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Preface

Due to their peculiar properties, piezoelectric materials have found extremely
wide applications in the fields of electrical, ultrasonic, robotics, energy conversion, medicine, space, domestic industries and many others.
This book aims at reviewing piezoelectric phenomena at the nanoscale, with
particular attention to biomedical and nanomedicine applications.
The first Chapter presents a general introduction to “smart materials”. Smart
materials are able to change some of their properties in response to an external
stimulus or to a changes in surrounding environment conditions. In the latest years
these materials have gained considerable attention in the biomedical community
because of the potential applications in a multitude of active structures and devices. A short introduction to smart materials is provided, as well as a summary of
recent related achievements in biomedicine.
The second Chapter is dedicated to the preparation of piezoelectric nanoparticles, with emphasis on Pb(ZrxTi1-x)O3 systems, detailed descriptions of the most
common methods of synthesis (ball milling, mechanicochemical synthesis, coprecipitation technique, hydrothermal method and sol-gel route) are approached,
in order to give a comprehensive overview of the enabling manufacturing technologies.
Characterization of piezoelectric materials is provided in Chapter 3, where the
focus is on nanomechanical and electromechanical methods for one-dimensional
nanomaterials, that are particular interesting for their potential application in
nanoelectronics and future nanodevices.
Since fabrication, characterization, and integration into practical devices of
nanostructures is unavoidably complex and expensive, accurate models are crucial
for designing high performance nanostructures-based devices: Chapter 4 reviews
both piezoelectric constitutive equations and equivalent circuits for piezoelectric
transducers, and it shows how these tools can be applied to model and design usable piezoelectric nanodevices.
Chapter 5 reviews the fundamental principles and recent development of piezoelectric nanogenerators that convert mechanical energy into electricity at the
nanometer scale. Theoretical prediction of the piezoelectric potential output from
a single nanowire is firstly discussed. The ultrasonic wave-driven nanogenerator
and power fiber are reviewed as two paradigmatic prototypes; the most recent
strategies integrating nanowires at macroscopic scale for providing sufficient electric energy for small electronic devices are also summarized and discussed.
There has been widespread observation of piezoelectric and ferroelectric phenomena in many biological systems and molecules, and these are referred to as
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Preface

biopiezoelectricity and bioferroelectricity. Chapter 6 summarizes evidences of
piezoelectricity in biological tissues, with particular attention on two typical macromolecular components, cellulose for plants and collagen for animals. A discussion about electrical phenomena derived from these properties is also approached.
Investigations of these properties have been made in biological and organic
macromolecular systems also at the nanoscale. In this framework, Chapter 7 presents a short overview of the main issues of piezoelectricity and ferroelectricity,
and their manifestation in organic and biological objects, materials and molecular
systems. As a showcase of novel biopiezomaterials, the investigation of diphenylalanine peptide nanotubes, a unique class of self-assembled functional biomaterials, is described. The Chapter gives particular emphasis to the discovery of
strong piezoactivity and polarization in aromatic dipeptides, that opened a new
perspective for their use as nanoactuators, nanomotors and molecular machines as
well for biomedical applications.
Chapter 8 is devoted to the most recent results about studies of interactions between piezoelectric nanoparticles and living systems. As extremely innovative materials, great importance is devoted to the investigations of their stabilization in
physiological environments and to their biocompatibility. Applications as drug
carriers and nanovectors are thereafter described, and special attention is dedicated
to tissue engineering applications. Finally, preliminary results achieved by our
group on “wireless” cell stimulation are approached.
Finally, Chapter 9 represents the conclusive part of the book with the most recent researches on piezoelectric materials for nanomedicine applications and noninvasive wireless stimulation of tissues and cells.

December 2011
Pisa, Italy

Gianni Ciofani
Arianna Menciassi
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Chapter 1

Introduction to Active Smart Materials
for Biomedical Applications
Francesco Greco and Virgilio Mattoli
Istituto Italiano di Tecnologia, Center for MicroBioRobotics @SSSA,
Viale Rinaldo Piaggio 34, 56025 Pontedera (Pisa), Italy
{francesco.greco,virgilio.mattoli}@iit.it

Abstract. Smart Materials, with their ability to change some of their properties in
response to an external stimulus or to changes in conditions of their surrounding
environment, have gained considerable attention in the biomedical community
because of the interest in applications that could be foreseen for them in a
multitude of active structures and devices.
A short introduction to Smart Materials is given in this chapter as well as some
summary of recent achievements in biomedicine is also given. An overview of the
different classes of Smart Materials, with a special emphasis on smart polymers is
presented and classification is proposed based on the different chemistry.
Biomedical applications of selected Smart Materials are also considered.

1.1 Introduction
The aim of this chapter is to introduce the reader to the broader Smart Materials
topic before to focus his attention to the class of nanostructured piezoelectric
materials. In particular, in the next sections we will provide a rapid overview of
some of the most relevant classes of Smart Materials while providing for each
class some examples of their usefulness in the biomedical field.
Scientific and technical research as well as technologically relevant applications
of microstructured advanced materials have been steadily increasing during the past
decades. The interest toward the development of biomedical microdevices based on
advanced materials has been especially driven by various motivations.
The tremendous breakthrough of nanoscience and nanotechnology – with the
discovery of novel mechanisms and fascinating phenomena occurring in materials at
the micro- and nano-scale and with the impressive advancement in processing
technologies has drawn the attention of a ever wider community of researchers.
Together with the classical audience – essentially made of physicists, chemists,
materials scientists, engineers – in more recent times also biologists and medicals
turned their attention to this research field, looking for applications inspired by the
novel properties of micro and nanostructured materials. Moreover, the development
of biomedicine requires more and more advanced technological solutions, able to
add novel functions to the new generation of biomedical tools.
G. Ciofani & A. Menciassi (Eds.): Piezoelectric Nanomaterials for Biomedical Appl., NANOMED, pp. 1–27.
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In this vision Smart Materials appear to be particularly promising, providing
solutions for this new needs.

1.2 What Is a Smart Material?
Smartness is a typical feature of biological systems that are able to adaptively
interact with the environment. Indeed, more or less complex biological systems
are able to modify themselves on the basis of the information they get from
surrounding environment in order to respond to such stimuli. Similarly, the term
“Smart” generally refers to those materials that, in response to a deliberately
imposed external stimulus or to changes in their surrounding conditions, are able
to reversibly modify one or more of their functional or structural properties. The
external stimuli causing the smart response of the materials could be of various
kinds: physical (temperature, light, electric or magnetic fields, etc.), chemical (pH,
analyte concentrations in air, water, biological fluids), and mechanical (stress,
strain). It is intended that the process is fully reversible: a Smart Material is
capable of returning to its initial state as soon as the trigger (external stimulus) is
removed.
Widely known examples of Smart Materials include shape memory alloys and
polymers (respectively SMAs [1] and SMPs [2-3]) that change their physical
shape returning to a preset one in response to temperature variations, making them
useful for actuation; micro or nanostructured block copolymers that change their
surface properties from hydrophilic to hydrophobic (and/or viceversa) in response
to changes in temperature [4]; some classes of cross–linked polymers that are able
to self-heal their own mechanical damages by self-restoring chemical bonds that
have been cleavaged [5-6]; piezoelectric materials that are able to transduce
mechanical deformations in electric potentials and viceversa [7-9]; smart
hydrogels that are able to swell/deswell in response to change in pH and are
widely applied in drug delivery systems [10-11]; chemoresponsive polymer
nanocomposites that are able to change their stiffness in presence of a chemical
regulator mimicking the architecture of some echinoderms [12], etc. The cited
examples clearly show the tremendous potential of Smart Materials in the
biomedical field.

1.3 Why Smart Materials in Biomedical Application?
Smart Materials have been introduced in microtechnology, for instance in the
development of Micro Electro-Mechanical Systems (MEMS) and Nano ElectroMechanical Systems (NEMS) devices [13], in order to achieve novel
functionalities of microscopic devices such as sensing properties. Additionally,
they could also permit to power and control motion of micro-objects via
innovative approaches. Especially in these micro-world applications there is the
need for a precise tailoring of the physico-chemical properties and functionalities
of Smart Materials, and often the demand for their adaptability to different work
conditions and processing techniques.
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Generally speaking, polymer materials are recently replacing more common
inorganic materials as in the case of semiconductors for the fabrication of
miniaturized electronic and optoelectronic devices such as displays, transistors,
and photovoltaic devices. It is therefore expectable a future full integration of allorganic and polymer electronic devices, also including MEMS, sensing, and
actuation devices. This is due to multiple reasons; citing some, polymers are
usually cheaper, they can be obtained in multiple forms (while silicon is only
available in wafer format), their microfabrication processes could be wider
(casting, molding, spin coating, chemical vapor deposition, spraying, embossing,
etc.) and cheaper and some of them do not require the use of clean room facilities.
As more strictly concerns the applications of Smart Materials in the
development of microtools for biotechnology [11, 14-18], e.g., for the handling
and detection of biological samples, it is worth to consider that such devices need
to operate in liquid (often in water or other biological fluids) and that very often
need to possess biocompatibility properties as well as solvent swelling/deswelling
properties. In addition, the development of microactuating devices, with
applications that range from wireless locomotion of micro-objects to local
microsensing of pressure, to micropumping devices for microfluidics, often
demands for elastic or compliant materials, with great mechanical yield strain and
able to sustain large deformations. The need for such robust material makes many
polymers (and especially elastomers) the excellent candidates [11, 14-15].

