearing plies of the woven GFRP laminate, either directly via cutting in
the cutout procedure or indirectly by creating angles in theplies near the
edge of the integrated element. However, in the cross-ply CFRP laminates,
the majority of the load was carried by the 0° plies, while only the 90°
plies were a� ected during integration. Since the 90° plies were largely low
load-bearing in this tensile con�guration the e� ect on the strength of the
laminate is small.

The strength reduction observed in the current study is similar to the
values reported in the literature. Mall [136] reported no in�uence of PZT
wafer integration on the ultimate strength of CFRP laminates, and Paget
and Levin [124] reported an ultimate strength degradation of 4.5% for
CFRP elements with integrated PZT elements. In the present study CFRP
laminate strength decreases between 1 and 3% by integrationin the center
and o� center positions. For the case of far o� center symmetric DAFC
integrated in GFRP laminates using the cutout method, a decrease of 32%
in strength is observed. Results are in line with the �ndingsfrom Craw-
ley and De Luis [122], who observed a reduction of 20% in the ultimate
tensile strength of [0=90=0=90=0]S GFRP laminates symmetrically inte-
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grated with PZT wafers using the cutout method. The di� erence between
the current results and those of Mall [136] could be explained consider-
ing the greater number of load bearing (0°) plies relative tothe number
of low load-bearing (90°) plies in the laminate as compared with the cur-
rent study. The current �ndings combined with the literature show that the
device placement through the laminate thickness is a critical design con-
sideration concerning mechanical integrity of smart laminates.

Representative force/strain curves of the di� erent GFRP con�gurations
are displayed in Figure7.8 and Figure7.9 for each integration technique.
The center placement GFRP specimens displayed a smooth loading pro-
�le. The o� center specimens exhibited an extended plateau after reach-
ing their maximum force values with both insertion and cutout integration
techniques. This "yield point" corresponded with visual observations dur-
ing the test of the onset of internal damage and delaminationin the tensile
specimens corresponding to extensive failure in the Kaptonr layer of the
DAFC, followed by catastrophic failure of the laminate. As can be seen
from the two curves depicted in Figure7.8and Figure7.9, the force for the
far o� center con�guration decreases from the initial yield point, reaches an
intermittent minimum, and then rises to a second force levelwhere global
laminate failure occurs. This behavior di� ers considerably from the center
placement fracture behavior with DAFC inserted in the laminate's plane of
symmetry where no such yield point was observed. In general,the CFRP
laminates (Figure7.10and Figure7.11) did not exhibit this type of load-
ing behavior and no sign of failure in the integration regionwas observed
prior to failure of the laminates. The AFC and the DAFC laminates show
comparable failure load values for both center and far o� center integra-
tion, a yield point is evident before �nal failure. A di� erence is seen in the
Young's modulus data. The initial moduli are similar at low strain (below
0.03%), above this limit the modulus of the samples with integrated AFC
was observed to be lower than that of the samples with DAFC. Previously
published studies [137, 134] reported a tensile strain for AFC tensile speci-
men in the order of 0.25%. So, from a materials standpoint, beyond 0.25%
damage may have ensued. If cracks developed in the AFC the sti� ness
of the structure would logically decrease. As seen in Figure7.9 the ini-
tial slope appears similar, but changes beyond 0.50%, possibly indicating
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damage in the AFC.
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Figure 7.8: Mechanical response of GFRP laminates with DAFC using
insertion integration.

7.5.2 Laminate Reliability Characterization

Although a number of mechanical characterization studies have been per-
formed concerning the integration of PZT devices in laminate materials,
tools for predicting the material system integrity have notbeen presented.
Therefore, the laminate materials and integration con�gurations were mod-
eled in ANSYS, and laminate integrity was characterized by calculating the
TWSI values for the experimentally observed failure forces, and compar-
ing the results with the experimental fracture patterns.

In Figure7.12the TWSI values (computed for the maximum force ex-
perimentally observed) are plotted for the integration region of the woven
GFRP laminate with the inclusion inserted in the middle 0° ply of the com-
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Figure 7.9: Mechanical response of GFRP laminates with DAFC and AFC
using cutout integration.

posite. Higher values can be noticed near the lateral edges,which corre-
sponds closely to the observed fracture patters. Is was noted during testing
that failure occurred in the Kaptonr layer prior to failure of the laminate.
This explains the overcritical TWSI values computed for themaximum
force. Again, the rather homogeneous TWSI values over the integration
area are endorsed by the fairly uniform separation noticed across the entire
Kaptonr interface.

Conversely, the far o� center fracture pictures display a more non-
uniform pattern, with evidence of shearing and tearing within the Kaptonr
layer of the integration region. This behavior is comparable with the TWSI
plot shown in Figure7.13, where the model results show critical TWSI
values concentrated at the edges perpendicular to the loading direction. A
cross pattern is observed for both the numerical results andthe experimen-
tal fracture, with evident tearing of the Kaptonr layer.
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Figure 7.10: Mechanical response of CFRP laminates with DAFC and
AFC using insertion integration.

Figure7.14depicts the TWSI plot for the top ply of the CFRP model
with a far o� center interlaced con�guration. Stress concentrations are
seen at the edges of the integration region, with failure being less likely in
the center of the same integration region. These numerical results closely
follow the observed fracture patterns, where sharp fracture lines can be
recognized at the edges of the integration region.

The comparison between the TWSI plots and the experimental fracture
patterns show that the modeling approach is accurately predicting the point
of failure in the laminates.

7.5.3 Smart Functionality Characterization

To characterize the laminate integrity in relation to the smart functional-
ity of the system, the FPF values were calculated for the laminates with
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Figure 7.11: Mechanical response of CFRP laminates with DAFC and
AFC using interlaced integration.

varying AFC position, and compared with the actuation and sensing abil-
ity of the laminates. The total strain energy of the cantilevered specimen
induced by the actuated piezoelectric ceramic module was de�ned as the
measure of actuation ability. This allows a direct comparison between cen-
ter, o� center and far o� center con�gurations. Tip de�ection is given as
an additional quantity for o� center and far o� center con�gurations. Con-
versely, imposing a de�ection at the tip and computing the voltage across
the electrodes of the PZT module allowed the strain sensor function to be
characterized. The modeling results are compiled in Figure7.15and Fig-
ure7.16, and additionally presented in Table7.4. The modeling results are
normalized with respect to the performance of the far o� center symmetric
con�gurations in each laminate set.

Maximum strain energy and maximum tip de�ection due to actuation
and maximum sensor signal are realized when the actuator is placed as
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Figure 7.12: TWSI results for the integration region and DAFC post fail-
ure pattern. The con�guration is GFRP inserted center.

far as possible from the midplane of the laminate. Laminate integrity was
found to be highest when the actuator was integrated in the middle of the
laminate thickness. However, this placement position gives little ability to
actuate the laminate. Beam de�ection actuation is only possible when the
actuator is placed away from the plane of symmetry of the laminate.

Compared to cutout integration, insertion integration in GFRP lami-
nates gives higher actuation capability at a comparable integrity decrease.
The additional fabric in the cutout con�guration (Figure7.4) leads to a
laminate with larger bending sti� ness as opposed to the inserted con�gu-
ration. For CFRP, the interlaced integration promises a lower a� ect on the
integrity at comparable actuation capability compared to the inserted inte-
gration. Symmetric con�gurations show highest actuation capability while
not further deteriorating laminate integrity. For CFRP, the symmetric con-
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Figure 7.13: TWSI results for the integration region and DAFC post fail-
ure pattern. The con�guration is GFRP inserted far o� center.

�guration even shows a small integrity increase compared tothe single far
o� center integration. In general, a larger a� ect of integration on FPF prop-
erties can be noted for the investigated fabric GFRP laminate compared to
the cross-ply CFRP laminates.

Summarizing, additional actuation and sensing functionality and struc-
tural integrity were found to be two opposing design considerations. One
will increase at the expense of the other. This illustrates the challenge in
smart materials research, where one has to balance the di� erent design
needs to create a robust active material system.
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Figure 7.14: TWSI results for the top 0° ply. The con�guration is CFRP
interlaced far o� center.
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Figure 7.15: ANSYS results for GFRP laminates: relative FPF, de�ection,
strain energy and sensing voltage values.
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Figure 7.16: ANSYS results for CFRP laminates: relative FPF, de�ection,
strain energy and sensing voltage values.



7.5 Results and Discussion 123

Ta
bl

e
7.

2:
E

xp
er

im
en

ta
lr

es
ul

ts
fr

om
di�
er

en
tG

F
R

P
in

te
gr

at
io

n
co

n�
gu

ra
tio

ns
.

F
iv

e
sp

ec
im

en
fo

r
ea

ch
co

n�
gu

ra
tio

n
w

er
e

te
st

ed
.

M
ax

im
um

fo
rc

e
Yo

un
g'

s
m

od
ul

us
M

ea
n

�
S

tD
ev

M
ea

n
�

S
tD

ev
[k

N
]

[k
N

]
[G

P
a]

[G
P

a]
G

F
R

P
R

ef
er

en
ce

La
m

in
at

e
In

se
rt

ed
54

.0
9

-
0.

94
(1

.7
4%

)
25

.5
7

-
0.

2
0

(0
.7

8%
)

In
se

rt
ed

C
en

te
r

50
.8

3
-6

.0
2%

1.
22

(2
.4

1%
)

26
.3

6+
3.

09
%

0.
37

(1
.4

2%
)

In
se

rt
ed

O�
C

en
te

r
46

.8
8

-1
3.

33
%

3.
21

(6
.8

4%
)

26
.2

3+
2.

57
%

0.
20

(0
.7

5%
)

In
se

rt
ed

F
ar

O�
C

en
te

r
40

.4
3

-2
5.

24
%

3.
35

(8
.2

9%
)

28
.1

1+
9.

91
%

0.
15

(0
.5

5%
)

R
ef

er
en

ce
La

m
in

at
e

C
ut

ou
t

59
.8

9
-

3.
78

(6
.3

2%
)

25
.1

5
-

0.
30

(
1.

19
%

)

C
ut

ou
tC

en
te

r
54

.5
7

-8
.8

9%
2.

05
(3

.7
5%

)
25

.6
9+

2.
15

%
0.

51
(1

.9
9%

)
C

ut
ou

tO
�

C
en

te
r

48
.9

6
-1

8.
26

%
3.

16
(6

.4
8%

)
25

.0
7

-0
.2

9%
0.

33
(1

.3
2%

)
C

ut
ou

tF
ar

O�
C

en
te

r
45

.3
7

-2
4.

26
%

2.
03

(4
.9

0%
)

26
.5

0+
5.

38
%

0.
51

(1
.9

3%
)

C
ut

ou
tF

ar
O�

C
en

te
r

S
ym

40
.4

5
-3

2.
46

%
1.

25
(3

.0
9%

)
28

.2
0+

12
.1

3%
0.

30
(1

.0
7%

)
C

ut
ou

tA
F

C
C

en
te

r
57

.2
1

-4
.4

8%
2.

24
(3

.9
1%

)
22

.7
1

-9
.6

8%
0.

5
1

(2
.2

7%
)

C
ut

ou
tA

F
C

F
ar

O�
C

en
te

r
53

.9
3

-9
.9

6%
2.

05
(3

.8
0%

)
23

.0
5

-8
.3

5%
0.

28
(1

.2
2%

)



124 Chapter 7. AFC Inclusions in Smart Laminates

Table
7.3:E

xperim
entalresults

from
di
�

erentC
F

R
P

integration
con�gurations.

F
ive

specim
en

for
ea

ch
con�guration

w
ere

tested.

M
axim

um
force

Young's
m

odulus
M

ean
�

S
tD

ev
M

ean
�

S
tD

ev
[kN

]
[kN

]
[G

P
a]

[G
P

a]
C

F
R

P
R

eference
Lam

inate
146.44

-
4.47

(3.05%
)

70.88
-

3.77
(5.32%

)

Inserted
C

enter
144.57

-1.28%
2.19

(1.52%
)

68.01
-4.05%

1.9
5

(2.86%
)

Inserted
O�

C
enter

144.57
-1.28%

3.63
(2.51%

)
69.30

-2.23%
3.02

(4.36%
)

Inserted
F

ar
O�

C
enter

137.96
-5.79%

4.95
(3.59%

)
67.58

-4.65%
2.74

(4.06%
)

Inserted
A

F
C

F
ar

O�
C

enter
135.22

-7.66%
3.07

(2.27%
)

67.57
-4.67%

2.70
(4.00%

)

Interlaced
C

enter
143.07

-2.30%
3.24

(2.26%
)

69.31
-2.21%

0
.98

(1.42%
)

Interlaced
O�

C
enter

142.17
-2.92%

6.72
(4.73%

)
70.46

-0.59%
2.12

(3.01%
)

Interlaced
F

ar
O�

C
enter

136.80
-6.58%

6.64
(4.85%

)
72.54+

2.35%
1.71

(2.35%
)

Interlaced
A

F
C

F
ar

O�
C

enter
139.58

-4.69%
3.82

(2.74%
)

69.79
-1.53%

3.30
(4.73%

)



7.5 Results and Discussion 125
Ta

bl
e

7.
4:

F
P

F
va

lu
es

,s
en

si
ng

an
d

ac
tu

at
io

n
ca

pa
bi

lit
y

of
di

�
er

en
ti

nt
eg

ra
tio

n
co

n�
gu

ra
tio

ns
.N

um
er

ic
al

re
su

lts
fr

om
A

N
S

Y
S

m
od

el
in

g.