1.4 Categories of Smart Materials
It is hard to sketch out a synthetic and unambiguous classification of Smart
Materials, due to the very different approaches in which they are considered and to
the impressive number of publications related to this topic. Moreover, the number
of applications proposed for Smart Materials is growing in such a way that is quite
impossible to provide a comprehensive review of the state of the art of Smart
Materials in general, or also to their application in biomedicine.
Recently, some reviews have been published on selected topics in the broader
area of Smart Materials and also about specific biomedical applications. Reference
to these excellent reviews will be given for each considered class of Smart
Materials, for the convenience of the reader interested in a deeper and more
comprehensive discussion. Here, with the aim to provide a synthetic introduction
to the topic, we have tried to select only some examples of Smart Materials for
biomedical applications and to classify them.
Trying to limit the discussion to those materials that are more promising for
biomedical field, we can approach their classification from the point of view of
their chemical nature, even if in some cases the source of the smart behavior could
lie in the micro- or nanostructure of the materials, rather than being intrinsically
ascribed to the material itself [19].
A first subdivision can be made between organic (mostly polymers) and
inorganic materials.
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Smart polymers [11, 14-15, 20-24], with their almost infinite capability to be
modified for the precise “tuning” of desired properties and with their generally
easier and cheaper processing with respect to more traditional materials, are well
suited as candidates for the development of smart microstructured devices.
With respect to their inorganic counterpart (metals, alloys, ceramics, crystals)
polymers indeed permit a wider freedom in setting and modifying synthetic
procedures and to introduce specific functionalities; they could be quite easily
processed together with other organic/inorganic/biological compounds in order to
develop functional blends, hybrid composites and nanocomposites. Micro- and
nanopatterning of polymers, with resolutions down to 100 nm or lower, is
nowadays available with relatively inexpensive techniques such as hot embossing
and imprinting, or also exploiting self-assembling procedures and supramolecular
arrangement of organic molecules. In this way, novel “soft” nanofabrication
processes, very different from more common lithographic techniques, are
exploited for the production of nanostructured organic materials such as
nanostructured polymer gels and polymer brushes that open the way toward novel
concepts, as, e.g., nanoactuation [25]. In addition, post-modification of polymer
surfaces, aiming at including specific functionalities on existing surfaces to, e.g.,
induce change in wettability properties or alter biomolecular functions, is quite
easily achieved by chemical modifications. Moreover, the deposition of thin layers
of polymers is easily prepared with techniques such as spin coating that are faster
and cheaper than those required for deposition of thin layers of inorganic
counterparts, very often performed under high-vacuum conditions or with the use
of special equipments.
Some interesting examples of smart polymers, useful in biomedical
applications, will be reviewed here. Concerning inorganic Smart Materials we will
focus the attention in the two classes of SMA and piezoelectric materials, most
relevant ones for the biomedical field.

1.4.1 Conducting Polymers
Since their original discovery [26-28] Conducting Polymers (CP) gained
considerable attention due to many attractive features: tunability of physical
properties, flexibility, stimuli-responsiveness, etc. [29]. Among the different
classes of inherently conductive polymers that have been explored during the past
two decades, conjugated polymers are the most interesting, also for their already
developed or potential applications in the biomedical field [30]. Jointly with the
first developed CP, polyacetylene (PA), main examples of CPs include cyclic
polyenes that are stable due to their aromaticity, [4], namely polyphenylenes, or
also polyheterocycles, such as PPy, polythiophene (PT), polyaniline (PANI), and
poly(3,4-ethylenedioxythiophene) (PEDOT) that are nowadays the most
commonly employed CPs in biomedical applications. Figure 1.1 depicts their
chemical structure.
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CPs can be prepared by chemical or electrochemical synthesis and their final
properties -including conductivity- strongly depend on synthetic procedures and
processing. In-depth discussion about fundamental properties of CPs, synthetic
strategies, and applications in general can be found elsewhere [31-33].

Fig. 1.1 Chemical structures of common conductive polymers. Reproduced from [31] with
permission by Elsevier.

A drawback of employing conductive polymers is, in general, the lack of
adequate methods to disperse or solubilize them in order to allow their easy
manipulation and micro/nano fabrication in structures through relatively easy,
cheap, and reliable techniques commonly used for other classes of polymers, i.e.,
spin coating, casting, etc. [34]. As regards conjugated polymers, poly-(3,4ethylenedioxythiophene) (PEDOT) is one of the most employed [32, 35-36].
PEDOT is known to possess both ionic and electronic conduction, and it has been
the subject of intensive research in a variety of different fields and proposed
applications, including microelectronics, sensing, actuation, as bio-compatible
material for neural implants, biological scaffolds, optoelectronic applications, etc.
[37]. Key features determining the success of PEDOT as an attractive conductive
polymer material are good conductivity and chemical stability; in addition, a very
important and interesting feature for many applications is the market availability
of PEDOT/PSS, the macromolecular complex of PEDOT with poly(styrenesulfonate) (PSS), as a ready-to-use waterborne dispersion of PEDOT/PSS
gel-particles. Conductive films in which the gel particles merge to form a
continuous film under water evaporation are obtained by spin coating onto
different substrates (Si, Glass, ITO, etc.). PEDOT/PSS has already been proposed
and successfully used as conductive coating (antistatic protective coating), as
conductive layer in multilayer structures (e.g., charge injection in OLED), in the
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development of free-standing conductive nanosheets [38], and as active material
in the development of a number of sensing and actuating devices based on its
stimuli-responsive properties. PEDOT biocompatibility has been proved, and it
has been successfully applied in the development of micro electrodes for neural
interfaces as well as in scaffolds for epithelial cells adhesion and proliferation
controlled by electrochemical modulation of surface properties [39-40].
One important feature related to CPs use in biomedical applications is their
relatively easy surface functionalization and modification of electrical and
mechanical properties. This feature permits to specifically address the interesting
material properties in order to meet the requirements for a specific application.
CPs used in tissue engineering have been modified by incorporating biomolecules
or immobilizing bioactive species on the surface of materials by means of
chemical modifications in order to change interaction with cells or also to modify
electrical impedance. Grafting molecules with proper functional groups on CPs
material surface could, in fact, enhance cell adhesion and proliferation by
covalently binding useful growth factors or matrix agents. Similar results have
also been obtained by making use of physical modifications changing surface
topography and creating porous or fibrillar structures at various scales. Controlled
modification of surface roughness has been demonstrated as a valid tool in
increasing performance of CPs electrodes, e.g., in neural application, where
rougher topography permits an increase in signal conduction by increasing the
interface with neurons [31]. Additionally, electrical and electrochemical properties
of CPs are usually modified by making use of dopant agents associating
counterions with the charged CP backbone. In this way, charge carriers are
introduced into the polymer, changing its electrical properties in a controlled way
from insulator to semiconductor and then to almost metal-like behavior. Dopant
agents are usually introduced during the synthesis (chemical or electrochemical)
or also in post processing; commonly employed dopants include aromatic
sulfonate moieties (such as para-toluenesulfonate, pTS, polystyrene sulfonate,
PSS, and sodium benzenesulfonate, NaBS, or dodecylbenzenesulfonate, DBS). In
the case of the already mentioned PEDOT:PSS, in which PSS is used as a doping
agent with PEDOT, the addition of various polar solvents (secondary dopants) has
been found to greatly increase its electronic conductivity (change of 2 or 3 orders
of magnitude have been reported with 1-5 wt.% concentration of solvent); solvents
such as dimethylsulfoxide, ethylene glycol, dimethylformammide and others have
been tested at this scope and are commonly used in order to provide PEDOT:PSS
with enhanced conductivity [41]. A possible drawback in the use of dopants in
biomedical applications is the possible diffusion of the dopant agent into biofluids
(e.g., culture medium in tissue engineering applications); this could led to adverse
effects on cytocompatibility and also to deterioration of the electrical
characteristics of the CP film itself if dopants agents are released and replaced by
ions present in the culture medium [42].
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Fig. 1.2 Schematic picture of mechanism involved in volume change of conjugated
polymers. a) Positive charges on the polymer backbone compensated by anionic (solvated)
species in the oxidized, doped state of CP. b) Small mobile anions case: contraction caused
by reduction (polymer in reduced, uncharged state) is due to expulsion of anions and
solvent. c) Large immobile anions case: expansion caused by reduction is due to
incorporation of cations and solvent to maintain charge neutrality. Reproduced from [37]
with permission from Wiley-VCH Verlag GmbH & Co. KGaA.