F
P

F
�

F
P

F
D

e�
ec

tio
n

S
tr

ai
n

E
ne

rg
y

S
en

si
ng

vo
lta

ge
[k

N
]

[�
m

]
[%

]
[%

]
G

F
R

P
R

ef
er

en
ce

La
m

in
at

e
58

.4
-

-
-

-

In
se

rt
ed

C
en

te
r

50
.8

-1
3.

0%
-

23
.6

6
0.

00
In

se
rt

ed
O�

C
en

te
r

47
.1

-1
9.

3%
9.

4
33

.1
9

45
.3

4
In

se
rt

ed
F

ar
O�

C
en

te
r

39
.6

-3
2.

2%
15

.6
47

.3
0

74
.5

6

C
ut

ou
tC

en
te

r
51

.3
-1

2.
2%

-
31

.7
1

0.
00

C
ut

ou
tO

�
C

en
te

r
48

.7
-1

6.
6%

6.
1

49
.0

2
60

.1
6

C
ut

ou
tF

ar
O�

C
en

te
r

41
.4

-2
9.

1%
11

.4
46

.4
3

76
.1

8
C

ut
ou

tF
ar

O�
C

en
te

r
S

ym
m

et
ric

40
.4

-3
0.

8%
30

.9
10

0.
00

10
0.

00
C

F
R

P
R

ef
er

en
ce

La
m

in
at

e
56

.1
-

-
-

-

In
se

rt
ed

C
en

te
r

49
.9

-1
1.

1%
-

24
.2

3
0.

00
In

se
rt

ed
O�

C
en

te
r

47
.9

-1
4.

6%
1.

6
32

.0
6

54
.0

7
In

se
rt

ed
F

ar
O�

C
en

te
r

45
.2

-1
9.

4%
2.

3
39

.4
3

75
.9

3

In
te

rla
ce

d
C

en
te

r
55

.1
-1

.8
%

-
23

.1
5

0.
00

In
te

rla
ce

d
O�

C
en

te
r

54
.1

-3
.6

%
1.

8
28

.2
7

41
.2

6
In

te
rla

ce
d

F
ar

O�
C

en
te

r
51

.9
-7

.5
%

2.
4

39
.2

6
75

.9
1

In
te

rla
ce

d
F

ar
O�

C
en

te
r

S
ym

m
et

ric
53

.7
-4

.3
%

6.
3

10
0.

00
10

0.
00



126 Chapter 7. AFC Inclusions in Smart Laminates

7.6 Conclusions

The work presented in this Chapter investigated the integration of piezo-
electric ceramic sensors and actuators into glass and carbon �ber compos-
ite laminates. Compared to previous contributions, which largely focused
on the integration of PZT wafer actuators in either GFRP or CFRP lami-
nates with a high ratio of passive to active plies, this work o� ers a more
comprehensive picture. Experimental work was coupled withnumerical
modeling of laminate designs to characterize the mechanical reliability of
smart laminates as balanced against their smart functionality. This study
focused on the integration of AFC actuators and included variation of de-
vice placement through the laminate thickness as well as covering di� erent
integration methods, including insertion, cutout and interlacing.

In this study, laminate reliability and beam actuation capability were
found to be opposing design considerations. Laminate reliability was high-
est when elements were integrated into the center of the composite lami-
nates, while actuation ability was best realized when elements were posi-
tioned near the laminate surface, which lead to the most signi�cant degra-
dation in the mechanical strength properties of both the GFRP and CFRP
laminates. The penalty associated with integration on laminate integrity
could be mitigated by integrating devices in the low load-bearing laminate
plies, such as the 90° plies of a CFRP cross-ply laminate. Thefracture
and failure patterns observed experimentally correlated with TWSI plots
of numerical results.

It was found that the best trade-o� between mechanical reliability and
smart functionality can be realized using interlaced far o� center symmet-
ric integration in cross-ply laminates. In general, interlacing was shown to
increase FPF values by distributing the inclusion discontinuity throughout
the laminate.
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Chapter 8

Structural Vibration
Control via R–L Shunted
Active Fiber Composites

The work presented in this Chapter can be found with minor modi�cations
as a publication in the scienti�c literature as:

A. Belloli, D. Niederberger, S. Pietrzko, M. Morari and P. Ermanni. Struc-
tural Vibration Control viaR-LShunted Active Fiber Composites.Journal
of Intelligent Material Systems and Structures, 18(3):275-287, 2007.

This chapter presents a successful extension of passiveR–Lshunt damp-
ing to piezoelectric ceramic elements working in direct 3-3mode and a
performance comparison to elements working in indirect 3-1mode. A new
circuit topology is implemented to synthesize the very large inductances
required by the low inherent piezoelectric device capacitance at relatively
low frequencies. This allows for e� cient tuning of theR–Lcircuit to the
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structure resonance frequency to be damped. The vibration suppression
performance of monolithic piezoelectric ceramic actuators and active �ber
composites is compared in this study. For this purpose, di� erent actua-
tors are bonded on aluminum cantilever plates. An integrated FE model
is implemented for the prediction of structure resonance frequencies, opti-
mum values for electrical components, and the resulting vibration suppres-
sion performance. The passive structure, bonded active patch, and shunted
electrical network are analyzed within the same FE model. Active �ber
composite patches working in the direct 3-3 mode show equivalent spe-
ci�c damping performance compared to conventional monolithic 3-1 actu-
ated patches. Issues related to the sensitivity ofR–L shunts to variations
in environmental and operational conditions are discussedin this study. In
short, monolithic actuators operating on the 3-1 piezoelectric e� ect seem
to be the best for use inR–Lshunting.

8.1 Introduction

Di� erent methods are used to decrease peak vibration amplitudes of light-
weight structures. A common approach is to increase the level of damping
over a broad frequency range through passive, surface damping treatments
(e.g., in the form of free or constrained layers of viscoelastic material).
The main drawbacks of this method are the additional mass andlarge tem-
perature dependence of material properties. Low frequencyvibrations can
be e� ectively damped by bonding or embedding piezoelectric elements
on the structure without signi�cantly changing its dynamicproperties or
increasing mass. Active systems [138, 139, 140, 141] require associate
electronics for piezoelectric elements acting as sensors,whereas complex
ampli�ers are needed for driving the actuators. An alternate method of
vibration control uses a passive electrical network attached across the ter-
minals of a piezoelectric transducer. This is referred to asshunt damp-
ing [142, 143, 144, 145, 20] . Among di� erent electrical shunt networks
– described in more detail in the next section – a resonant shunt consist-
ing of an inductor and a resistor (R–Lshunt) achieves very good vibration
suppression for one structure resonance [142]. Adachi et al. [49] extended
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shunt damping to piezoelectric elements working in the direct 3-3 mode.
They found the damping enhancement performance of macro-�ber com-
posite (MFC) actuators to be superior to that of conventional monolithic ac-
tuators operating on the indirect 3-1 e� ect. However, their statement rests
on results obtained with di� erent shunt circuits (�oating simulated inductor
for the MFC actuator and grounded simulated inductor for themonolithic
3-1 actuator). Comparing the vibration suppression performance using the
grounded simulated inductor for both devices, the conventional 3-1 actua-
tor outperformed the MFC actuator. In this work the use ofR–Lshunts is
extended to active �ber composites (AFC). Just like MFC, AFCrepresent a
promising solution in applications where their anisotropic actuation or high
conformability is indispensable for extending the design space. They show
great potential toward integration in complex, double curved composite
structures. Lower mass density makes them suitable for large surface cov-
ering. The vibration suppression performance of di� erent piezoelectric
actuators with shuntedR–Lcircuits is compared both numerically and ex-
perimentally. A fully integrated FE model predicts the dynamic response
of open and shunt damped systems. The need for an adaptation of the tun-
ing inductanceL is experimentally assessed by investigating the inherent
piezoelectric capacitance as a function of temperature.

8.2 Shunt Control Damping

The general method of shunt control damping takes advantageof the rela-
tively strong electromechanical coupling exhibited by commercially avail-
able piezoelectric ceramics. As the piezoelectric element– bonded on or
embedded in a structure – strains, a portion of the mechanical vibration
energy is converted into electrical energy, which can be treated in a net-
work of electrical elements connected to the piezoelectricceramic patch
(Figure8.1).

Six basic shunt circuit con�gurations are known from the literature.
Resistive shunts with a single resistor [142] dissipate energy through Joule
heating, showing an e� ect similar to structural damping. Owing to the poor
power factor, limited vibration suppression performancescan be achieved.
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Figure 8.1: Schematic of a piezoelectric patch with shunted circuit.

Resonant shunts [142] build L–C–Rcircuits with the inherent piezoelec-
tric capacitance, and behave in a similar fashion to mechanical vibration
absorbers. Capacitive shunts [146, 147, 148] are often used in tunable me-
chanical vibration absorbers, because they change the e� ective sti� ness
of the piezoelectric element. The inherent piezoelectric capacitance can
be neutralized by negative capacitor shunts [149], which achieve e� cient
broadband vibration suppression performance. The main drawbacks of this
technology are di� cult tuning and instability for small variations in envi-
ronmental or operation conditions. Enhanced vibration suppression perfor-
mance in the presence of environmental and operation condition changes
can be achieved by means of active piezoelectric shunts [150]. However,
they require a parametric model of the system and external power supply.
Switched shunts [151, 152], where either anR or R–Lnetwork is switched
to the piezoelectric element, feature rapid response to theinstantaneous
condition of the system and do not require such high inductorvalues as in-
ductive shunts. An easy-to-implement solution of switchedshunts is pre-
sented in [153] and [20]. A very small amount of power is required to
drive the switch, because MOSFETs are used. This power is supplied by a
second piezoelectric element. For a detailed review on vibration damping



8.2 Shunt Control Damping 133

using shunted piezoelectric materials, the interested reader is referred to
Fleming [21] and Niederberger [20]. In this Chapter, the vibration suppres-
sion performance of electricalR–L networks shunted to di� erent piezo-
electric ceramic elements is investigated. TheR–Lshunt used consists of a
serial inductor with a resistor as shown in Figure8.2.
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Figure 8.2: AdaptiveR-Lshunted piezoelectric patch.

According to Hagood and von Flotow [142], optimal vibration suppres-
sion is achieved for

L� =
1

! 2
n

�
1 + K2

i j

�
Cp

andR� =

p
2 Ki j

1+K2
i j

Cp! n
; (8.1)

where! n denotes the structure resonance frequency to be damped,Ki j the
generalized electromechanical coupling coe� cient for the desired mode
(de�ned in Equation8.3), andCp the inherent piezoelectric capacitance.
This shunt has been previously used to reduce the vibration of rotor blades
in helicopters [31], turbo machine blades [154], and for sport equipments
like snowboards [155]. It was also successfully applied to increase the
sound transmission loss of structures [156, 157] or to damp aircraft struc-
tures [158]. The vibration suppression performance ofR–Lshunts is very
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sensitive to parameter variations, such as temperature, structural load, or
piezoelectric coe� cients.

8.3 Experimental

8.3.1 Investigated Actuators

Five di� erent piezoelectric ceramic actuator patches covering thesame ac-
tive area (45:97� 20:57mm2) were investigated. Strain actuators consisting
of a 0.254 mm thick, monolithic piezoelectric ceramic wafer– exploiting
both the indirect 3-1 and the stronger direct 3-3 piezoelectric e� ect – were
supplied by Midé Corp.1. They are schematically represented in Figure8.3
(a) and (b).

a) b) c)

Figure 8.3: Investigated piezoelectric actuators. a)QP10N, operating on
the indirect 3-1 e� ect , b) QP10Ni and c) AFC, both operating on the
stronger direct 3-3 e� ect.

As an alternative actuator system, AFC were investigated [89, 61, 47,
90]. Active �ber composites are composed of piezoelectric ceramic �bers
and epoxy resin [93]. Interdigitated electrodes (IDEs) are used for pol-
ing and to direct the electrical �eld along the longitudinally oriented �bers
(Figure8.3(c)). Just as the monolithic wafer operating on 3-3 e� ect, AFC
achieve greater actuation energy density by exploiting thed33 piezoelectric
charge coe� cient along the �bers. The response behavior of AFC can be
tailored by changing the ratio between electrode spacingp and �ber di-
ameterd and the ratio between electrode widthw and electrode spacing
p. Previously published works [90, 60, 159] show actuation improvements

1Midé Technology Corp., 200 Boston Ave., Medford, MA 02155 USA, www.mide.com
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for larger p/d ratios. Bent and Pizzochero [47] also report higher coupling
coe� cient,k33, which is expected to be bene�cial for passive damping ap-
plications. In this study, three di� erent con�gurations were investigated
for shunt damping. AFC Type A is the standard AFC con�guration man-
ufactured at EMPA. The con�guration AFC Type B presents a largerp/d
ratio for enhanced coupling coe� cient. AFC Type C features a largerw/p
ratio for maximum device capacitance. The di� erent AFC con�gurations
are summarized in Table8.1.

Table 8.1:Fiber diameterd, electrode widthw, and electrode spacingp for
di� erent AFC con�gurations.

Con�guration d [� m] w [� m] p [� m]
AFC Type A 255 200 1100
AFC Type B 255 150 1750
AFC Type C 255 200 600

All AFC con�gurations present an active piezoelectric volume of �
150mm3, compared to� 240mm3 for the monolithic wafers.