Some characteristics make CPs in general well suited to biomedical applications,
especially regarding actuating devices, such as steerable micro-catheters or other
microsurgical tools [31, 37, 42-44]. CPs show large actuation strain (up to 30%)
both in bending or in linear contraction/expansion geometries, and normally are
operated
in
aqueous
electrolytes
media,
by
exploiting
volume
expansion/contraction by electrochemical activation. Schematic picture of
mechanism involved in volume change of CPs is reported in Figure 1.2. This last
feature, usually representing a limitation for other applications, represents a benefit
in devices operating inside the body, directly in contact with blood, urine, or other
biological fluids. Indeed, other materials usually suffer from damages and
corrosion in these fluids and therefore need to be protected in order to permit
operation in body. Moreover, recent developments making use of ionic liquids
embedded in CPs actuating devices could open the way to dry operation in air [45].
Conducting polymers are electrically addressable using low voltages, and this
permits integration with standard control systems and battery operation.
Performing practical tasks with considerable force exertion is possible due to
mechanical properties: CPs show relatively high Young’s modulus (0.05 – 100
GPa) and tensile strength (1 MPa – 1 GPa), even if creep under stress could
represent a limitation, as in other polymeric materials. Precise maneuverability
and holding in intermediate position are also possible, by holding CPs actuators at
intermediate oxidation states. Power consumption (electrical current) is only
needed when switching between different position enhancing lifetime of battery–
operated devices.
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Currently, main limitations of actuating devices based on CPs are represented
by slow speed (maximum operating frequencies have been shown in the order of 1
Hz) and/or poor efficiency. As regards speed, the slow switching between
oxidized and reduced states is due to the fact that it implies mass transport (water,
ions) inside the material. Even if the need for high speed actuation is typically not
required for most medical devices, the limitation can be partially overcome by
making use of thinner layers or higher driving voltages. Poor efficiency in
converting electrical to mechanical energy is reported for CPs, with typical values
of 1% or less.
Because of the speed limitations imposed by ion diffusion and RC time constants,
as well as the poor efficiency, development of large–scale actuating devices
exploiting CPs is not convenient. This is the reason because most of known
examples of application are usually found in the field of microactuators. One
relevant example of PPy/Au–based microactuators is shown in Figure 1.3 [46-47].
Similar bilayered systems have also been developed by Micromuscle AB
(Sweden) for the development of blood vessels (microanastomosis) connectors
(Figure 1.4) [48].

Fig. 1.3 Left: Overhead views of bilayer PPy/Au microactuators in the form of bending
hinges and schematic side view of the same (hinge area ∼ 30x1000 μm). Reproduced from
[46] with permission from Wiley-VCH Verlag GmbH & Co. KGaA. Right: Microactuated
cell clinic. A) Schematic view of cell clinic in which a 100μm x 100μm microcavity
defined in SU8 thick photoresist can be closed by a lid (green) activated by Au/PPy hinges
(purple/yellow). B) Overhead view of two cell clinics one open and one closed
microfabricated on a glass substrate for being microscope accessible. C) Array of cell
clinics with seeded frog melanophores (X. laevis) and D) Spreading of the same both on the
substrate and in the cell clinics. Reproduced from [47] with permission from AAAS.
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Fig. 1.4 PPy/Au bilayer acting as blood vessel connector in surgery developed by
Micromuscle AB, Sweden [48]. a, b)The bilayer curled into a roll in the reduced state is
inserted into one end of a severed blood vessel. c, d) After pushing the other end in place,
the bilayer expands because of return of PPy to oxidized state and the tube holds the two
severed ends during healing; no applied potential is needed. Reproduced from [37] with
permission from Wiley-VCH Verlag GmbH & Co. KGaA.

Other applications of CPs in biomedical field [42, 49] are related to:
1.

2.

Bioanalytical devices, such as in vivo biosensor applications for continuous
monitoring of drugs or metabolites in biological fluids; in this case, various
immobilization techniques of biomolecules on conducting polymers have
been proposed for the fabrication of biosensing devices [31].
Drug delivery systems making use of changes in CP redox state as a mean
of controlling release of drug. Recently, also nanostructured CPs in the
form of fibers and nanotubes [50] have been proposed for this application;
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3.

Tissue engineering, especially for neural and cardiovascular applications
because of their ability to impart to the cells an electrical stimulation, and
of their redox stability [40]. Moreover, CPs possess many valuable
properties for this kind of applications: biocompatibility, hydrophobicity,
three-dimensional geometry and surface topography for improved surface
area, and interaction.

Fig. 1.5 a–d) SEM images of electrospun poly (L-lactide acid) (PLLA) nanofibers from
lower (a, b) to higher magnification (c, d). The diameter of the nanofibers ranged from 50
to 140nm. e–h) SEM images of PEDOT nanotubes from lower (e, f) to higher
magnification (g,h) on the surface of a single microelectrode site. The internal surface
texture was replicated from the external surface texture of PLLA nanofibers. The wall
thickness of the PEDOT nanotubes varied from 20 to 35 nm, and the nanotube diameter
ranged from 50 to140 nm. Reproduced from [54] with permission by Wiley-VCH Verlag
GmbH & Co. KGaA.

Recent studies focused on assessing the biocompatibility of various CPs
(especially PPy and PEDOT in forms of films, electrospun fibers, and nanotubes).
Many recent examples exist about multifunctional CPs nanostructured electrodes
for neural chronic recording that have also been tested in vivo [51-57]. Some
examples are provided in Figures 1.5 and 1.6. The aim is to develop neural probes
(electrodes and prostheses for stimulation and recording from neural cells) for

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

1 Introduction to Active Smart Materials for Biomedical Applications

11

detection of neuron signals with improved interaction and stabilized electrode/
tissue interface of these materials with neural tissue, respect to traditional ones
(typically made with gold or platinum). Other tissue-engineering–related
developments are reported about surfaces with electrochemically switchable cell
adhesive/repulsive behavior based on PEDOT [58].

Fig. 1.6 PEDOT nanotubes fabrication on neural microelectrodes: a, b) Electrospinning of
biodegradable PLLA template fibers. c) Electrochemical deposition of conducting polymer
(PEDOT). d) Dissolving the electrospun core fibers to create conducting polymer
nanotubes. e, f) Optical microscopy images of the entire microelectrode (e) and single
electrode site (f) Before surface modification. g, h) Optical microscopy images of the entire
microelectrode (g) and single electrode site (h) after electrospinning of PLLA nanofibers.
i,j) Optical microscopy images of the entire microelectrode (i) and single electrode site (j)
after electrochemical deposition of PEDOT and removing the PLLA core fibers.
Reproduced from [54] with permission from Wiley-VCH Verlag GmbH & Co. KGaA.

1.4.2 Responsive Polymer Gels
Polymer gels, with their responsiveness to thermal or chemical stimuli, represent
another interesting class of Smart Materials with wide applications in biomedicine
[59]. A polymer gel can be in general described as a soft, wet, elastic material
where a network of cross-linked polymer chains encloses some fluid. In this
general framework the fluids used to fill the interstitial space of the network
originate different classes of gels: hydrogels, in case of water; organogels, in case
of organic solvents; liogels, in case of oily organic compounds; alcogels, in case
of alcohol; xerogel or aerogel in case of gases. Among these classes, hydrogels are
the most important one concerning biomedical applications. Chemical or physical
gels can be distinguished in which crosslinking of the polymer chains can either
be originated by chemical reactions (covalent bonds) or by physical processes
(hydrogen bonds, van der Waals forces, ionic interactions). The latter processes,
due to the weaker forces involved in physical gelation, are usually reversible.
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Depending on the nature of the polymers used in gel preparation, natural (both
plant or animal origin) or synthetic gels can be prepared.
As regards hydrogels, their most important property is to swell by absorbing
water in their structure up to 3,000 times their own weight without dissolving.
The equilibrium state of a swollen hydrogel with its equilibrium volume can be
influenced by factors such as temperature, pH, and solvent composition [60]: any
change of one of these parameters (but also others, such as ionic strength, visible
light or UV irradiation [61-62], electric fields [63], antigens [64] and sometimes
the combination of more parameters in a truly multifunctional material) induces a
change in volume of the hydrogel and is the origin of their “smart” behavior. In
this way, a conversion of chemical free energy into mechanical work is possible:
polymer gels, and in particular hydrogels, can be easily deformed by such external
physical and chemical stimuli and can execute work. The more “on” and “off”
states of the materials are distinct –very sharp transitions for a small stimulus or
change in environment – the “smarter” is the observed behavior.

Fig. 1.7 a) Chemical structure of PNIPAM. b) Schematic of “smart” polymer response with
temperature involving coil-globule transition around LCST. Reproduced from [20] with
permission from The Royal Society of Chemistry (RSC).

One of the most known examples of temperature-responsive polymer used in
building up smart hydrogels is poly(N-isopropylacrylamide) (PNIPAM) [4, 20].
This polymer shows a peculiar thermal behavior in aqueous media because of a
sharp coil–globule transition of chains arrangement in water around T = 32°C (for
PNIPAM homopolymer), as depicted in Figure 1.7. This behavior is due to inverse
water solubility on heating around Lower Critical Solution Temperature (LCST):
it passes from hydrophilic (soluble in water) to hydrophobic (not soluble). In the
case of copolymers of NIPAM, LCST temperature can be varied and “tuned” in a
relatively wide range depending on requirements for the selected application, by
varying content and nature of other hydrophilic or hydrophobic co-monomers with
different hydrogen-bonding capabilities. Incorporation of PNIPAM in a cross–
linked hydrogel permits to obtain reversible shrinkage/expansion of the gel matrix
above and under LCST, respectively, with the resulting loss/absorption of water
and cosolutes (e.g., drugs, salts, etc.). Figure 1.8 schematically depicts different
architectures of responsive hydrogels.
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Fig. 1.8 Thermo-responsive polymer gels structure. Comparison between conventional
polymer gel (up) and PNIPAM-oligomers grafted gel. Reproduced from [20] with
permission from The Royal Society of Chemistry (RSC).

PNIPAM has been therefore used in many different forms (microparticles gels,
micelles, micro or nano brushes, coating layers, free standing nanosheets, grafting
agent etc.) and proposed in a multitude of applications [65-69].
Relevant efforts are dedicated to the development of micro and nanoscale gels
that could allow to improve the operating rate of devices based on responsive
hydrogels (much more rapid response to external stimuli than in bulk or macro
counterparts) [70-74].
As a general drawback, use of responsive hydrogels in macroscopic systems
has been hindered by slow response times. Rate is limited in bulk or macroscopic
hydrogels because of the fact that the rather slow process of mass transport
through diffusion of water and ions is governing the swelling process of
hydrogels.
Nevertheless, applications of responsive hydrogels to various biomedical uses
have been proposed, such as for actuators, sensors, chemical valves, delivery
controllers, smart scaffolds for tissue engineering, drug loading and release, and
others [10, 18, 59, 75-81]. Many recent developments in nanotechnology are
leading to wider practical utilization of these Smart Materials in various fields of
biomedicine, and in the realization of novel devices. One recent example of
development of a novel device is given by adaptive liquid microlenses activated
by three different stimuli responsive hydrogels (thermo and pH responsive
polymer gels), reported in Figure 1.9 [76].

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

14

F. Greco and V. Mattoli

Fig. 1.9. a,b) Schematic view of smart liquid microlens composed by water–oil interface, in
which variable-focus mechanism is driven by changing the shape of mensiscus through
expansion/contraction of an hydrogel ring. c-f) The shape of the liquid microlens varies
with local environmental temperature. Scale bars, 1.0 mm. Reproduced from [76] with
permission from Nature Publishing Group.

1.4.3 Liquid Crystal Materials
Even if a description of LCs is well beyond the scope of this section, let us first of
all remind to the reader some fundamental aspects related to liquid crystalline
materials that are important for their application as Smart Materials.
The peculiar behavior of liquid crystal materials (LC) is related to the
anisotropy of molecules (mesogens) composing them, and leading to the existence
of partially ordered phases of matter, apart from the conventional crystalline phase
(characterized by symmetry, positional and orientational order) and the isotropic
liquid phase. These moieties, due to their shape anisotropy (most often they are
rod-like or disc-like molecules), usually self-assemble into phases characterized
by orientational order and positional disorder. Such phase structure is responsible
for anisotropic physical behavior that is found, e.g., concerning optical or
dielectric properties. Even if different classes of liquid crystals exist, in which
phase transition is influenced by different factors (e.g., solvents interactions as in
lyotropic LCs), the most important and studied class of these materials, and the
one to which we will refer in the following, is represented by Thermotropic Liquid
Crystals. Thermal processes are responsible for phase transition in Thermotropic
LCs and the most common –and employed- liquid-crystal phase is the nematic,
where the bulk LC system has an orientational order, but lacks positional order.
Schematic drawing illustrating differences between nematic phase in comparison
with crystalline and isotropic (liquid) phase is depicted in Figure 1.10a. Director
n, also showed in Figure 1.10a, is commonly used to indicate the direction along
which the axes of the liquid-crystal molecules are aligned and characterize the
anisotropic behavior of the material. Different alignments of molecules onto
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surface is possible, as depicted in Figure 1.10b; e.g., planar, unidirectional
alignment of mesogens is favored by the presence of tiny grooves on the surface,
while homeotropic arrangement is encountered when a coating is provided with a
surfactant having an aliphatic tail. As already mentioned, shape anisotropy and
anisotropic alignment are reflected in anisotropic physical behavior of LCs.
Dielectric anisotropy is responsible for mesogens alignment in electric fields, as
depicted in Figure 1.10c and that affords for the development of switchable
electro-optic LC devices, as in LCD, filters, etc.

Fig. 1.10 Schematic drawing illustrating fundamentals of LC materials. a) Differences
between crystalline, nematic, and isotropic phases. Nematic phase shows orientational order
(described by director n) but lacks long-range positional order. b) Planar and homeotropic
alignment in a LC film. c) Alignment of LC molecules along the direction of an applied
electric field, due to positive dielectric anisotropy. Reproduced from [82] with permission
from Nature Publishing Group.
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Most notable applications of LCs in the biomedical field are related to the
development of optical and electro-optical devices (spectroscopy, microscopy and
imaging systems). Development of LC–based biosensor devices for improved
optical imaging and diagnostics; development of biomimetic materials and
systems making use of self-assembling properties of LCs [82]. Other promising
applications, mostly related to the development of microactuating devices, could
come in the future from the emerging field of LC elastomers (LCE), showing
thermal or UV-light responsiveness, even if up to date no biomedical applications
have been proposed and demonstrated [83].
Most of the applications existing in the biomedical field make use of the
switchable electro-optic properties of LC materials confined between two solid
transparent substrates for the realization of optical components useful in optical
diagnostics. Usually, indeed, biology and medicine need optical and spectroscopic
investigation of samples. Nowadays LC materials can be employed in order to
achieve rapid optical screening of biological specimens (e.g., biofluids, cells,
tissues), or also enabling new microscopy techniques and setup for probing
biological samples.
Most notable advancements have been achieved in the development of electrooptic devices such as Liquid-Crystal Tunable Filters (LCTFs) and Spatial Light
Modulators (SLMs).
In the case of LCTFs, transmission or reflection of certain selected wavelengths
is achieved in a controlled and tunable way through the application of an electric
field to a filter composed by stacks of thin layers of LC material having
anisotropic optical behavior. Individually addressing each responsive layer and
aligning mesogens in the electric field is responsible for the device operation.
Tunable filters based on LCs have been proposed in various applications in
medicine and biology, such as simple spectrometers working with ultraviolet,
visible, and infrared light [84-86].
LCTF–based spectrometers have been developed, where the electric field
tuning of LC filters based on ferroelectric liquid crystals permits the measurement
of reflectance spectrum. This system has also been integrated in portable, hand–
held equipment for practical use in diagnostics, e.g., to determine hemoglobin
levels in conjunctiva capillaries in humans [87].
Other applications of LCTFs in microscopy and spectroscopy have been
successfully applied with the so-called hyperspectral imaging. This technique
allows to record a spectrum over the complete wavelength range of interest at each
pixel of an optical image, e.g., captured with a common microscope or CCD
camera. In hyperspectral imaging devices, LCTFs are used in combination with a
CCD sensor array and different images of an area of tissue at different
wavelengths are captured, so that it is possible to compare them. This system is
extremely important, for example, to locate tumors or also to map oxygen
saturation, hypoxia and other features in tissues [82, 88-91].
As regards biosensing devices, proposed developments are based on the
exceptional capability of LCs on sensing surface interactions. This property,
jointly to anisotropic optical properties (e.g., birefringent behavior), has permitted
to develop new miniaturized devices and lab-on chip technologies in which LCs
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are placed at an air or aqueous medium interface and can sense the interaction
with biological samples. Examples of biosensors for imaging of enzymatic
processes, protein binding, and peptide immobilization reactions have been
demonstrated [92-94]. Other interesting developments permitting bacteria and
viruses optical diagnostics using LCs have been also proposed [95-96].