8.3.2 Capacitance Investigation

TheR–Lshunts are known to be very sensitive to variations in environmen-
tal or operation conditions. TheL–C circuit gets de-tuned [160] as the in-
herent piezoelectric capacitance changes as a function of temperature [161]
and aging or for changing structure resonance frequencies.As a result, vi-
bration suppression performance dramatically drops. Thiscould be the
case for space applications (-200 to 200°C), brakes (0–100°C), or even
skis (-30 to 15°C). In order to assess their sensitivity to varying operation
conditions, the inherent capacitance values of the di� erent piezoelectric
elements were investigated as a function of temperature. The aluminum
plates with bonded piezoelectric ceramic elements were conditioned in a
Thermicon P oven from Heraeus Instruments. Capacitance andresistance
values of the piezoelectric ceramic elements were measuredas a function
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of frequency (range 100 Hz–10 kHz) and temperature (range 20–100°C)
using an impedance/gain-phase analyzer HP4194A from Hewlett Packard.
The piezoelectric ceramic elements were short-circuited during heating, in
order to avoid pyroelectric voltages.

8.3.3 Vibration Suppression Investigation

Experimental Setup

The vibration suppression experiments were carried out on arectangular
cantilever aluminum plate as shown in Figure8.4(dimensions are reported
in Table8.2, material properties in Table8.3).

Table 8.2: Experimental setup: dimensions and locations.

b 100 mm
l 250 mm
t 3 mm
xp 50 mm
yp 133 mm
bp 25.4 mm
lp 50.8 mm
e 13 mm
m 245 mm

Table 8.3: Material properties for the AlSi1MgMn aluminum alloy.

AlSi1MgMn
Density � [kg/m3] 2700
Young's Modulus E [GPa] 69
Poisson ratio � [� ] 0.33
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Figure 8.4: Experimental setup: cantilever plate with bonded piezoelectric
ceramic patch; excitation and measurement locations.
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According to the supplier2, piezoelectric low-�eld properties of the
used PZT5A1 ceramic material (also known as Navy Type II) are(mea-
sured in monolithic wafers):

d33 = 440pm/V
d31 = -185pm/V
d15 = 560pm/V

The optimum bonding location for the �ve di� erent patches was de-
termined by maximizing the deformation energy due to the single-signed
bending strain in the active patch area [162]. All actuators feature equiv-
alent active areas and similar thickness, thus experiencing the same strain
distributions. The structure was excited by an electromechanical shaker
V201/3 from LDS3 whereas the structure tip velocity was measured with a
laser Doppler vibrometer PSV-200 from Polytec4.

Shunt Control Circuit

As the inherent piezoelectric capacitance of AFC and monolithic patches
operating on the 3-3 e� ect is very small, and the desired tuning frequency
is fairly low, very large inductance valuesL* are needed for tuning theR–L
shunt circuit (Equation8.1). Conventional virtual inductors [163, 164] are
not able to synthesize such a huge inductance with su� cient low serial re-
sistance because they cannot drive the very small piezoelectric capacitance
accurately enough. This was observed in Sato et al. [165], where a vibra-
tion reduction of only 0.45 dB was obtained with anR–L shunted piezo-
electric ceramic �ber composite patch. In order to e� ciently extend the
use ofR–Lshunts to piezoelectric ceramic elements working in 3-3 mode,
the synthetic impedance circuit [166] shown in Figure8.5has been chosen.
The desired impedance transfer-function de�ned byUz(s)=Iz(s) = Z(s) is

2Smart Material Corp., 4721 White Tail Lane, Sarasota, FL 34238 USA, www.smart-
material.com

3Ling Dynamic Systems Ltd., Baldock Road, Royston, Hertfordshire SG8 5BQ GB,
www.lds-group.com

4Polytec GmbH, Polytec-Platz 1, D-76337 Waldbronn, www.polytec.com
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Figure 8.5: Synthetic Impedance Circuit.

implemented by measuring the voltageUz(s) and controlling the terminal
currentIz(s). With this con�guration, an arbitrary electrical networkZ(s)
can be synthesized. The digital signal processor (DSP) controlling the cur-
rent source is implemented with the xPC-target system of MATLAB5. The
topology of the electrical shunt network and its parameterscan therefore
easily and quickly be changed.

Vibration Suppression Performance

For evaluating the vibration suppression capability of di� erent piezoelec-
tric ceramic patches, the transfer function from a disturbance forceFex(s)
generated by the shaker to the velocity of the structure tipv(s) was mea-
sured:

Gv(s) =
v(s)

Fex(s)
: (8.2)

In addition, the plate was harmonically excited at the resonance frequency
of the second bending mode. At time 1s excitation was switched o� and
the vibration decay for the open and shunt damped system was compared.

5The MathWorks, Inc., 3 Apple Hill Drive, Natick, MA 01760-2098 USA,
www.mathworks.com
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8.4 Modeling

The design of load carrying structures with bonded or embedded sensors
and actuators requires adequate tools for predicting theirstatic and dy-
namic behavior. An approach for modeling structures containing piezo-
electric ceramic actuators using commercially available FE packages was
presented by Reaves and Horta [167]. Côté et al. [168] proposed a simpli-
�ed multilayer tri-dimensional model based on the analogy between ther-
mal and piezoelectric strains. Complex geometry and non-uniform elec-
trical �eld distributions in piezoelectric ceramic elements working in 3-3
mode require hierarchical modeling for e� cient simulation. Shunted elec-
trical networks can be integrated in the model by means of newanalysis
capabilities o� ered by FE packages.

8.4.1 Actuator's E� ective Properties

The conventional monolithic strain actuators operating onthe indirect 3-
1 e� ect are composed of a single piezoelectric ceramic wafer with metal
electrodes sputtered on both surfaces. The electrical �elddistribution in-
side the piezoelectric material is uniform and perpendicular to the elec-
trodes. Such actuators can easily be modeled as a single volume having de-
�ned material properties. Actuators working in the 3-3 mode, by contrast,
present a non-uniform electrical �eld distribution insidethe piezoelectric
material. Furthermore, AFC are composed of piezoelectric ceramic �bers
and epoxy resin. Interdigitated electrodes are used both for poling and
for actuation of the piezoelectric ceramic material. This leads to regions
with opposed polarization between the electrodes and to theso-called `dead
zones' underneath the electrodes. In order to minimize computational re-
quirements, monolithic 3-3 and AFC patches were modeled as aseries
of volumes presenting alternating material properties. E� ective properties
account for reduced polarization and actuation inside the piezoelectric ma-
terial as well as for the relative contributions of piezoelectric ceramic �bers
and epoxy resin. Either analytical or numerical methods canbe applied on
representative volume elements (RVE, see Figure4.1) for determination of
the e� ective properties.
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In his PhD thesis, Bent [61] proposed an analytical model as summa-
tion of parallel and series additions of two-phase materials. The resulting
uniform �elds model (UFM) is a generalization of the well known "rule
of mixtures" and assumes the uniformity of the electrical and mechanical
�elds in each single phase. The UFM simpli�es the complex geometry of
the RVE, thus not taking into account the electrical �eld distortion under
the electrode �ngers. In the present study, FE models of the respective
RVE allowed for visualization of the electrical �eld variations in the single
phases. This is of special interest in the "dead zone" under the electrode
�nger, where the actuation is supposed to be very small or completely ab-
sent. In addition, FE models considered the �ber diameter, the �ber volume
fraction, and the contact angle between electrode �nger andpiezoelectric
�ber, characteristic of AFC. Needed quantities were determined by means
of micrographic imaging technology. AFC were cut at di� erent angles
and observed under the optical microscope, as described in Chapter4 and
shown in Figure4.3.

The e� ective properties were determined by applying four di� erent
load cases to the RVE, each with di� erent electrical and mechanical bound-
ary conditions (Table8.4). Resulting reaction forces and electrical dis-
placements were evaluated to obtain e� ective sti� ness coe� cients, e� ec-
tive piezoelectric clamped stress coe� cients, and e� ective dielectric coef-
�cients.

8.4.2 Integrated FE Model

In this study, the damping performance of the di� erent patches is predicted
by an integrated FE analysis. SOLID 45, eight-node 3D structural elements
were used to model the passive structure; SOLID 5, eight-node 3D coupled
�eld elements were used for the piezoelectric material. Theshunt circuit
was implemented using CIRCU 94 elements. The actuators' capacitance
was �rst predicted by a static analysis. The charge collected on the elec-
trodes divided by the applied voltage yielded the capacitance of the di� er-
ent piezoelectric elements. Modal analysis was then carried out in order to
extract the resonance frequencies for open and short circuit regimes. Gen-
eralized electromechanical coupling coe� cients for a selectednth mode
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were determined as

K2
i j =

(! D
n )2 � (! E

n )2

(! E
n )2

; (8.3)

where! D
n and! E

n are the resonance frequencies of systems with open and
short circuited patch, respectively. Subscriptsi and j denote the �eld and
loading direction, respectively. Optimum values forR� andL� were com-
puted according to Equation8.1, thus tuning theR–Lshunt to the second
bending mode. A harmonic analysis was �nally carried out forthe ad-
dressed frequency spectrum. For prediction of the vibration suppression
performance, the transfer function from a unit excitation forceFex(s) gen-
erated by the shaker to the tip displacementX(s) of the structure was com-
puted in the Laplace domain. Accordingly, the velocity of the structure is
de�ned as

v(s) = s � X(s): (8.4)

8.5 Results and Discussion

8.5.1 Capacitance

The inherent capacitance values of di� erent piezoelectric elements were
measured and evaluated at the representative frequency of 250 Hz for tem-
peratures ranging from 20 to 100°C. Matching speci�cationsfrom the piezo-
electric ceramic manufacturer [169], the actuator operating on the 3-1 ef-
fect shows a nearly quadratic behavior in the region of interest (Figure8.6).
On the other hand, the behavior of actuators with interdigitated electrodes
working in 3-3 mode is best approximated with a third-order �t. As ex-
pected, the AFC con�guration has a large in�uence on the resulting de-
vice capacitances. AFC Type C shows a larger capacitance than standard
con�guration AFC Type A whereas AFC Type B shows a smaller capac-
itance. The slope of the respective linear regression between 20°C and
80°C normalized with respect to capacitance value at room temperature
(23°C) is taken as a relative capacitance change per °C. As summarized in
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Table8.5, AFC patches show lower relative capacitance change compared
to monolithic actuators. The relative capacitance changesvisibly increase
for piezoelectric elements working in 3-3 mode above 80°C.

Table 8.5: Device capacitance measured at 250 Hz and room temperature;
relative capacitance change per °C (linearly interpolatedbetween 20°C and
80°C).

Patch Cp at 23°C [nF] Rel.� Cp [%/°C]
Monolithic 3 � 1 35.7 0.57
Monolithic 3 � 3 0.941 0.47
AFC Type A 0.862 0.24
AFC Type B 0.296 0.16
AFC Type C 2.44 0.16

Results reveal the need for an adaptation algorithm for the tuning in-
ductanceL, which is very sensitive to the inherent piezoelectric capaci-
tanceCp and to the structure resonance frequency! n that may vary in
time. A realtime tracking of the optimum inductance value can e� ciently
be implemented by means of the relative phase adaptation, that was shown
to converge faster than former adaptation laws [170, 171], and is easier to
implement. The relative phase adaptation ofL is

dL(t)
dt

= � (gLP(t) � [v(t) � I (t)]) ; (8.5)

wheregLP(t) represents the impulse response of a low-pass �lter with a cut-
o� frequency below 2! n (! n is the resonance frequency to be damped),�
the tuning parameter,v(t) the velocity on the structure where the piezoelec-
tric patch is attached,Iz(t) the current in the shunt circuit, and� denotes the
time domain convolution operator. For more information thereader is re-
ferred to Niederberger [160, 20].
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Figure 8.6: Capacitance of the di� erent piezoelectric ceramic elements
as a function of temperature: (� ) measurement points, (—) second-order
�tting (monolithic 3-1), and third order �tting, respectively.
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8.5.2 RVE and E� ective Properties

The isopotential lines in Figure8.7 (a) exemplarily show the potential
distribution in the RVE for the actuator AFC Type A. Owing to the ev-

(a) (b)

Figure 8.7: (a) Potential distribution, and (b) electrical �eld lines in the
RVE. Note the `dead zone' under the electrode surface.

ident �eld distortion (see the electrical �eld lines in Figure 8.7 (b)), the
region under the electrode is not poled in the longitudinal direction. Tak-
ing into account the resulting `dead zone', e� ective sti� ness coe� cients,
e� ective piezoelectric clamped stress coe� cients, and e� ective dielectric
coe� cients were computed for di� erent RVEs applying the boundary con-
ditions described in Table8.4 [61]. E� ective sti� ness coe� cients include
the contribution from the polyimide �lm and – in the case of AFC – the
reduced �ber sti� ness as reported by Kornmann and Huber [172]. A sum-
mary of the resulting e� ective material properties is given in Table8.6.

Dominant piezoelectric stress coe� cients aree31 for monolithic 3-1,
e33 for monolithic 3-3 and AFC.
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8.5.3 Piezoelectric Coupling and Optimum Parameters

Static analysis computed higher device capacitance valuescompared to the
experimental results (Table8.7). The mismatch is due to the larger elec-
trode area of the simpli�ed model and to the di� erent measuring frequency.
However, this does not a� ect the prediction accuracy of the subsequent
modal and harmonic analyses. Modal analysis yielded eigenfrequencies
for open, respectively short circuit regimes. Generalizedelectromechani-
cal coupling coe� cients for the second bending mode were determined by
applying Equation8.3.

Signi�cantly lower generalized electromechanical coupling coe� cients
are predicted for plates with bonded AFC, compared to monolithic actua-
tors. Neglecting material damping, Hagood and von Flotow [142] pre-
dicted

max
!

j� opt
TF(i! )j =

p
2

Ki j

q
1 + K2

i j

; (8.6)

as the maximum amplitude for the optimallyR-L shunt damped transfer-
function in the vicinity of! n. Best vibration suppression performance is
accordingly expected for the plate with a bonded monolithic3-1 actua-
tor. Optimum resistance and inductance values for theR–L shunt were
computed according to Equation8.1. Actuators working in 3-3 mode re-
quire very large inductance values compared to the actuatorworking in 3-1
mode. The larger capacitance of the AFC Type C patch – achieved with a
con�guration featuring smaller electrode spacing and larger electrode area
– somewhat mitigates the inductance requirements of theR–Lshunt.