1.4.4 Shape Memory Alloys
Shape Memory Alloys (SMAs) represent a really interesting class of inorganic
materials that have found the most effective applications in the biomedical field.
The most peculiar property of SMA is related to their ability to recover a
predefined shape when subjected to defined thermo-mechanical cycles.
SMAs are composed by metal alloys such as Cu/Zn, Cu/Sn, and Ni/Ti,
characterized by a crystal structure showing a temperature-dependent solid–solid
phase transition. The two different solid phases, i.e., austenitic phase (high
temperature) and martensitic phase (low temperature) have different mechanical
properties that are responsible for the peculiar shape memory effect.
Basically, the martensite phase is the stable form at low temperature (below the
so called Mf, the temperature at which the formation of martensite ends)
exhibiting a pseudo-plastic behavior, while the austenite phase is stable at high
temperature (over the so called Af, temperature at which the formation of austenite
ends) exhibiting a super-elastic behavior [97]. The shape memory effect is then
induced by the transition between these two phases.
In particular, the one-way shape memory effect is the most exploited in
common applications. In this case the shape of the material is defined forming the
specimen in the austenitic phase (high temperature); then the specimen is cooled
below the Mf temperature (usually environmental temperature) inducing the
complete transition into martensitic phase and finally it is plastically deformed
(thanks to the pseudo-plastic behavior). At this point, by heating the specimen
above the Af temperature, a martensite to austenite transition is obtained and the
initial shape is completely recovered (thanks to the super-elastic behavior), thus
exploiting the shape memory effect (Figure 1.11a). Other effects can be also
exploited with more complex thermomechanical cycles (e.g., two-way shape
memory effect, and superthermoelastic effects) [97].
The SMA most commonly used in the biomedical field is the so–called Nitinol
(a 50% Ni / 50% Ti alloy). Nitinol, discovered in 1962, became attractive because
of its very good mechanical properties and biocompatibility.
From a mechanical point of view, Nitinol can be easily deformed, reaching
large thermally recoverable strains (up to 8% in martensitic phase); it exhibits a
superelastic behavior in austenitic phase with a flexibility 10–20 times greater
than stainless steel. Due to the super-elastic properties, the Nitinol stress-strain
curve (Figure 1.11b) presents a characteristic hysteresis behavior associated with a
plateau that guarantees a constant loading/unloading force over a large
displacement range.
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a)

b)

Fig. 1.11 a) One–way shape memory effect: (1) formation of specimen in austenitic phase;
(2) transition in martensitic phase by cooling; (3) plastic deformation by stress (4) recovery
of original shape by heating (Reproduced from [97] with permission from Springer).
b) Stress–strain curves of Nitinol in comparison with several natural biological materials.
Reproduced from [98] with permission from Elsevier.

These mechanical properties, also associated with an excellent fatigue
resistance at high strains, make this material very suitable for the use in minimally
invasive surgery, i.e., as guide wire for catheters into arteries and veins or for
minimally invasive biopsy procedures.

a)

b)

Fig. 1.12 a) The intra-aortic balloon pump (IABP); b) Nitinol–based biopsy forceps.
(Reproduced from [98] with permission from Elsevier)

As a matter of fact, angiographic procedures require catheters able to pass
through tortuous paths, with low and controlled bending force, avoiding
permanent deformations and kinking. Example of such kind of device is the intraaortic balloon pump (IABP) shown in Figure 1.12a [98]. Biopsy forceps made by
a 1.5 mm Nitinol tube with a Nitinol actuator wire inside (Figure 1.12b) [98] are
also another interesting tool that take advantage from the superelastic properties of
this material.
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The shape memory effect is also largely used in biomedical applications. It
mainly relays with the deployment of devices inside the body. By using Nitinol
with an Af temperature just above room temperature, it is possible to develop
devices able to self–expand once inserted inside the body. This is the case of the
Simon vena cava filter (Figure 1.13a) that is placed in the vena cava in folded
form and that expands in contact with the blood, thus forming a sort of filter for
large embolized clots [99]. Another really important example of self-expandable
devices is given by Nitinol stents [98], used to scaffold or brace tubular lumen
such as blood vessels including coronary, carotid, aorta, and femoral arteries
(Figure 1.13b).

a)

b)

Fig. 1.13 a) The Simon filter; b) An example of stent inserted into the internal carotid
artery. (Reproduced from [98] with permission from Elsevier)

Due to the mechanical properties (comparable with biological materials, see
stress-strain curves in Figure 1.11b), Nitinol is also largely used in several
orthopedic devices such as hip implant, bone spacer, bone staples for healing
processes, and skull plates.
Biocompatibility is the fundamental characteristic of Nitinol that makes
possible all the presented biomedical applications. Even if Nitinol contains a large
percentage of nickel (that is well known to be toxic for the organism in ionized
form), nevertheless the alloy formed with Titanium is completely harmless. This is
mainly due to the formation of a thin layer of titanium-oxide (TiO2) having a
twofold effect: by one side it increases the stability of the surface, protecting the
bulk from the corrosion; by the other side it creates a physical and chemical
barrier to nickel oxidation [100].
Finally, the Nitinol shows another important characteristic useful in biomedical
applications: it is non-ferromagnetic with relatively low magnetic susceptibility,
thus resulting compatible with Magnetic Resonance Imaging (MRI) [98, 101].
This is important both for Nitinol implant applications and for using Nitinol-based
devices in open MRI surgery, a procedure that is becoming more and more
diffuse.
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1.4.5 Piezoelectric Materials
Piezoelectric materials, with their ability to generate electrical charges when
subjected to a mechanical pressure, are the materials of choice for all the
applications in which electro-mechanical transduction is needed, and represent one
of the most valuable class of materials in biomedical applications [8, 102].
Piezoelectric crystals are exploited either in direct piezoelectric effect - a
mechanical stress applied to the crystal causes charge generation in the materialor in the converse piezoelectric effect -electric field applied to the material
generates a strain-. Piezoelectricity basically depends on crystal lattice structure,
and lack of a center of symmetry in the unit crystal cell is the necessary
requirement for a material to show piezoelectricity in any form (pyroelectricity
and ferroelectricity). Piezo materials and some subgroups are schematically
classified in Figure 1.14 on the basis of symmetry classes [7]. More details on the
origin and the definition of piezoelectricity, as well as a more comprehensive
review of piezoelectric materials will be given in other chapters of this book.

Fig, 1.14. Classes of piezoelectric materials and their subgroups classified on the basis of
symmetry. Numbers define the number of symmetry groups for each class. Figure has been
modified by a similar scheme in [7].
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Most important classes of piezoelectric materials are represented by ceramic
perovskite materials [7], such as BaTiO3, lead titanate (PT), lead zirconate titanate
ceramics (PZT), lead lanthanum zirconate titanate (PLZT), and lead magnesium
niobate (PMN), as reported in Figure 1.14. Nanostructured PZT in the form of
nanowires and straight or buckled nanoribbons have been recently developed and
their application in energy harvesting devices (also for biomedical use) have been
proposed [103-104]. Transfer of these nanostructures on stretchable and flexible
silicone rubber substrates has been demonstrated and could open the way to novel
applications that were previously limited by the intrinsic stiffness and fragility of
PZT materials [105].
A special attention must be devoted to ZnO, as one of the most emerging
material in nanoscience and nanotechnology [106]. ZnO, a semiconducting and
piezoelectric oxide with wurtzite crystal structure, has been obtained in an
impressive number of different nanostructures: nanowires, nanobelts, flower-like
structures, nanocombs, nanorings, nanohelixes/nanosprings, nanobows, and
nanocages [106]. Figure 1.15 depicts some SEM pictures of different ZnO
nanostructures.

Fig. 1.15 A collection of different nanostructures of ZnO synthesized under controlled
conditions by thermal evaporation of solid powders. Reproduced from [106] with
permission from Elsevier.
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Usually these nanostructures, as those of other semiconducting oxides, are
obtained by evaporating metal oxide powders at high temperatures: by adjusting
parameters of evaporation and growth, it is possible to select the desired
nanostructured shape. ZnO nanostructures have been proposed in an impressive
number of applications. Key features for the success of this material are related to
its semiconducting properties combined to piezoelectricity. Moreover, many
biomedical applications have been proposed and demonstrated because of
promising ZnO biocompatibility. It can be used for biomedical applications
without coating. More details on nanostructured ZnO materials will be given in
the following of this book.
Many biomedical applications of piezoelectric materials have been proposed
making use of piezoelectric polymers (PVDF) or composite materials, in which
piezoelectric particles are embedded in host polymer or ceramic matrices, such as
in the case of barium titanate in the development of smart scaffold for tissue
engineering [107-109].
Recent interesting achievements have also been obtained by making use of
piezoelectric Boron Nitride Nanotubes (BNNTs), the excellent piezoelectric
response of which is comparable to those exhibited by wurtzite semiconductors
[110-111]. BNNTs have been recently employed as nanotransducers for PC12
neuronal-like cells stimulation by making use of direct piezoelectric effect,
causing enhanced neurite outgrowth [112].
As already cited, energy harvesting is one of the more interesting applications of
piezoelectric materials, both for nanostructured and bulk materials; the development
of wearable or implantable energy harvesting devices capable of generating
electrical power from vibrations related to body movement or biofluid fluxes are
obviously very important for powering biomedical devices [104, 113-114].
Recent developments in nanostructured piezoelectric materials as concerns
their preparation (in a multitude of compositions, shapes, processing techniques,
and substrates), understanding of their properties (either by modeling or
characterization techniques), and applications in biomedicine will be fully
reviewed in the following chapters of this book.
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Abstract. Due to their exceptional properties, the PZT–type materials have become
the most important piezoelectric materials, having an extremely large area of applications in many fields. Their high conversion factors of 60–70 % makes them the
most remarkable materials for ultrasound transducers. There are numerous methods
to prepare such materials. Two physical methods are the most usual: the conventional mixed route in which the stoichiometric amounts of oxides are mixed together, followed by calcination to accomplish the solid–state reaction and the
mechanochemical synthesis, where the chemical reaction takes place during milling, being activated by the mechanical energy of collisions. No calcination is necessary in this case. The resulted powders are more homogenous both structurally
and chemically. Other relevant methods are: coprecipitation, hydrothermal and solgel routes. Here the reactions take place in solution, at molecular level, thus producing materials with a high degree of homogeneity. The precipitate product or the
gel resulted is subjected to a calcination process at low temperatures and the powders are very homogenous and in the nanometric range (10–200 nm).

2.1 Introduction
Piezoelectricity is the name given to a very interesting phenomenon which simply
consists in the generation of electricity as a result of a mechanical pressure applied
to a solid. The meaning of the prefix word “piezo” derives from the Greek word
“piezein” which means “to press”, so, literally, piezoelectricity means “pressure
electricity”. A more sophisticated definition of piezoelectricity was given by Cady
[1] as being an electric polarization produced by mechanical strain in some crystals belonging to certain classes of materials. The phenomenon of piezoelectricity,
which is a special property, characteristic only to a group of materials, was
discovered by the Curie brothers Jacques and Pierre in 1880, during their investigation on the effect of pressure on the generation of electrical charge by some natural crystals such as quartz or tourmaline.
Historically, the discovery of ferroelectricity goes far back to the middle of the
seventeenth century when Elie Seignette in La Rochelle, France, prepared, for
the first time, the substance sodium-potassium tartrate tetrahydrate, known as
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Rochelle salt, for medicinal purposes. But since then, more than two centuries
have passed until the real–stress polar properties of this salt to be indeed discovered by Valasek [2]. As concerns the historical aspects of ferroelectricity, there
have been published a number of excellent papers during the last twenty years
[3-6] covering many interesting details, very useful for dedicated readers. The
birth of piezoelectric ceramics is connected with the researches on barium titanate
during the World War II in US and after the War in England, Soviet Union and
Japan. The ferroelectric nature of barium titanate ceramics was revealed by the
Gray’s discovery of the “poling” process [7] consisting in the orientation of the
ferroelectric domains within the grains under the influence of an external electric
field. In this way an “inert” ceramic body can be turned into an electromechanically “active” material with numerous applications, so that the understanding of the
piezoelectricity in ceramics was not a simple and straightforward process but a rather longer one, where three important steps may be clearly distinguished [8]. The
first one was the discovery of the high dielectric constant of barium titanate.
The second one was the realization that this high constant is due to ferroelectricity.
The third and may be the most significant one was the discovery of the poling
process by which the electric moments of spontaneously polarized regions in ceramics can be reversed and aligned along a given direction by the application of a
sufficiently high external electric field.
Any solid body has a definite chemical composition being made up from different ions constrained to occupy certain positions which repeats in space, thus
building up a specific structure called the lattice of the crystal. The smallest repeating unit bears the name of unit cell and the symmetry of this unit cell determines the possibility for piezoelectricity to exist in that crystal. This cell with its
particular size, shape and symmetry is repeated over and over in three dimensions,
resulting in an orderly stacking of cell, which is a crystal with translational invariance. The shapes of the unit cells fall into seven systems [9]: triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal and cubic. All crystals can be
divided into 32 classes or point groups. Twenty–one of these 32 point groups are
noncentrosymetric (the basic condition for piezoelectricity) and 20 are piezoelectric. The lack of a center of symmetry is extremely important for piezoelectricity
to exist.
The piezoelectric effect in piezoelectric crystals manifests itself in two ways:
(1) The direct effect, when electrical charge is generated as a result of a mechanical stress applied to the crystal and (2) the converse effect, when a strain is generated as a result of an electrical field applied to the crystals. Theoretically these two
effects are described by two basic equations which relate the elastic variables,
stress (T) and strain (S), to the electric variables, field (E) and displacement (D)
[8]. Dielectric displacement represents the electric flux density per unit area, having the properties of a vector, while strain and stress are tensors. The two equations of state are written as follows:
D = dT + εTE
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(1.2)

The first equation describes the direct effect and the second one the converse effect. Here d is a piezoelectric coefficient known generally as charge constant and
is expressed as 10-2 C/N for direct effect and 10-2 m/V for converse effect, s is the
elastic compliance and ε the dielectric constant (permittivity).
Elastic, dielectric and piezoelectric properties are orientation dependent so that
the two basic equations are replaced by a specific set of equations, which are
not significant for this presentation but the interested readers are referred to the
well–documented sources [8 ch. 2] and [9].
The performance of any piezoelectric material can be quickly evaluated by determining some of the most important piezoelectric parameters such as: the electromechanical coupling factors k; the charge constants d; the voltage constants g;
and the mechanical quality factor Qm. Some dielectric parameters such as, dielectric constant ε and dielectric loss tanδ are also of importance in characterizing a
material for specific applications. More important than the piezoelectric constants,
taken by themselves, are electromechanical coupling factors, which represent the
efficacy of piezoelectric transduction. For any type of transducers a high k is
required and efforts are made to create new piezoelectric materials with high
coupling factors. Since they are a dimensionless measure of energy conversion
(mechanical into electrical and viceversa) they are always less than one, varying
from about 0.10 for quartz to 0.60 – 0.70 for PZT–type materials and nearly 0.90
for Rochelle salt at its 24 oC Curie point.
Based on the unit cell structure there are three main groups of piezoelectric
materials [8]:
1.

2.
3.

The perovskite group with the formula ABO3 with the structure as a simple cub unit cell with large cations A on the corners, a smaller cation B in
the body center and oxygens O in the center of the faces. The structure may
also be seen as a network of corner–linked oxygen octahedra with the cations B filling the octahedral holes and cations A filling the dodecahedral
holes.
The tungsten bronze group with generic formula AB2O6 whose structure
is typified by oxygen octahedra linked together at their corners;
Bismuth layer-structure group with structure consisting of layers of perovskite type, infinite in two dimensions and separated by Bi2O22+ layers.
The generic formula can be taken as Bi2Ax-1BxO3x+3, where x is the number
of units in the perovskite layer.

Of these, the perovskite group is by far the most important class of piezoelectric
materials, having the highest piezoelectric constants and an immense number of
applications. In the perovskite families the PZT–type ceramics play the leading
role and represent the bulk of the ferroelectric ceramics manufactured in the world
today. They will be the subject of this chapter.
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The perovskite cell structure is in fact a cube with centered faces and body having the large cations A on the cube corners, the smaller cations in the body center
and oxygen anions in the center of the faces as shown in Figure 2.1. The smaller
cation fills the octahedral holes and the larger cation the dodecahedral holes.
There is a great variety of cations that can be substituted in the perovskite structure because the tolerance factor allows rather larger variations around 1 (1 is the
Figure for the ideal cubic perovskite structure), though the lattice become slightly
distorted. The A positions can tolerate vacancies (sometimes benefic) while B position does not.*)

Fig. 2.1 Structure of a perovskite with chemical formula ABO3. The green spheres are the
large metallic cations A (such as Pb2+), the red spheres are O2- anions and the blue spheres
are the smaler metallic cations B (such as Ti4+ or Zr4+)

PZT–type ceramics are solid solutions of lead zirconate and lead titanate. They
were first synthesized and systematically investigated by Jaffe, Roth and Marzullo, at the National Bureau of Standards Laboratories at the beginning of the 1950s
and the results of their studies published in 1954 [10]. Since then, intensive work
has been done on these materials and one can say that even today the rhythm of
researches in this field did not lower. An exhaustive search of the world literature
*)