8.5.4 Vibration Suppression

In the �rst experiment, transfer-functionsGv(s) from disturbance to ve-
locity of the aluminum cantilever plate structure tip were measured. The
second bending mode is e� ciently damped, whereas no in�uence is no-
ticed on the �rst bending mode (see Figure8.8 for a representative plot of
the transfer-function's magnitude over the measuring frequency range).
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Figure 8.8: Magnitude of a representative transfer functionGv(s) mea-
sured and simulated for the di� erent patches.

More detailed results for the open and the shunt damped systems are
shown in Figures8.9, 8.10and8.11. Looking �rst at vibration reduction
– a commonly accepted way to assess additional damping introduced by
active or passive measures –, no signi�cant performance di� erence can be
appreciated between the di� erent piezoelectric patches (Table8.8).

On closer inspection, one realizes large variations in measured peak
magnitude of transfer-functions for open systems, which can be attributed
to the extremely low material damping ratio of the aluminum material used.
The steepness of the resonant peak shoulders makes accuratedetermination
of its magnitude di� cult. The vibration suppression level of the optimally
damped system is thus chosen as the standard of comparison.
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The conventional monolithic actuator working in 3-1 mode achieves
the lowest vibration level. The monolithic 3-3 actuator does not quite
match the vibration suppression performance of the monolithic 3-1 actu-
ator. Electrical �eld distortions lessen the e� ect of the largerd33 piezo-
electric charge coe� cient. AFC Type A achieves an even lower vibra-
tion suppression performance, laying some 4 dB above the monolithic 3-1
actuator. Despite showing reduced actuation e� ciency [159], AFC Type
C achieves equivalent vibration suppression performance when compared
to AFC Type A. The above results are in line with predicted values for
generalized electromechanical coupling coe� cients (Table8.7) and Equa-
tion 8.6. Accounting for their reduced active volume, AFC patches achieve
the same vibration suppression performance per active unitvolume as the
monolithic 3-1 actuator and outperform the monolithic 3-3 actuator. De-
spite its somewhat higher generalized coupling coe� cient, a vibration re-
duction of less than 3 dB could be achieved for the AFC Type B patch. The
bandwidth of the implemented synthetic impedance is severely limited by
the very small capacitance of the actuator, which cannot be driven accu-
rately enough. Including a negative resistance into the shunt circuit would
represent a possible solution to the problem.

The vibration suppression was successfully predicted by the integrated
FE model. Excellent agreement can be observed in Figures8.9, 8.10and
8.11between measured and simulated transfer-functions. Both eigenfre-
quencies and vibration suppression levels are accurately predicted. The
implementation ofR–L shunt circuits for piezoelectric ceramic elements
working in 3-3 mode is thus nearly ideal; their falling shortof expecta-
tions cannot be attributed to the synthetic impedance circuit. Moreover,
harmonic analysis predicts an equivalent vibration reduction performance
of the AFC Type B system compared to con�gurations AFC Type A and
AFC Type C.
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Figure 8.9: Magnitude of measured and simulated transfer-functionsGv(s)
from disturbance to tip velocity of the structure for the open system (� � �
and� , respectively) and for the shunted system (— and� respectively); (a)
Monolithic 3-1, (b) Monolithic 3-3.
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Figure 8.10: Magnitude of measured and simulated transfer-functions
Gv(s) from disturbance to tip velocity of the structure for the open system
(� � � and� , respectively) and for the shunted system (— and� respectively);
(a) AFC Type A, (b) AFC Type B.
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8.5.5 Damping

The damping of the second bending mode for open and shunt damped sys-
tems was measured by harmonically exciting the plate at the corresponding
resonance frequency. After 1s, the excitation was switchedo� . The vibra-
tion decay is exemplarily presented in Figure8.11 (b) for the aluminum
plate with bonded AFC Type A patch.

8.6 Conclusions

Passive vibration damping was successfully implemented byshunting an
R-L circuit to piezoelectric elements operating on the 3-3 e� ect. The
need for very high inductance was overcome by implementing asynthetic
impedance circuit. Characterization of the inherent piezoelectric capaci-
tance as a function of temperature showed distinct behaviorfor piezoelec-
tric ceramic elements working in 3-1 and 3-3 modes. The active �ber com-
posite (AFC) con�guration has a large in�uence on the resulting device
capacitance values. An adaptation algorithm for tuning theinductanceL is
needed due to signi�cant relative capacitance changes in the temperature
range of interest. A real-time tracking of optimum inductance was imple-
mented by means of the relative phase adaptation. E� ective piezoelectric
stress coe� cients were computed along with e� ective sti� ness coe� cients
by means of FE analysis for representative volume elements (RVEs) of
di� erent piezoelectric ceramic patches. Vibration suppression was pre-
dicted by analyzing the passive structure, the bonded active patch, and
the shunted circuit within an integrated FE model. Numerical simulations
showed excellent agreement with experimental results, accurately predict-
ing both eigenfrequencies and vibration suppression levels. The proposed
procedure represents an e� ective tool for the design and optimization of ac-
tive structures. Accounting for their reduced active volume, AFC patches
achieved equivalent vibration suppression performance per active unit vol-
ume as the monolithic actuator working in 3-1 mode. Simultaneously, they
outperformed the monolithic 3-3 actuator. A weighty drawback of 3-3 ac-
tuated patches is their low inherent piezoelectric device capacitance. The
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very large inductances required for tuning the resonant shunt to low struc-
ture eigenfrequencies have to be synthesized. An external power supply
is therefore needed. Enhanced performance could be expected for active
vibration control, because AFC were originally designed for high �eld
regime applications. However, low inherent piezoelectricdevice capaci-
tance is unfavorable for charge control, which is normally implemented in
order to reduce hysteretic piezoelectric response. Slightly larger inherent
piezoelectric capacitance values can be achieved by tailoring the AFC con-
�guration. Above-mentioneddisadvantages, along with today's prohibitive
manufacturing cost for AFC limit their �eld of application.Summarizing,
monolithic actuators operating on the 3-1 piezoelectric e� ect seem to be
the best for use inR-L shunting. The present �ndings provided a solid ba-
sis for the selection process of the piezoelectric modules for the test object
described in Chapter10.





Chapter 9

Optimum Placement of
Piezoelectric Ceramic
Modules

The work presented in this Chapter can be found with minor modi�cations
as a publication in the scienti�c literature as:

A. Belloli and P. Ermanni. Optimum Placement of Piezoelectric Ceramic
Modules for Vibration Suppression of Highly Constrained Structures.Smart
Materials and Structures, 16(5):1662-1671, 2007.

The vibration suppression e� ciency of so-called shunted piezoelectric
systems is decisively in�uenced by the number, shape, dimensions and
position of the piezoelectric ceramic elements integratedinto the structure.
This chapter presents a procedure based on evolutionary algorithms for op-
timum placement of piezoelectric ceramic modules on highlyconstrained
lightweight structures. The optimization loop includes the CAD software
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CATIA V5, the FE package ANSYS and DynOPS, a proprietary software
tool able to connect the Evolving Object library with any simulation soft-
ware that can be started in batch-mode. A user-de�ned piezoelectric shell
element is integrated into ANSYS 9.0. The generalized electromechanical
coupling coe� cient is used as the optimization objective. Position, dimen-
sion, orientation, embedding location in the composite lay-up and wiring
of customized patches are determined for optimum vibrationsuppression
under consideration of operational and manufacturing constraints, such as
added mass, maximum strain and requirements on the control circuit. A
rear wing of a racing car is investigated as the test object for complex,
highly constrained geometries.

9.1 Introduction

The vibration suppression performance in both active and passive damp-
ing decisively depends on the number, shape, size and location of the used
piezoelectric ceramic elements [173, 174]. The same holds for shape con-
trol, vibroacoustic control and structural health monitoring. Depending on
the complexity of the structure at hand, analytic or numerical models might
prove more appropriate to describe its behavior. A number ofdi� erent ob-
jective functions, design variables, constraints and solution methods can be
applied for the optimization of a target application.

The following section reviews a representative portion of the work per-
formed in the last decade towards the optimal placement of sensors and ac-
tuators for vibration suppression. The papers reviewed here have been clas-
si�ed based on the optimization algorithm used and on the kind of structure
investigated.

9.1.1 Parameter Variation

Informal optimization consisting of parameter variation studies can deliver
useful insight into the optimization task, in particular ifthe solution space
can be explored with a reasonable number of con�gurations. This is the
case for simple structures such as beams.
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While investigating the multiple mode passive vibration suppression
with piezoelectric materials and resonant shunts, Hollkamp [175] estimated
the generalized electromechanical coupling coe� cient of a pair of piezo-
electric ceramic tiles attached to a cantilevered beam at di� erent locations.
Kanget al. [176] optimized the placement of piezoelectric co-located sen-
sor/actuator pairs for active vibration control of laminated beams by max-
imizing the structural damping index, a weighted sum of the achieved
modal damping of each vibrational mode. Parametric studieswere pre-
sented for the damping ratio as a function of the location of piezoelectric
ceramic elements with given length and various outer-layer�ber orienta-
tions. The damping and the sti� ness of the adhesive layer and the piezoce-
ramics are taken into account.

Formal optimization techniques, on the other hand, can be classi�ed
into mathematical programming and stochastic methods.

9.1.2 Mathematical Programming

Most mathematical programming methods work locally and arevery e� -
cient given that the assumptions on continuity, di� erentiability and convex-
ity of the solution space are satis�ed. Aside from the convexity assumption,
this is mostly the case for basic structures such as beams, plates and shells.

Beams

Li et al. [177] published an optimal design methodology for piezoelectric
ceramic actuators/sensors and feedback gains towards the vibration sup-
pression in �exible structures. The in�uence of the actuator/sensor pairs on
the mass and sti� ness properties of the composite structure was taken into
account. The proposed composite objective function included the control
performance as well as the added mass. The gradient based optimization,
applied to the simple case of a beam structure, was prone to getting trapped
in local optima.
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Plates and Shells

Kanget al. [178] carried out a similar investigation on laminated plates; as
in the work previously described, the optimization was carried out using
the gradient method. Seeger and Gabbert [179] proposed an optimization
algorithm for the optimal positioning of co-located actuator/sensor patch
pairs on a simply supported plate structure. The conjugate gradient method
is applied to minimize theH2-Norm of the transfer function between an
external excitation disturbance and the plate vibration amplitude. The con-
strained optimization algorithm uses the augmented Lagrangian function
in order to avoid patch overlapping. Sunet al. [180] determined optimal
locations of piezoelectric ceramic sensor elements discretely distributed on
a rectangular plate by minimizing the observation spillover of quasi-modal
sensors. This is equivalent to minimizing the maximum eigenvalue of the
matrix relating the sensors' output charges to the modal coordinates. The
authors formulated a similar criterion for optimal placement of the piezo-
electric ceramic actuator elements based on energy and control spillover
considerations. Sun and Tong [181] extended the investigation to simply
supported closed- and open-form shell structures. In [182], Kim and Kim
address the optimal distribution of an active piezoelectric layer on a �exi-
ble plate. A desired performance in transient vibration control is achieved
at minimum control energy. Spatial design variables, previously shown to
work well for the optimal distribution of viscoelastic damping layers [183],
de�ne the optimum distribution of the layer. A gradient based optimization
algorithm yielded optimal material coverage for single mode and multiple
mode suppression. Local optima were avoided by sequential increase of
the number of spatial design variables. These are independent from the
�nite element mesh. Modal based correction methods were applied by
Rose [184] for the placement of piezoelectric ceramic modules on a circu-
lar plate. These methods allow the negotiation of changes introduced by
the piezoelectric element's mass and sti� ness. The generalized electrome-
chanical coupling coe� cient was maximized by applying gradient based
methods in a two-step approach. Halim and Moheimani [185] suggested
a criterion for the optimal placement of co-located piezoelectric ceramic
actuator/sensor pairs on a thin plate using modal and spatial controllabil-
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ity. The spatial controllability was used to �nd the optimalplacement of
co-located actuator/sensor pairs for e� ective average vibration reduction
over the entire structure, while maintaining modal controllability and ob-
servability of selected vibration modes.

Engineering design problems, however, are often of a discrete nature
(e.g. the number of actuators) or present non-convex objective functions,
so that the above methods are not applicable or tend to get trapped in local
optima. In order to overcome these limitations, the scienti�c community
has put signi�cant e� ort into the investigation of stochastic optimization
methods.

9.1.3 Stochastic Methods

Stochastic optimization methods can handle search spaces involving both
discrete and continuous domains, non-convex objective functions [186],
and objective functions or constraints lacking di� erentiability. A drawback
is that stochastic search methods are often computationally expensive.

Truss Structures

Due to their discrete nature, actuator placement problems on truss struc-
tures are classic examples for the application of stochastic optimization
methods.