At least there is no evidence so far of vacancies for B position.
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on this subject can be found in the “Guide to the literature of piezoelectricity and
pyroelectricity” by Sidney Lang, published systematically in “Ferroelectrics”, during the last years. More complete information can be found, for example, in the
Guide no. 25 from 2006 [11].
PZT ceramics are generally used with one or more dopants in order to improve
and optimize their properties for specific applications. The additions used can be
classified as: (a) donors, when they have a higher valence than the replaced ions
and (b) acceptors, having lower valence than the replaced ions and (c) isovalent,
having the same valence with the replaced ions. [6, 8, 12]. Each category of additives induce specific properties of ceramics and from this point of view two
classes of ceramics can be clearly distinguished:
1. Soft piezoelectric ceramics resulting from donor dopants;
2. Hard piezoelectric ceramics produced by acceptor dopants.
The specific properties as well as the fields of application for each category of ceramics are well described in ref [8], [12] and [13].
One interesting aspect regarding the PZT ceramics, which results from the
phase diagram of solid solutions, is the existence of a narrow compositional zone,
situated approximately at the middle between PbZrO3 and PbTiO3, named morphotropic phase boundary (MPB) within two structural phases, rhombohedral (R)
and tetragonal (T), coexist. Almost all compositions within this zone show extremely strong piezoelectric effect. The most known form of the phase diagram is
shown in Figure 2.2, where one can see that the MPB is almost independent on
temperature (morphotropic). The compositions rich in PT are tetragonal and those
rich in PZ are rhombohedral.
The strong piezoelectric effect within the MPB is explained by the increased
ease dipoles reorientation during poling because the existence of both phases R
and T increases the number of easy axis. Isupov pointed out recently [14] that the
extremal properties at MPB are due to three causes:
• First: The composition dependence of intrinsic properties (inherent to the
single-phase single-domain substances).
• Second: The domain wall movement when the non–180o domain walls contribute considerably to the piezoelectric effect, while all domain walls
contribute to the dielectric permittivity.
• Third: The coexistence of the T and R phases at MPB and the possibility of
phase transitions between them.
Anyhow, during the latest years many studies have been devoted to this subject
[15-20]. The main conclusion of these studies is that within the MPB, where the R
and T phases coexist, there is an intermediate monoclinic phase with space group
Cm(Cs3) acting as a bridging phase between the rombohedral and tetragonal phases. It is claimed that across the whole R range there is a mixture of rhombohedral
R3C and monoclinic Cm phases with the proportion of monoclinic phase increasing
continuously with increasing titanium content toward the MPB [20].
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Fig. 2.2 The morphotropic phase boundary (MPB) of PZT system

As concerns the right position of MPB along the compositional range between
PZ and PT, it depends on the composition and the nature and amount of dopants
and it can vary within a rather large range of Zr/Ti ratio from 0.40/0.60 to
0.60/0.40 [8-22]. For a certain composition the Zr/Ti ratio has a well–defined value, where the piezoelectric parameters are maximal. This fact makes the PZT–type
materials the most used electroceramic material in almost all fields of human activity. These materials can be easily adapted to an extremely large category of
reliable devices. Their simplicity, compact size, low cost and high reliability together with the highest yield of energy conversion make them extremely attractive
to the design engineers.
Since all piezoelectric ceramics provide a coupling between electrical and mechanical forces they can serve as transducers between electrical and mechanical
energy so that in the overwhelming majority of application field they are used in a
great variety of transducers. Both the continuous succession of new materials and
technology developments have led to a significant number of industrial and commercial applications such as ultrasonic transducers, sonars, communication, security, surveillance devices, medical diagnostic and therapy transducers, ecography,
ultrasonic motors, fine displacement devices, micromotors, robotics, automobile
and space industries and many others. There are several excellent hand books and
papers, older and newer dealing with this typically and the interested reader is referred to them for many useful details [6, 8, 13, 23-34].

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

2 Preparation of Piezoelectric Nanoparticles

35

2.2 Preparation Methods
There are two main categories of methods used to prepare powders from which
the piezoelectric ceramics are made of. These are physical methods and chemical
methods.
The physical methods include two main technologies. One is the mixed oxide
technique or, as it is usually know, the conventional ceramic technique and the
other one is mechanosynthesis, also know as mechanochemical synthesis. Within
the chemical category three methods can be clearly distinguished: coprecipitation,
sol–gel technique and hydrothermal synthesis. There are still some other methods
such as thermal spray decomposition, spray pyrolysis, autocombustion, plasma
chemical synthesis and some other, but they do not play an important role in fabrication process of piezoelectric powders.

2.2.1 The Mixed Oxide Technology
The most common and easy way to obtain a fine powder for piezoelectric ceramics is the mixed oxide technique known also as the conventional ceramic technique [35-37]. This technique is the oldest one and its origins go far back in to
ancient civilizations [38-40]. It is simple and versatile, low cost and can be successfully applied to almost all kinds of combination of oxides. It consists of several main steps and the flow sheet presented in Figure 2.3 illustrates these steps.
Establishing the chemical composition and calculate the
stoichiometry
Mixing the stoichiometic raw materials in a milling device,
Usually a planetary ball mill
Drying the mixed composition in an oven at temperatures slightly
above 100 oC
Calcining the dried mixed product at temperatures, not exceeding
1000 oC
Manually or mechanically breaking up of the calcined product
Wet milling the smashed powder in a planetary ball mill
for several hours
Drying the milled powder
Fig. 2.3 The main steps of the mixed oxides technology
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Mixing the raw materials is an important step in the process since the homogeneity degree of the mixture depends to a great extent on it because the amounts
of each raw oxides are extremely different (varying from fraction of percent to
tens of it). The mixing is generally made in a ball mill using a liquid medium such
as distilled water or an organic substance such as alcohol, acetone, trichloroethylene) which do not react with no one of the raw materials.
Calcining is also important because care must be taken for a proper choice of
time-temperature parameters so as to make sure that the solid state reaction between the oxides took place and the new compound was formed. The optimum
time and temperature are generally found experimentally for each composition.
Milling of the calcined powder is a critical step in obtaining the fine powder
required for a good ceramic. Too little milling does not produce the necessary
morphologic homogeneity of the powder while an over milling may increase the
likelihood of contamination with undesired atoms from jars and balls. To overcome this latter inconvenience the common practice is to use plastic–lined jars
with high density media such as alumina or zirconia balls. Depending of the
powder composition and its characteristics as well as the mill type used, the milling time may vary from several minutes to tens of hours. The particle size of
the powders obtained by this technology is within the micron range or just a little
under it.

2.2.2 Mechanochemical Synthesis Technique
A new advanced technique used to prepare nanosized powders of complex oxides
is mechanochemical synthesis. Experimentally, mechanochemistry is linked to the
name of Carey Lea who, according to Boldirev and Tkacova [41], produced the
first written document of mechanochemical reaction at the end of nineteenth
century [42, 43].
Since then many experiments and theoretical approaches have been made, in
order to understand the physical and chemical phenomena that are taking place in
such a process [41, 44-54].
Mechanochemical activation proved to be a simple and useful processing
technique and one of the most effective methods for obtaining highly disperse
system due to mechanical action in solids, during milling process. The chemical
reactivity of raw materials is significantly improved after mechanical activation.
The simplicity of this method is obvious from the simple flow chart illustrated in
Figure 2.4, where it can be easily observed that it consists of two steps only.
Establishing the chemical composition of material and calculate its
stoichiometry
↓
Mixing the raw materials, usually in a high energy planetary ball mill, for a
longer time, during which the reaction between the components took place
entirely and the new compound is formed
Fig. 2.4 The main steps of the mechanochemical synthesis
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As it can be seen, the whole process of mechanochemical activation consists in
milling the raw materials for a long time, during which the chemical reaction took
place by changing the reactivity of milled particles whose surface areas increased
by the reduction of their size. The reaction at the interfaces takes place in micro or
nanoseconds due to mechanical shocks and collisions and to the high local temperatures created by these shocks. The diffusion rates are highly enhanced by the
formation of a high defects density and by the introduction of excess energy into
the crystal lattice of the reactants during intense milling. The relaxation of strain
field occurred during milling, results in the rupture of chemical bonds so that one
may distinguish four processes:
1 accumulation of defects;
2 amorphyzation;
3 formations of metastable forms;
4 chemical reactions.
All these processes are known today as mechanical activation.
The technique of mechanical activation proved to be appropriate for the synthesis of a great number of materials from binary to multicomponent substances. During the last years it was successfully applied to a great number of complex oxides
in order to obtain highly homogeneous nanostructured powders [45, 46, 48, 5567]. Among these, the Pb–containing materials such as PZT type proved to
provide excellent results concerning the homogeneity and nanostructure when
synthesized by mechanical activation. In order to achieve these, a proper choice of
milling parameters is vital. These parameters can be considered as follows: the
jars and balls materials, the ball-to-powder weight ratio, the milling media, the basic disc rotation speed, rotation speed of planet discs with jars and finally the milling time. All these parameters vary within some limits depending on materials
subjected to mechanical activation. Thus the jars and balls can be made of stainless steel, hardened steel, tungsten carbide, agate, zirconia or alumina. The ball-topowder ratios may vary from 5–10/1 up to 60–80/1, depending on the number of
balls (one or several) and on their diameter. The milling media can be either air or
an inert atmosphere and then the activation takes place in dry condition or it can
be liquid, such as distilled or ionized water, alcohol, acetone or trichloroethylene.
The dry milling is generally preferred because liquids may contaminate the composition of materials. The rotation speed of the basic disc may have values between 200 and 700 rot/min with planet jars rotating of 1/-2 to 1/-3 meaning that
they rotate two to three times faster than the main platform but in opposite
direction.
As concerns the milling time it can vary from several hours up to tens or even
one hundred hours depending, obviously, on the nature of materials and mostly of
the milling parameters chosen and the performance of the mills used for the reaction. Each mill can provide different amounts of energy that can be transferred to
powder during milling. A too high milling time does not change the composition of
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the new phase formed by mechanical activation but results in broadening the peaks
of the perovskite phase when investigated by X-ray. An example of such an effect
is given in Figure 2.5, illustrating the PZT phase evolution monitored by X-ray
analysis for a powder mixture of PbO, ZrO2 and TiO2 milled for various times [59].