To our knowledge, Rao and Pan [187] were the �rst to apply genetic
algorithms to the problem of optimal actuators placement inan actively
controlled two-bay truss. The dissipation energy of the active controller
was maximized for a �xed number of three actuators. A strategy for de-
termining the optimal number of actuators and their respective locations
in the active vibration control of a seventy-two-bar space truss was pre-
sented by Yan and Yam [188]. The eigenvalues of the energy correlative
matrix of the input control force are used to determine an optimal number
of actuators for vibration control. Depending on the desired controllability
level, these can be equal to or less than the number of degreesof freedom
to be controlled. The corresponding optimal actuator locations are then
identi�ed by minimizing the eigenvalue sum of the correlative matrix of



164 Chapter 9. Optimum Placement

the required control input energy. Using a binary-encoded genetic algo-
rithm, Bishop and Striz [189] demonstrated the optimal placement of pas-
sive ideal viscous dampers on space trusses subjected to di� erent loading.
The kinetic and strain energy remaining in the system at the end of a full
time-domain transient analysis, as well as the number of actuators, were
combined to form a penalty function. Richardson and Abdullah [190] used
a real-encoded genetic algorithm for optimal placement of sensors and ac-
tive tendon mechanisms on high-rise civil structures. These are susceptible
to vibrations due to earthquakes, hurricanes, or other abnormal loads such
as explosions. The proposed method allows for the simultaneous determi-
nation of the optimal controller gains.

Even for basic structures, stochastic methods show their strength in
mastering non-convex objective functions and discrete parameters, e.g.
while choosing from a list of piezoelectric modules with given sizes.

Beams

Results by Gaudenziet al. [191] provided insight into the problem of opti-
mal placement, sizing, and loading of piezoelectric actuators for damping
beam vibrations. A fundamental solution, formulated for a single piezo-
electric actuators pair, was used in the framework of a genetic algorithm
optimization. A �oat-encoded genetic algorithm for the integrated opti-
mization of piezoelectric actuator and sensor locations and feedback gains
for active vibration control was introduced by Zhanget al. [192]. Ac-
cording to their results, the �oat-encoded genetic algorithm is less likely
to become trapped in local minima compared to the adaptive binary ge-
netic algorithm and converges faster to the solution. A cantilevered beam
is presented as an optimization example, for which the performance func-
tion is based on maximizing the dissipation energy of the active controller.
A similar problem is tackled by Yanget al. [193], where the sizes of the
sensors/actuators to be bonded on a cantilevered beam are selected bythe
genetic algorithm from a prescribed patch pool. Position and feedback
gains are optimized simultaneously. Again, the maximization of the en-
ergy dissipation was selected as the optimization criterion.
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Plates and Shells

The same authors later extended the method cited above to theinvestiga-
tion of plates and cylindrical shells [194]. Dynamic constraints, included
directly in the modi�ed real-encoded genetic algorithm, penalize overlap-
ping piezoelectric patches. Genetic algorithms were used by Han and
Lee [195] to �nd e� cient locations for six sensors and two actuators out
of ninety-nine possible sub-areas on a cantilevered composite plate. The
performance criteria, used for �nding the optimal locations of piezoelectric
sensors and actuators and preventing spillover, consider the eigenvalues of
the steady state observability and controllability grammians, respectively.
Two criteria for the optimal placement of piezoelectric actuators for vibra-
tion control were suggested by Sadriet al. [196] using modal controllabil-
ity and the controllability grammian. The number of actuators, their sizes
and their optimal locations for maximum controllability ofisotropic plates
were determined using genetic algorithms. The authors later applied the
modal controllability as a criterion for optimal placementof piezoelectric
actuators for panel �utter suppression [30]. Again, the optimal locations
were found by applying genetic algorithms. Queket al. [197] used the
classical direct pattern search method to maximize the active damping of
a laminated composite plate. The starting point for the pattern search is
selected based on the maxima of integrated normal strains consistent with
the size of the co-located piezoelectric sensor/actuator pair used. Opti-
mization performance indices are based on modal and system controllabil-
ity. The positions of four piezoelectric patches for adaptive feed-forward
control are chosen out of sixty-four candidate locations ona cantilevered
aluminum plate in [198]. The maximization of the controllability gram-
mian through genetic algorithm guarantees a minimum control force for
minimizing the vibration response at three selected pointsof the plate. The
required mode shapes and the coupling matrix relating the applied voltages
and the equivalent nodal forces are computed via Finite Element Analysis,
thus making the method viable for more complex structures. Inspired by
the latest progress in laser cutting and micromachining techniques, Wanget
al. [199] determined the optimal topology of both isotropic and anisotropic
piezoelectric sensor/actuator pairs for torsional vibration control of a lam-
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inated composite plate using a binary-encoded genetic algorithm. The
checkerboard problem is prevented by connectivity analysis, making the
method superior to homogenization-based methods. Optimalplacements
and sizes of sensors and actuators attached to an in�ated torus were found
by Jha and Inman [200] using a binary-encoded genetic algorithm. Perfor-
mance indices were de�ned using modal controllability (minimum energy
requirement) and observability (maximum output energy fora good signal-
to-noise ratio).

Complex Structures

The behavior of more complex lightweight structures can be investigated
by idealizing their components as rods, beams, plates, or shells. The for-
mulation of the assembled model, however, can be a task beyond the en-
gineer's means, both in terms of expertise and time constraints. Arbitrary,
real-world structures are highly constrained by functional, manufacturing,
or esthetic demands and often present non-convex, noisy solution spaces.
This makes the use of stochastic methods in combination withmodern
knowledge-based CAD systems and FEA tools particularly favorable. Yan
and Ghasemi-Nejahd [201] determined the optimal con�guration of piezo-
electric ceramic actuators/sensors embedded in an adaptive circular com-
posite plate with one central and three edge supports. Genetic algorithms
were used to �nd the optimal actuator con�guration placement among eight
possible con�gurations taking into account the interactions between the
controller and the structure. Damaren [202] addressed the problem of ac-
tuator/sensor location of a single piezoelectric ceramic element in a space-
craft box structure having a tray-stack architecture. Contributions of the
piezoelectric ceramic elements to the system's mass and sti� ness were ne-
glected. Assuming patch dimensions equal to the meshed �nite element
reduced the problem of optimal location for maximum injected damping
into the �rst few modes to a discrete enumeration of a relatively small num-
ber of possibilities. One could imagine to solve the same problem without
loss of generality by applying the procedure described in the present ar-
ticle. Our work focuses on the optimum piezoelectric ceramic element
placement on real-world structures for vibration suppression via passive
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shunt damping. The procedure combines a knowledge-based CAD sys-
tem, a FEA tool and Evolutionary Algorithms (EA) [97] as optimization
framework. As such, it represents a further step towards a comprehensive
procedure for the optimization of both actuators' and sensors' locations
and controller parameters under consideration of structural, weight penalty,
manufacturing and economical constraints.

For the sake of conciseness, we refrain from elaborating on basic con-
cepts of EA and con�ne ourselves to a brief description of theapplication
of evolutionary optimization methods to the vibration suppression prob-
lem. The interested reader will �nd more detailed information on EA in
[97, 203, 98, 99].

9.2 Evolutionary Optimization Methods Applied
to the Vibration Suppression Problem

Figure9.1 illustrates a general working schedule for placement optimiza-
tion problems addressed with an evolutionary approach. Before evolution-
ary algorithms can be used for the optimization of any part with bonded or
embedded piezoelectric ceramic elements, some preparatory steps have to
be carried out. First, a simulation model of the active structure to be opti-
mized is required in order to evaluate the �tness value for each individual.
A CAD-model of the structure at hand is prepared using the CAD-software
CATIA V51. It de�nes the geometric shape of the structure (Figure9.2),
including the bonded or embedded piezoelectric ceramic patches. A �-
nite element (FE) model is derived from the CAD-model and exported to
ANSYS2, the software package used to evaluate the in�uence of the piezo-
electric ceramic modules onto the system. Shell elements are appropriate
for the simulation of thin-walled lightweight structures.In the scope of the
present study, SHELL 181 elements were used for the layered composite
parts. Additional user-de�ned shell elements - developed at the Institute of

1www.catia.ibm.com
2www.ansys.com
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Figure 9.1: Working schedule of evolutionary algorithms applied to place-
ment optimization problems.

Composite Structures and Adaptive Systems at DLR Braunschweig [135]
- simulate the coupling behavior of the piezoelectric ceramic patches.

After de�ning the simulation model, the optimization process can be
set up. The so-called parameterization is the key to an e� cient and suc-
cessful optimization. It has to be de�ned which parameters,e.g. shape and
position of a certain piezoelectric ceramic module, are modi�ed during the
optimization process. The number of optimization parameters de�nes the
size of the genotype and accordingly the size of the search space. A large
number of parameters expands the search space and generallyrequires a
greater number of evaluations to explore it su� ciently, before eventually
converging to an optimum solution. The last task to be accomplished be-
fore starting the optimization process is the de�nition of the evaluation
step, described in some detail in Section9.3. Starting from a randomly
initialized population, the optimization loop containingevaluation, selec-
tion, crossover, mutation, replacement and model update isiteratively run
until a given stopping criterion is satis�ed and an optimum design solu-
tion is found. A proprietary software tool called DynOPS (Dynamic Opti-
mization Parameter Substitution) written in C++ copes with the complex
task of managing the optimization loop. For more detailed information on
DynOPS, the interested reader is referred to Wintermantel [98].
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x

y

z

Figure 9.2: The rear wing of a racing car, investigated as the test object
for complex, highly constrained geometries.

9.3 Optimization Process

Based on the FE model of the structure at hand, the optimization process
is set up by de�ning the model parameterization and introducing a �tness
formulation for rating the evaluated individuals. First, the actuators' con-
�guration is optimized for maximum vibration suppression using anR–L
shunt. Subsequently, an Active Fiber Composite sensor is positioned for
proper operation of a switchingR–Lshunt [152, 204] and a Positive Posi-
tion Feedback (PPF) control [205], respectively.

9.3.1 Actuators' Optimization

Parameterization

The parameterization links the search space (genotype) to the solution
space (phenotype). The geometric shape and the lay-up of thestructure
to be damped are �xed. The following parameters de�ne the positioning
of the piezoelectric ceramic actuators with variable dimensions, simulta-
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neously on both rear wing endplates (Figure9.3):

a

b

� x

y

Figure 9.3: Endplate with two overlapping piezoelectric ceramic elements.
The black-�lled areas represent assembly inserts to be avoided by the
patches.

ˆ Patch lengtha

ˆ Patch widthb

ˆ Horizontal positionx

ˆ Vertical positiony

ˆ Angle of rotation�

ˆ Embedding location in the composite lay-up

ˆ Patch wiring
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Considering two patches, this represents a total of thirteen optimization
parameters. For the presented case, the population size waschosen to be
approximately four times the number of optimization parameters.

A �rst hard constraint is enforced directly while updating the CAD-
model. Patches overlapping assembly inserts on the endplate (see the
black-�lled areas in Figure9.3) or crossing the endplate's boundary are
discarded. A soft constraint - penalizing the individual proportionally to
the violated area - did not show any improvement in convergence behavior
over the hard constraint. Skipping building and evaluationof the FE-model
represents a considerable saving in computing time.

Fitness Function

Addressing the vibration suppression of a selectednth mode, the optimiza-
tion objective is based on the generalized electromechanical coupling co-
e� cientKi j proposed by Hagood and von Flotow [142] (see Equation8.3).
The generalized electromechanical coupling coe� cient is proportional to
the fraction of the system modal strain energy which is converted into
electrical energy by the open-circuit piezoelectric ceramic element bonded
onto or embedded into the structure. As such, it is a direct measurement of
a shunted piezoelectric ceramic element's in�uence on a system. A number
of constraints take operational and manufacturing limitations into account:

ˆ Maximum added massma

ˆ Maximum strain� z;max experienced by the patches

ˆ Required inductance valueL� for proper operation of theR–L and
switching shunts

ˆ Required quality factorQ for proper operation of theR–Land switch-
ing shunts
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The tuning inductanceL� , the optimum resistanceR� (both according to
[142]) and the quality factorQ are computed as

L� =
1

! 2
n

�
1 + K2

i j

�
Cp

andR� =

p
2 Ki j

1+K2
i j

! nCp
;

Q =
! nL�

R� ; (9.1)

where! n denotes the structure resonance to be damped andCp is the in-
herent piezoelectric capacitance.

The optimization objective and all constraints are mapped to a single
�tness valueF(p) to rate the quality of every evaluated individual - rep-
resented by the parameter vectorp - by building a weighted sum of the
form

F(p) =
X

i

wi Di(p); (9.2)

whereDi represents the rating for the objective or a speci�c constraint
andwi is the corresponding relative weight. The mapping is done inor-
der to assign a �tness portion to each constraint in the interval [0,1]. Only
the optimization objective is allowed to exceed this range for low quality
individuals. The contribution of the single �tness portions to the overall
�tness value can be controlled by de�ning the relative weightswi . For the
present optimization, the relative weights are left to unity. The optimiza-
tion is a minimization problem where the absolute minimum ofthe �tness
F(p) should be found. Objective and constraint mapping functions were
implemented as introduced by König [99].

Optimization Objective

The mapping function for the optimization objective, i.e. the maximization
of the generalized electromechanical coupling coe� cient for the selected
mode, is generally formulated as

Di(O) = (aO+ b)� ; (9.3)
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whereO is the generalized electromechanical coupling coe� cient to be
maximized. The choice of the exponential factor� = 5 is based on experi-
ence, anda andb are scaling factors de�ned by the conditions

Di(O = Oinit ) = 1

Di(O = Oestim) = 0:1; (9.4)

whereOinit represents an initial value of the design objective that should
result in a �tness value of 1 (set to 1:5 � 10� 2 in the present case).Oestim

is the estimated value that is expected to be reached throughthe optimiza-
tion process corresponding to a �tness value of 0.1. In the cited case, this
value is set to 8� 10� 2. Figure9.4illustrates a portion of the mapping func-
tion for the optimization objective leading to �tness values in the interval
[0,1 [. De�ning the mapping function for the optimization objective, Oinit

andOestim in�uence its steepness in the range of interest and, consequently,
the evolutionary pressure that the algorithm applies on theoptimization ob-
jective. In several runs of the same optimization, di� erentOinit andOestim

values had negligible in�uence on the optimization results, but showed
distinct behavior in convergence speed.Oinit can be estimated as the best
value of the initialization generation. Should the optimization algorithm
�nd solutions with better objectives thanOestim, its value can be iteratively
adjusted to maintain enough evolutionary pressure on the optimization ob-
jective.

Constraints

The mapping functions of all constraints are implemented using smooth
step functions to keep solutions with values falling slightly above the re-
spective limit in the population. The de�nition of these mapping functions
is

Di(C) =
1

1 + e� � (C(p)� Climit � � )
; (9.5)
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Table 9.1: Climit andC f eas_tol values for the di� erent constraint mapping
functions.

Constraint Climit C f eas_tol

ma [kg] 8:7 � 10� 2 8:7 � 10� 3

� z;max [-] 1:5 � 10� 3 5 � 10� 4

L� [H] 10 10
Q [-] 10 10
VMR [-] 1.5 -0.25

where following functions de�ne the parameters� and� :

� =
1

C f eas_tol

 
ln

 
1

Dlimit
� 1

!
� ln

 
1

D f eas
� 1

!!

� =
1
�

ln
 

1
Dlimit

� 1
!
: (9.6)

The shapes of the mapping functions were adjusted by adapting the values
Climit andC f eas_tol(Table9.1), resulting in:

Dlimit = Di(C = Climit ) = 0:01

D f eas = Di(C = Climit + C f eas_tol) = 0:5: (9.7)

Figure9.5exemplarily depicts the resulting mapping function for themax-
imum strain upper limit constraint� z;max . The width and steepness of the
mapping functions are critical parameters for the convergence of the opti-
mization process.

9.3.2 Sensor Optimization

After determining the actuators' con�guration showing thelargest general-
ized electromechanical coupling coe� cientKi j under consideration of all
constraints, the sensor con�guration is optimized for proper operation of
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Figure 9.4: Mapping function for the optimization objective.

the switchingR–Lshunt, i.e. co-local actuator-sensor con�guration [20].
This also holds for a Positive Position Feedback (PPF) controller [205].

Parameterization

Again, the geometric shape and the lay-up of the structure tobe damped
are �xed. The best actuators' con�guration resulting from the previous
optimization is adopted. In fact, this can be assumed to be optimal for both
theR–Land the switchingR–Lshunts. The sensor itself is positioned by
variation of:

ˆ Horizontal positionx

ˆ Vertical positiony

ˆ Angle of rotation�

Sensor length (31mm) and width (20mm) are �xed due to manufacturing
reasons. The sensor is embedded under the outer skin layer.
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Fitness Function

Harmonic analysis yields the phase response of both actuator (' a) and sen-
sor (' s) voltage signals. The Average Phase Deviation (APD) in the vicin-
ity of the eigenfrequency addressed was taken as the design objective:

APD =

P ! =! n+� !
! =! n� � ! (' s(! ) � ' a(! ))

m
� 100 (9.8)

where� ! is the frequency range of interest around! n andmis the number
of samples. The initial and the estimated values of the design objective are
set to 1:5 and 0, respectively.

For proper operation of the autonomous switchingR–Lshunt, the volt-
age magnitude delivered by the sensor module should be larger than that
produced by the actuators. Accordingly, the following constraints were
considered:

ˆ Ratio VMR between the magnitude of the sensor's and actuators'
voltage signals at! = ! n
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Table 9.2: Optimizations' facts.

Actuators Sensor
# of parameters 13 3
Population size 50 8
# of generations 165 25
Cross-over probability 0.8 0.8
Mutation probability 0.4 0.4

ˆ Maximum strain� z;max experienced by the sensor

Again, the sensor module was not allowed to overlap regions including
inserts. Table9.2 summarizes the number of parameters, population size,
number of generations until convergence, and probabilities used for the
cross-over and mutation operators.

9.4 Optimization Results

9.4.1 Actuators' Optimization

An actuator pair is searched that maximizes the generalizedelectrome-
chanical coupling coe� cient under consideration of a number of constraints,
listed in Section9.3.1. The best con�guration found by the optimization
engine is presented in Figure9.6, with both monolithic actuators working
in the indirect 3-1 mode and being galvanically coupled on each endplate.
Table9.3summarizes the proposed parameter values and the resultingper-
formance. The added mass is approximately 1% of the originalrear wing
mass. Figures9.9 to 9.11illustrate the evolution of the �tness valueF(p),
the design objectiveK31 and the maximum strain constraint� z;max, respec-
tively. In a �rst search phase, the algorithm rapidly �nds a number of con-
�gurations with increasing performance and moves the patches to a region
of higher strains, �nding a local optimum that only slightlyviolates the
maximum strain constraint (see Figure9.11). After several generations, an
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Figure 9.6: Voltage distribution for the 1st vibration mode. The electrodes
are galvanically coupled on each endplate.

individual is found through mutation in another region of the search space,
whose con�guration performs better despite experiencing higher strains.
Again, the algorithm seeks its way towards a new local optimum, moving
within a noisy solution space showing large variations in maximum strain.

Another mutation delivers the optimum con�guration for theoptimiza-
tion run discussed here, �nding an individual with lower mass that expe-
riences lower maximum strain while showing enhanced piezoelectric cou-
pling. Despite the rather complex geometry and boundary conditions, the
orientation of the larger actuator with respect to the �ber direction of the
adjacent unidirectional layers (12° to the y-axis) closelymatches the results
for maximum modal damping reported by Kanget al.[176]. The optimiza-
tion run was stopped after 165 generations. Further slight improvements
can be expected by computing a larger number of generations.

As discussed in this example, the evolutionary procedure presented in
this article is robust against getting trapped into local minima. It is assumed
that a su� cient number of evaluations would lead to a solution near the
overall optimum. However, to the knowledge of the authors there exists no
mathematical proof for convergence of the solution to a global minimum.



9.4 Optimization Results 179

-3.6 -2.8 -2.0 -1.2 -0.4 0.4 1.2 2.0 2.8 3.6

NODAL SOLUTION
FREQ= 36.923
EPELZ (AVG)

� 10� 3

Figure 9.7: Strain distribution for the 1st vibration mode.

Figure 9.8: Endplate showing the best con�guration found by the opti-
mizer.
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Figure 9.9: Convergence plot of the �tness valueF(p).

9.4.2 Sensor's Optimization

Given the optimum actuator pair found in the previous section, a co-local
sensor is searched. The sensor con�guration showing minimum Average
Phase Deviation in the vicinity of the eigenfrequency addressed is found
near the upper middle insert. Despite experiencing relatively low strains,
the AFC sensor working in 3-3 mode delivers a voltage signal,the mag-
nitude of which is approximately 1.5 times larger than the actuators' one
(see Table9.3).

Figure9.8 shows the actuators and sensor placement on the endplate.
The partially overlapping actuators are embedded between di� erent lam-
inate layers in a region of relatively high strains (see Figure 9.7) and ac-
curately avoid the inserts regions. The sensor is embedded in the opposite
skin of the sandwich part.



9.4 Optimization Results 181

 

K
31

[-
]

Generation

0.055

0.045

0.035

0.025

0.015

0.005
0 40 80 120 160

Best Design Objective
Average Design Objective

Figure 9.10: Convergence plot of the generalized electromechanical cou-
pling coe� cientK31.

M
ax

im
um

S
tr

ai
n�

z;
m

a
x
[-

]

Generation

2.0

1.6

1.2

0.8

0.4

� 10� 3

0 40 80 120 160

Best Constraint
Average Constraint

Figure 9.11: Convergence plot of the maximum strain constraint� z;max.



182 Chapter 9. Optimum Placement

Table
9.3:O

ptim
izations'results.

Values
in

parenthesis
w

ere
de�ned

as
�xed.

1
stactuator

2 nd
actuator

S
ensor

P
atch

lengtha
[m

m
]

51
136

(31)
P

atch
w

idthb
[m

m
]

133
137

(20)
H

orizontalpositionx
[m

m
]

300
246

251
Verticalpositiony

[m
m

]
281

239
300

A
ngle

ofrotation�
[°]

142
102

69
E

m
bedding

location
ply

1/2
ply

2/3
(ply

1/2,opposite
side)

P
atch

w
iring

galvanically
coupled

-

C
oupling

coe�
cientK

31
[-]

7
:10

�10
�

2
-

O
ptim

um
inductanceL

�
[H

]
6

:92
-

O
ptim

um
resistanceR

�
[


]
160:87

-
O

ptim
um

quality
factor

Q
[-]

9:99
-

A
dded

m
assm

a
[kg]

5:77
�10

�
2

1:53
�10

�
3

M
axim

um
strain�z;m

a
x

[-]
1

:53
�10

�
3

3:82
�10

�
4

A
P

D
[°]

4:79
�10

�
3

V
M

R
[-]

1
:52



9.4 Optimization Results 183

M
ag

ni
tu

de
Ve

lo
ci

ty/
F

or
ce

[d
B

]

Frequency [Hz]

-40

0

0

40

40

80

80 120

� 21:5 dB

Open
R� L shunted

Figure 9.12: Magnitude of the transfer-function from disturbance to ve-
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9.4.3 Vibration Suppression

For prediction of the vibration suppression performance ofthe R� � L�

shunted optimum actuator pair, the transfer-function froma unit excita-
tion (applied on the endplate in correspondence to the rear wing's center
of mass) to the endplate tip displacement was computed in theLaplace do-
main as described in Chapter8. Results for the open and the shunt damped
rear wing are shown in Figure9.12. A vibration suppression of the �rst
vibration mode by approximately 21.5 dB can be expected.
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9.5 Conclusions

In this Chapter an approach is presented for optimum placement of piezo-
electric ceramic elements for vibration suppression of real-world, highly
constrained structures. The optimization procedure includes a knowledge-
based CAD-model, an FE-model and an Evolutionary Algorithmoptimiza-
tion loop controlled by the proprietary software tool DynOPS. A user-
de�ned layered shell element with piezoelectric capabilities was integrated
in the commercial FE-package ANSYS for simulation of the composite
structure's dynamic response. The generalized electromechanical coupling
coe� cient was computed as the design objective. Additional constraints
were then added to form a unique �tness value. The model parameteriza-
tion allows for the investigation of an arbitrary number of patches with vari-
able dimensions, position, orientations, embedding location in the compos-
ite lay-up and wiring between the di� erent patches. A rear wing of a race
car was investigated as a test object for the proposed optimization pro-
cedure. Two monolithic actuators and an AFC sensor were successfully
placed for optimum vibration suppression usingR–L and switchingR–L
shunts. The results were experimentally veri�ed as described in Chap-
ter10.

The FE-model can be enhanced to take into account the in�uence of
the chosen active/passive controller on the composite structure. Material
and geometrical variations of both the host structure and the piezoelectric
elements can easily be included as optimization parameters. Additional
constraints such as control energy, in�uence of embedded elements on the
structure's mechanical behavior, manufacturing or economical issues can
also be mapped to a single �tness value. The computational requirements,
however, could then be the limiting factor.



Chapter 10

Test Object: Integration of
Smart Technologies in a
Rear Wing of a Racing Car
for Structural Vibration
Control

In this last Chapter the methods and technologies developedas reported
in the previous Chapters were applied to a test object. The suppression
of structural vibrations by means of piezoelectric ceramicelements and
passive electrical networks was investigated and tested ona rear wing of
a racing car. Their performance was compared to the performance of an
active PPF controller. In the scope of the study, the naturalfrequency of
the test object was increased by use of HM graphite �bers. Embedding
strategies, encapsulation techniques and wiring conceptsfor customized
prototype sensors and actuators, described in Chapters6 and7, were suc-
cessfully applied. The positions for two monolithic actuators and one AFC
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sensor were optimized as described in Chapter9. The FE model, how-
ever, didn't model the rear wing assembly accurately enoughto predict the
actual strain distribution of the natural mode. The electromechanical cou-
pling of the actuators is therefore insu� cient to suppress the related vibra-
tion, be it by active of passive means. A sub-optimal vibration suppression
is, however, achieved for the �utter mode of the endplate's trailing edge.
The passiveR–L shunt reduces the vibration by 12.5 dB or 76% and the
active PPF controller achieves a vibration suppression of 17 dB or 86%.
The reported performance was achieved with an additional mass of less
than 1%. It is advised to investigate the drag reduction potential of such a
vibration suppression.

10.1 Test Object

After evaluation of di� erent parts, the rear wing of a racing car was se-
lected as the test object for this study. The relatively inexpensive manufac-
turing of smart endplates as well as the stand-alone character of the part
were decisive arguments for the selection. The very low natural frequency
represents an additional scienti�c challenge.

10.1.1 Identi�cation

The test object was identi�ed in order to gather useful information about
eigenfrequencies, eigenmodes and strain distribution. Experiments were
carried out both on a lab test bed at the Centre of Structure Technologies
at ETH Zurich and on a 7-post rig that can simulate the dynamicloads on
a race track. A Laser Doppler Scanning Vibrometer (LSV), accelerom-
eters and strain gages were used. Experimental �ndings werecompared
to numerical results from an FE analysis. Table10.1reveals an excellent
agreement between numerical and experimental results for selected, rele-
vant eigenfrequencies and eigenmodes. These are presentedin Figure10.1.
The �rst mode is likely to be excited by roughness and curbs ofthe race
track. The remaining modes could be aerodynamically relevant. The dis-
placement amplitude response of the rear wing is depicted inFigure10.2
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(a) for side excitement and Figure10.2 (b) for front excitement, respec-
tively.

(a) 1st mode (b) 2nd mode

(c) 5th mode (d) 8th mode

Figure 10.1: Displacement vector sum of selected relevant modes: (a)
First vibration mode at 30.16 Hz, (b) Second vibration mode at 50.57 Hz,
(c) Fifth vibration mode at 89.5 Hz, (d) Eighth vibration mode at 149.5 Hz.

Measurement on the 7-post rig con�rmed the �rst vibration mode to
be dominant for the rear wing mounted on the racing car. The accelera-
tion amplitude response in Figure10.2(c) clearly shows the corresponding
peak at 26.4 Hz. The strain gauges revealed a maximum strain during a
simulated lap of approximately 0.02% on the lower mainplaneand 0.01%
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on the endplate, respectively.
Summarizing, the �rst vibration mode at approximately 28.5Hz was

found to be dominant for the rear wing displacement amplitude. This mode
can be addressed by embedding shunted piezoelectric ceramic elements in
the endplates, thus keeping manufacturing costs at a minimum. The strain
distribution during operation is not expected to be critical.

10.1.2 Natural Frequency Increase

The lower the eigenfrequency, the larger the inductance required for tun-
ing the shunt circuit to the mode to be damped (see Equation8.1). For
this reason, the advantage of using sti� er graphite �bers (Table10.2) for
laminating the endplates is self-evident. According to numerical results,
the replacement of high tensile (HT) �bers by high modulus (HM) �bers is
expected to increase the natural frequency by 19%, and reduce the required
inductance by 36%.

Experimental testing showed an increase in rear wing's natural fre-
quency from 28.5Hz to 35.5Hz (+24.6%) by replacing HT with HM graphite
�bers for laminating the endplates (see velocity and displacement ampli-
tude response in Figure10.3). This reduced the inductance value required
to tune the system to the natural frequency by 36%. Moreover,due to the
use of HM graphite �bers, the trailing edge's �utter mode on the endplates
has higher average relative velocity and displacement contributions com-
pared to the natural mode . This was not the case for the original rear wing,
where the natural mode was dominant.



10.1 Test Object 189

Ta
bl

e
10

.1
:N

um
er

ic
al

an
d

ex
pe

rim
en

ta
lr

es
ul

ts
fo

r
re

le
va

nt
vi

br
at

io
n

m
od

es
.

M
ea

su
re

m
en

tc
ar

rie
d

ou
t

w
ith

th
e

LS
V.

M
od

e
N

o.
N

um
er

ic
al

E
xp

er
im

en
ta

l
M

od
e

S
ha

pe
F

re
qu

en
cy

[H
z]

F
re

qu
en

cy
[H

z]
1

30
:1

6
28

.5
2

P
ar

al
le

lo
gr

am
2

50
:5

7
50

.6
1

N
od

di
ng

ar
ou

nd
lo

ng
itu

di
na

lw
in

g
ax

is
5

89
:5

0
81

.1
7

F
lu

tte
r

of
to

p
re

ar
co

rn
er

8
14

9:
55

16
3.

30
F

la
p

be
nd

in
g

9
17

9:
93



190 Chapter 10. Rear Wing of a Racing Car

0 100 200 300 400 500
-100

-80

-60

-40

-20

M
ag

ni
tu

de
[d

B
]

Frequency [Hz]
(a) Side excitation

replacements

0 100 200 300 400 500

M
ag

ni
tu

de
[d

B
]

Frequency [Hz]

-90

-70

-50

-30

-10

(b) Front excitation

replacements

0 50 100 150 200 250
10

100

M
ag

ni
tu

de
[d

B
]

Frequency [Hz]
(c) 7-post rig

Figure 10.2: Response of the rear wing. (a) Input: electromechanical
shaker at CoM, right endplate - Output: Displacement amplitude averaged
over left endplate; (b) Input: electromechanical shaker atleading edge of
upper mainplane - Output: Displacement amplitude averagedover �ap; (c)
Input: 7-post rig - Output: Acceleration amplitude response of the rear
wing endplate's top rear corner.
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Table 10.2: Expected natural frequency increase using high modulus
graphite �bers, based on FEM-based modal analysis of the rear wing.

HT �bers HM �bers
Fibers of UD layers T1000 M55J
Fibers of woven layers T800 M46J
Predicted natural frequency [Hz] 30.16 37.26
Red. in required inductance - -36%
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10.2 Sensors and Actuators

10.2.1 Selection

Based on the �ndings in Chapter8, conventional monolithic actuators work-
ing on the indirect 3-1 piezoelectric e� ect were preferred for their larger
capacitance and ease of manufacturing. In order to guarantee activation of
the switching shunt's MOSFETs, Active Fiber Composites were selected
as sensors. Indeed, the interdigitated electrode con�guration will deliver
higher voltage per strain unit compared to the conventionalactuators.

Among the large number of piezoelectric ceramic wafer available on
the market, VIBRIT 1334 from Argillon GmbH1 was selected for its rel-
atively high dielectric constant, the excellent coupling coe� cient, the rea-
sonably high Curie temperature and the rather low risk of mechanical de-
polarization (see [206] for a detailed description of the ceramic selection
process). Piezoelectric ceramic �bers for AFC manufacturing were sup-
plied by Smart Material, Corp. They performed best according to the in-
vestigations described in Chapter3.

10.2.2 Optimum Dimensions and Placement

In Chapter9 a procedure based on evolutionary algorithms was developed
for optimum placement of piezoelectric ceramic modules on real-world,
highly constrained lightweight structures. Position, dimensions, orienta-
tion and embedding depth of customized piezoelectric ceramic modules
were determined for optimum vibration suppression performance consid-
ering a number of operational and manufacturing constraints. The best
con�guration found by the optimization engine is presentedin Figure9.6
with two actuators galvanically coupled on each endplate. The added mass
is approximately 1% of the original rear wing mass.

Applying the same optimization loop, position and orientation of an
AFC sensor were optimized for co-local conditions, i.e. thesensor voltage
signal and the actuator voltage signal are in phase in the vicinity of the
eigenfrequency addressed. Figure10.4(a) shows the actuators and sensor

1Argillon GmbH Piezoproducts, Bahnhofstr. 43, 96257 Redwitz, Germany
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placement on the endplate, including the wiring for external control and
the single piezoelectric ceramic wafers.

(a) (b)

Figure 10.4: (a) Optimum placement of two actuators and one sensor on
the endplate. (b) The piezoelectric ceramic elements were embedded at
optimum locations in the original laminate using the simpleinsertion tech-
nology. Single ceramic wafers were galvanically coupled and encapsulated
in polyimide �lms for electrical insulation, ease of handling and damage
protection.

10.2.3 Manufacturing

An encapsulation technology [207] developed at DLR Braunschweig was
selected that protects the brittle ceramic modules againstharmful tension
and electrically insulates them from the surrounding, conducting graphite
�bers. The metal sputtered electrodes are covered by a thin copper mesh
that ensures contact even in case of local mechanical failure of the ceramic
wafer. Both the ceramic wafer and the copper mesh are surrounded by
epoxy matrix and polyimide foils.

Due to the higher thermal coe� cient of the embedding compound, the
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ceramic modules are pre-loaded during cooling after curingof the matrix
system. This ensures an elongation at break of about 0.4%. The maximum
recommended working strain is 0.2%.

AFC are composed of piezoelectric ceramic �bers surroundedby epoxy
matrix. The electric charge generated by the direct piezoelectric e� ect is
collected by interdigitated electrodes printed on polyimide �lms. Varying
the electrode spacing as described in Chapter5, one can tune the sensor's
sensitivity.

10.2.4 Embedding

The in�uence of embedded active elements on the mechanical behavior
of the hosting laminate structure was investigated in Chapter 7, both nu-
merically and experimentally for a cross-ply graphite/epoxy laminate. All
embedding con�gurations were found to decrease the laminate's ultimate
strength. The interlaced con�guration distributes the disturbance over the
whole laminate thickness, thus showing the smallest in�uence (see Ta-
ble 10.3). The inserted con�guration showed a slightly larger decrease
in laminate ultimate strength and causes the smallest manufacturing e� ort.
Despite showing largest in�uence on the laminate properties, the cut-out
con�guration potentially allows the integration of multiple active elements
in the same section. The endplate being composed almost exclusively
of layers oriented in vertical direction, the piezoelectric ceramic modules
were successfully embedded in the endplate's skins by simple insertion
(Figure10.4(b)).

10.2.5 Wiring

The wiring of the piezoelectric ceramic modules is a critical issue for their
e� cient embedding in the laminate host structure. A novel method for
conductor printing using a commercial ink-jet printer was developed as
presented in Chapter6. This simple, reproducible, inexpensive technology
allows for moderate resolution (approx. 200� m) copper patterning on the
high performance substrate polyimide. Thus, the polyimide�lms provide
for both the ceramic encapsulation and its wiring.
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10.3 Shunt Circuits

Three di� erent shunt circuits were built for suppressing the structural vi-
bration of the rear wing. Table10.4 gives an overview of the main ad-
vantages and drawbacks speci�c to each di� erent control strategy. The
interested reader �nds detailed information on shunt control in Nieder-
berger [20] and Fleming [21].

10.3.1 R-L Shunt Circuit

Passive coils were winded for external control of the embedded piezoelec-
tric ceramic actuators. Being relatively bulky, they make �ne tuning of the
R–Lshunt di� cult. Virtual inductors based on a single OpAmp [206] were
implemented as shown in Figure10.5for �exible shunt circuit prototyping.

10.3.2 Switching Shunt Circuit

A switching shunt [204, 152] was considered for a completely autonomous
control approach. In order to integrate the control circuitin the structural
part, the circuit components' sizes were reduced [206] as to �t in the end-
plate's honeycomb core. SMD components were soldered on theprinted
circuit shown true to scale in Figure10.6(a). Smallest ferromagnetic cores
were selected, whereas the coils themselves were winded using a copper
wire 50� m in diameter (see Figure10.6(b)).

10.3.3 Positive Position Feedback Control Circuit

An active Positive Position Feedback (PPF) control circuit[205] was im-
plemented for performance comparison with the passive shunts described
in the previous sections.
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(a)

Figure 10.5: View of the virtual inductor circuits.

Switching Shunt
ETH Z!rich

T.Lambrecht
28.02.2006

Coil
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Sen.

317

D2

(a) (b)

Figure 10.6: Switching shunt circuit (true to scale): (a) Printed circuit for
SMD components, left is a slot for the coil (b) Coil windings and core.
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10.4 Vibration Suppression

10.4.1 Cantilever CFRP plate

As a preparatory step, a �rst comparison between the three control strate-
gies (1)R–Lshunt, (2) switchingR–Lshunt and (3) PPF control was carried
out on a cantilever CFRP plate with embedded co-located monolithic actu-
ator and AFC sensor. This preliminary investigation also tested the embed-
ding strategy and showed the piezoelectric ceramic modulesto survive the
laminate curing cycle without any evident damage. The �rst eigenmode at
48.5Hz was addressed. The resonantR–Lshunt achieved a vibration sup-
pression of 11 dB or 72% (Figure10.7(a)). The large inductance had to
be synthesized using the virtual inductor described in Section 10.3. As de-
picted in Figure10.7(b), the autonomous but less e� cient switchingR–L
shunt showed a vibration suppression of 5.3 dB or 45%. The miniaturized
coil depicted in Figure10.6was successfully employed. Not surprisingly,
the active PPF controller achieved the best vibration suppression perfor-
mance of 30.4 dB or 97%. The experimental results are summarized in
Table10.5.
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Figure 10.7: Velocity amplitude response of the cantilevered CFRP plate
with embedded piezoelectric ceramic modules. (a) Open system (� � � ) and
R � L shunted system (—), respectively. Vibration suppression for the 1st

mode (at 48.5Hz): 11 dB (72%). (b) Open system (� � � ) and switchedR� L
shunted system (—), respectively. Vibration suppression 5.3 dB (45%).
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10.4.2 Rear Wing

The optimization algorithm placed the piezoelectric ceramic modules for
optimum vibration suppression of the 1st mode. Tuning the large actuator
to the natural mode at 35.5 Hz required an inductance value of7.83H for
theR–Lshunt. Despite the large voltage increase, indicating optimal tun-
ing, no vibration suppression could be achieved due to the insu� cient elec-
tromechanical coupling. The discrepancy between numerical and experi-
mental results can most probably be explained with the insu� cient accu-
racy of the numerical model. At the interface region, upper mainplane and
endplates were assumed to be coupled along the contour of themainplane
pro�le. The corresponding strain distribution� z is depicted in Figure10.8
(a). The simpli�cation was justi�ed by the pre-stress of theassembly and
delivered very accurate eigenvalues for the low frequency range. In reality,
we have to deal with a contact problem that strongly in�uences the eigen-
modes and thus the strain distribution. As opposite con�guration, the strain
distribution� z for a free contour is visualized in Figure10.8(b). Mainplane
and endplates can separate and penetrate each other.

On the other hand, the trailing edge's �utter mode on the endplates (at
103.5 Hz, Figure10.9(a)) could be successfully damped. Even with sub-
optimal placement of the piezoelectric ceramic modules, the resonantR–L
shunt achieved a vibration suppression of 12.5 dB or 76%. Figure10.9(b)
shows the antiresonance induced by an optimally tunedR–Lshunt network
and the characteristic plateau of an optimally damped system. The active
PPF controller recorded a vibration suppression of 17.0 dB or 86% (Fig-
ure10.10(b)). This falling short of expectations is due to the not perfectly
co-local placement of sensor and actuator. For this same reason, and due
to the limited performance reported in Section10.4.1, the switchingR–L
shunt was not implemented.

The reported vibration suppression performances were achieved with
the large piezoelectric ceramic module embedded in the right endplate
alone connected to theR–Lshunt and to the PPF controller, respectively.
The experimental results for the trailing edge's �utter mode on the endplate
are summarized in Table10.6.
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(a) Contour constrained

(b) Contour not constrained

Figure 10.8: Rear wing mounting modi�ed endplates (HM �bers), strain
distribution� z. (a) Interface between upper mainplane and endplates con-
strained along the contour of the mainplane pro�le. (b) Interface between
upper mainplane and endplatesnot constrained along the contour of the
mainplane pro�le.
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Figure 10.9: Rear wing mounting modi�ed endplates (HM �bers). (a)
Velocity amplitude response of the open system (� � � ) andR � L shunted
system (—), respectively. Vibration suppression for the endplate trail-
ing edge's �utter mode: 12.5 dB (76%). (b) Velocity amplitude response
around the eigenfrequency at 103.5 Hz. Notice the optimallytunedR � L
shunted system (- - -, vibration suppression: 16.4 dB, 85%) and the opti-
mally dampedR � L shunted system (—, vibration suppression: 12.5 dB,
76%). (Input: CoM, left endplate; Output: rear upper cornerright end-
plate).
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(a) Strain distribution
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Figure 10.10: (a) Von Mises strain distribution for the endplate trailing
edge's �utter mode at 103.5 Hz. (b) Velocity amplitude response of the
modi�ed rear wing for the open system (� � � ) and PPF-controlled system
(—, vibration suppression: 17 dB, 86%), respectively. Only the large
piezoelectric ceramic module embedded in the right endplate was con-
nected to the electrical network (Input: CoM, left endplate; Output: middle
point upper edge right endplate).



10.4 Vibration Suppression 207

Ta
bl

e
10

.6
:V

ib
ra

tio
n

su
pp

re
ss

io
n

pe
rf

or
m

an
ce

of
th

e
pa

ss
iv

e
R

�
L

sh
un

t
an

d
ac

tiv
e

P
P

F
co

nt
ro

lle
r,

re
sp

ec
tiv

el
y.

T
ra

ili
ng

ed
ge

's
�u

tte
r

m
od

e
of

th
e

en
dp

la
te

s
at

10
3.

5H
z.

In
he

re
nt

pi
ez

oe
le

ct
ric

ca
pa

ci
ta

nc
e

3.
14

�F
.

C
on

tr
ol

st
ra

te
gy

Ty
pe

In
du

ct
an

ce
[m

H
]

R
es

is
ta

nc
e

[



]
V

ib
ra

tio
n

su
pp

re
ss

io
n

[d
B

]
R

�
L

sh
un

t,R
m

in
P

as
si

ve
73

0.
24

1.
48

-1
6.

4
(8

5%
)

R
�

L
sh

un
t,R

o
pt

P
as

si
ve

74
5.

72
7.

52
-1

2.
5

(7
6%

)
P

P
F

co
nt

ro
l

A
ct

iv
e

-1
7.

0
(8

6%
)



208 Chapter 10. Rear Wing of a Racing Car

10.5 Conclusions

The methods and technologies developed as reported in the previous Chap-
ters were successfully veri�ed on a test object.

After selection of the rear wing of a racing car, its dynamic response
was simulated numerically and identi�ed experimentally; the natural fre-
quency of the test object was increased by use of HM graphite �bers in
order to mitigate the requirements on the inductance of theR–Lshunt.

Dimensions, locations and orientations of piezoelectric ceramic ele-
ments were determined for optimum vibration suppression performance
under consideration of a number of operational and manufacturing con-
straints. Appropriate piezoelectric ceramic wafers and �bers were encap-
sulated in electroded polyimide �lms for mechanical protection and electri-
cal insulation from the carbon �ber laminate in which they were embedded.

Three di� erent shunt circuits were built for suppressing the structural
vibration of the rear wing, namely a passive resonantR–L shunt, an au-
tonomous switchingR–Lshunt, and an active PPF control circuit.

Contrary to expectations, the vibration of the �rst mode - likely to be
excited by roughness and curbs of the race track - could not besuccess-
fully suppressed due to the insu� cient accuracy of the numerical model
in predicting the strain distribution and subsequent misplacement of the
piezoelectric ceramic modules for maximum electromechanical coupling.
On the other hand, a �utter mode at the endplate's trailing edge was ef-
fectively damped that could be aerodynamically relevant. The passiveR–L
shunt reduces the vibration by 12.5 dB or 76% and the active PPF con-
troller achieves a vibration suppression of 17 dB or 86%. In this context,
a signi�cant performance enhancement of theR–Lshunt can be expected
for optimally placed piezoelectric ceramic elements. The performance of
the active PPF controller, in addition, can be signi�cantlyenhanced by
having a properly co-located sensor. For the implementation of switching
R–Lshunt and PPF control strategies, it is therefore recommended to use
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a single rectangular actuator. This simpli�es the task of ensuring co-local
conditions between actuator and sensor. The reported performance was
achieved with an additional mass of less than 1%.

It is advised to investigate the drag reduction potential ofsuch a vibra-
tion suppression.





Chapter 11

Conclusions and Prospects

The main achievements of this thesis are enabling methods and techniques
for the implementation of structural vibration suppression of real-world
composite systems via shunted piezoelectric systems.

11.1 Summary

A long way took us from the material characterization of single active com-
ponents up to the assembly and operation of a complex smart system.

A novel characterization procedure for the ferroelectric characteriza-
tion of single piezoelectric �bers gave insight into their material proper-
ties. Butter�y and hysteresis loops and force-displacement curves were
measured for three di� erent commercially available �bers and �bers under
development at Empa Duebendorf. The observed response was correlated
to the respective microstructural properties and �bers were identi�ed for
manufacturing AFC then embedded into the test object.

The response of Active Fiber Composites was investigated both nu-
merically and experimentally. An optimization routine based on evolution-
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ary algorithms assessed the potential for performance enhancement. Only
marginal improvements could be achieved with respect to therequirements
imposed to active components for use in structural vibration control.

Another step towards proper integration of sensors and actuators into
load-carrying composite structures was taken by developing a laboratory
method for prototyping large area circuitry with moderate resolution on
electrically and thermally stable polyimide. The technique was used for
manufacturing all electrode �lms then laminated to monolithic and AFC
active modules, components of the test object. Numerical and extensive
experimental investigations quanti�ed the impact of theirinclusion onto
GFRP and CFRP laminate strength. The best trade-o� between mechani-
cal reliability and smart functionality can be realized using active modules
symmetrically embedded into CFRP cross-ply laminates using the inter-
laced integration technique. The encapsulation of piezoelectric ceramic
wafers allowed for larger modules, perfect insulation and ease of handling.

The vibration suppression performance of both monolithic actuators
and AFC was predicted by analyzing the passive structure, the bonded
active patch, and the shunted circuit within an integrated multi-�eld FE
model. Numerical simulations showed excellent agreement with exper-
imental results, accurately predicting eigenfrequencies, eigenmodes and
suppression levels. AFC patches achieved equivalent vibration suppres-
sion performance per active unit volume as the monolithic actuators. A
weighty drawback is, however, their low inherent piezoelectric device ca-
pacitance. Monolithic actuators operating on the 3-1 piezoelectric e� ect
were therefore found to be the best for use inR-Lshunting. AFC, however,
could be used as sensors with orthotropic properties or to control switching
shunts.

Monolithic actuators and AFC sensors were successfully placed for
optimum vibration suppression usingR-L and switchingR-L shunts. The
optimization approach includes a CAD-model, an FE-model and evolu-
tionary algorithms and proved a valuable tool in �nding optimum solutions
for real-world, highly constrained structures.
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A test object veri�ed all methods and techniques summarizedabove.
Vibrations on a rear wing structure could be successfully suppressed by
shunting actuators and sensors embedded into the wing's laminate toR-L
circuits, respectively to a PPF controller.

When methods of analysis and design presented in the presentthesis
will hopefully help allowing rapid development of smart structures and
systems, a number of issues remain open and were emphasized by the chal-
lenges encountered during the project. These are brie�y presented in the
next Section.

11.2 Prospects

In general, future research needs are identi�ed in the severe limitations
imposed to smart systems development by the functional and structural
properties of current piezoelectric materials, as well as in aspects such as
reliability, robustness, and costs of the smart system.

Material scientists will have a leading part in shaping the future of
smart composite systems. Both functional and mechanical properties of
currently available piezoelectric ceramic materials represent a bottleneck
for their successful development. For vibration suppression, high coupling
factors and inherent piezoelectric capacitance are desired. A far larger
problem is the brittleness of current piezoelectric ceramic materials, which
make their handling and integration into a real smart systema challenging
task.

Awaiting for materials with enhanced properties, mechanical engineers
can obviate such limitations by integrating the piezoelectric ceramic mod-
ules into composite sensor and actuator systems, which can show very
di� erent mechanical properties compared to their components.Exam-
ples thereof are the research on Active Fiber Composites or the work on
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piezoelectric ceramic modules at DLR. A promising approachfor sensors
and actuators with enhanced mechanical properties is the manufacturing
of monolithic ceramic modules, which were thermally, electrically or me-
chanically prestressed. Preliminary results show an increase in maximum
tensile strain up to 0.5%, raising hope that active components will soon
reach maximum strains comparable with those of the hosting composite
structures.

Reliability of smart systems is, of course, of concern for any real appli-
cation. Additional functionality will inevitably increase the complexity of
the system and the probability of a disturbance. In general,smart systems
will have to be fail-safe and designed in a way that failure can be immedi-
ately detected. Redundancy of given components might also be a way for
increasing the availability of the system. Extensive investigations within
this thesis showed inclusion of sensors and actuators into composite struc-
tures to be detrimental to their mechanical properties. Thinner sensors and
actuators are expected to alleviate the problem. It is therefore advised to
invest into manufacturing routes for thinner piezoelectric ceramic modules
and processing of thinner insulating material including wiring and contact-
ing.

Another issue awaiting to be investigated is the impact of such inclu-
sions on the fatigue behavior of the hosting composite structure. A proper
adhesion between the encapsulation material of the active modules and the
composite laminae minimizes their delamination risk. Plasma, corona dis-
charge or wet-chemical treatments are available techniques for the surface
treatment of polyimide �lms to be laminated with graphite prepreg sheets.
Preliminary peel test investigations have shown the adhesion enhancement
through the techniques mentioned above to di� er signi�cantly if applied
to virgin polyimide �lms or to polyimide �lms that previously underwent
wet-chemical treatment for printing copper circuitry as described in Chap-
ter 6. It is advised to investigate the chemical interactions between (modi-
�ed) polyimide and epoxy resins and carry out extensive experimental peel
testing in order to identify the best treatment combinationfor optimum ad-
hesion.
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Modeling of the dynamic response of the structure at hand once again
emerged as a key feature within the development of complex smart sys-
tems. The discrepancy in strain distribution between numerical model and
reality described in Chapters9 and10 is just another example that no opti-
mization procedure can deliver more realistic results as the model it is run-
ning. The level of detail of the model, on the other hand, directly impacts
the computational time required for evaluation. An appropriate level of
detail and, whenever possible, an experimental validationof the numerical
results are preconditions for increasing the success rate in smart systems
development. Future work in this �eld should include a validated virtual
simulation environment for the development and optimization of damping
solutions.

A smart system with highest performance under laboratory conditions
will be of little use in real applications, unless showing a given robustness
to changing external conditions, discrepancies between simulation model
and reality, and alterations of the system itself. In the case of vibration
suppression, these might be changes in boundary or environmental condi-
tions (such as temperature or humidity), material aging or added mass (e.g.
due to dirt accumulating on the surface), all a� ecting the system frequency
and vibration modes. The adaption laws for the control algorithm devel-
oped and used within the project PiezoDamp provide valuablemeans for
coping with changing system frequency; for future real applications, the
number, the dimensions and the placement of sensors and actuators should
also be determined considering the robustness requirementof the system.
Repeatability of the system performance will also be an issue to address
when planning manufacturing and serial production of smartsystems.

Referring to the test object, �nally, the suppression of structural vibra-
tions itself is not the ultimate goal. Much more interestingis the potential
reduction in aerodynamically induced drag related to the same vibration
suppression. Preliminary results in the wind tunnel showedthe ability of
the proposed technology to signi�cantly damp structural vibrations excited
by the aerodynamic �ow. There was no evidence of a direct e� ect on the
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induced drag, because the drag contribution of the endplates is negligible
compared to the overall rear wing drag. As per expert opinions, however, a
reduction in structural vibration is generally expected tohave positive im-
pact on the aerodynamically induced drag. Thus, prior to developing such
systems, a proper understanding of the �uid-structure interaction is needed.

We believe that the time is ripe for innovation by means of which smart-
ness in structures can come about through development of newmaterials
with required properties and new designs that allow integration of multiple
functions of sensing, diagnosing, and actuating structures, leading to vastly
enhanced structural integrity. In the scope of the present thesis, enabling
methods and techniques were developed and veri�ed within a laboratory
environment. Our �ndings will provide scienti�c fundamentfor a number
of applications.

For a smart system to achieve advantages over conventional ones in
real applications, however, the system has to prove to be superior under
consideration of all boundary conditions de�ned for the intended �eld of
application. Focusing on vibration suppression, the use ofsmart systems
might generally target three di� erent goals: to extend the operation range
of the system; to extend service life compared to the conventional system,
assuming the same load-carrying structure; to design and operate a lighter
structure that ful�lls the same operational and service life requirements as
the conventional system. In all cases the advantages have tojustify the
larger investment costs. In other words, before getting to atrue innovation,
a good idea has to be accepted by the market. Future work in this �eld thus
cannot a� ord to neglect aspects such as overall system reliability, manu-
facturability, required control energy and life cycle costs.
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