Fig. 2.5 X-ray diffractograms of PZT powders mixtures milled for various times (n-non–
stoichiometric compounds of Zr and Ti, z-ZrO2, t-TiO2, l-PbO, P-perovskite). Reproduced
from Brankovic et al. [59] with permission by Publisher.

The powder morphology for different milling times obtained on the powders
mentioned above is illustrated in the SEM images from Figure 2.6.
The mean crystallite sizes, calculated from HR-TEM photographs indicated a
nanocrystalline range from 7 to 50 nm.
Good results were obtained by Wang et al. [45] in the case of more complex
oxides of PMN-PZN-PT and PZT types using a shaker mill with only one ball of
stainless steel operating at 900 rpm.
The reaction of raw oxides was completed after 20 hours of milling and the
new perovskite nanopowder with average crystallite sizes of about 15 nm was
formed.
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(a)

(b)

(c)

(d)

Fig. 2.6 SEM of the PZT powder mixtures milled for various times: (a) 5 min, (b) 30 min,
(c) 60 min and (d) 480 min. Reproduced from Wang et al. [45] with permission by Publisher.

In the case of simple PZT composition the perovskite phase with crystallite size
of about 20 nm was formed after a milling time of 35 hours. The powder morphology is shown in Figure 2.7.
Miclea and colab. [68-70] prepared high quality nanopowders of complex
oxides. Among them a PZT–based composition doped with La, Fe, Nb and Li
produced very fine perovskite powders. The oxides were mechanically activated
in a high energy planetary ball mill for up to 80 hours. The reaction was triggered
after 20 hours of milling and it was completely accomplished. The morphostructure of the nanopowder is shown in Figure 2.8. The crystallite sizes, on average,
are around 65 nm.
It is interesting to note here an intimate mechanism of the mechanical activation process as observed by Wang et al. [45].
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Fig. 2.7 SEM micrograph showing the PZT powder derived from 35 hours of mechanical
activation of the coprecipitated precursor. Reproduced from Wang et al. [45] with permission by Publisher

Fig. 2.8 Micrographs of the PZT complex powders prepared by mechanochemical activated
process for 80 hours. Reproduced from Miclea et al. [68] with permission by Publisher.
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In the first stage of milling, the raw oxides are combined and the average crystallite size is drastically decreasing to about 10 nm. Due to this the amorphization
degree and the chemical reactivity are extremely high, so that by further milling
the occurrence and growth of perovskite phase is highly activated and the crystallite size of the new phase increases to tens of nanometers and the phase remains
stable as a consequence of the equilibrium between the activation-driven build up
and destruction which involves the entire masses of the perovskite nuclei [45, 71].
The further growth of the perovskite grains proceeds as a result of the constant
collisions and rearrangement of the already formed nuclei.
One may thus conclude that mechanochemical activation process is a new and
advanced tool for preparation of high quality nanopowders of complex oxides,
very homogeneous and highly reactive.

2.2.3 Chemical Coprecipitation
Nanometer–sized PZT powders can be successfully prepared by chemical coprecipitation processes [72-77]. Such a process involves liquid inorganic or organometallic
precursors, which are mixed together at molecular/atomic level, thus providing a
high degree of homogeneity, followed by coprecipitation of the new product. A
schematic flowsheet of the coprecipitation process is illustrated in Figure 2.9.

Raw materials as solutions of nitrates, chlorides, azotates etc.
↓
Mixing
↓
Coprecipitation by adding hydroxides or acids or hydrogen peroxide
↓
Blending
↓
Drying
↓
Calcining at temperatures around 500 oC
Fig. 2.9 The main steps of the chemical coprecipitation route

The particle size of the precipitate are very fine, of the order of 30 to 100 nm,
very reactive, so that the calcination takes place at relatively lower temperatures.
The final milling of the calcined product is very important in obtaining a homogeneous powder. Usually the milling is done on plastic-lined jars using high density
media (alumina or zirconia) balls and a non–polar, non–flammable milling liquid
such as trichloroethylene or freon, but distilled water is also used from a cost
standpoint. Slightly different routes can also be used to chemically prepare nanopowders. Bose and Banerjee [75] prepared mesoporous powders from aqueous solutions of Pb, Zr and Ti using sucrose as template materials. They started from lead
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nitrate, Pb(NO3)2, zirconil nitrate hydrate, Zr(NO3)2⋅xH2O, aqueous solution and
TiO2 dissolved in hydrofluoric acid. The coprecipitation was completely accomplished by adding NH4OH to the mixed solutions and the nanopowder was obtained
by adding sucrose (C12H22O11) solution to the PZT precursor solution. Water was
removed by heating the product at 200 oC until a gel was formed and this gel was
kept in an oven at 120 oC for 12 hours until a black voluminous fluffy mass was
formed. This black mass was then ground, heated at about 400 oC to remove the
carbon and then calcined at 600 oC, where the perovskite phase was formed. Average particle size was between 50 and 60 nm as can be seen in Figure 2.10.

Fig. 2.10 (a) XRD patterns showing the perovskite phase formation in the powders heattreated on a hot plate at 450°C and calcined at 600°C. (b) TEM micrograph of the synthesized PZT powder with a PZT:sucrose ratio of 1:40, heat-treated on a hot plate for 20 min,
followed by calcination at 500°C for 15 min. Average particle size is between 50 and 60
nm. Reproduced from Bose and Banerjee [75] with permission by Publisher.

Milling coprecipitation method can also be considered as another variant of the
chemical and conventional process [77]. It consists in preparing a slurry of TiO2
nanoparticles with aqueous solution of ZrO(NO3)2 and Pb(NO3)2 with zirconia ball
mill media, followed by precipitation with NH4(OH) as precipitant during milling.
After drying the precipitate is calcined at 500 oC and pure perovskite phase with
average crystallite size around 50 nm is formed.
PZT nanopowders can also be obtained by a thermal two-stage process [74]
starting in the first stage with a solution of metal-organic compounds which is
spray dried at 150 oC and then in the second stage is transformed into the oxide ceramic powder by heat treatment in a fluidized bed. High quality PZT, and PLZT
were thus obtained.

2.2.4 Hydrothermal Synthesis
Hydrothermal synthesis was identified as an important technology for material
processing in the last century especially for crystal growth [78] but only during the
recent years the interest in this technique has been revived, due to the large variety
of materials that can be successfully prepared by this route [79].
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The technique in question is a process that utilizes single or heterogeneous phase
reaction in aqueous solutions, at rather low temperatures (under 350 oC) and high
pressures (up to about 50 MPa) in order to crystallize ceramic powders directly from
solution. This technique offers many advantages over conventional or nonconventional methods such as large number of materials, the different shapes of nanoparticles, low cost energy consuming, precise control of powder morphology and purity
and so on. The processing by this technique can take place in a wide variety of
aqueous and solvent mixture systems thus allowing for an accelerated diffusion, adsorption, reaction rate and crystallization. There is a great variety of ceramic powders that can be hydrothermally processed such as simple or complex oxides among
which lead titanate zirconate, titanates and niobates are now routinely prepared.
Hydrothermal synthesis became one of the important tools for advanced
processing of nanomaterials. Essentially the hydrothermal processing consists in
mixing the precursors solutions with some mineralizers for precipitating, in a hermetically closed autoclave (or bomb) at a reasonable temperature and pressure up
to several tens of hours. The bomb capacity is rather small, of several hundreds of
milliliters, for laboratory purposes, but larger bombs can be used as well. Due to
low temperature processing, the bombs are teflon lined in order to avoid contamination with impurities. A simple flowsheet of the process is illustrated in
Figure 2.11.

Temperature and
pressure control of
reaction

Precursor solutions and mineralizers
↓
Mixing in autoclave
↓
Coprecipitation after mixing
↓
Hydrothermal
reaction

Time and pH
control

↓
Filtering and washing the precipitate
↓
Drying
Fig. 2.11 The main steps of the hydrothermal synthesis

Usually the raw materials used as precursors are: lead nitrate, Pb(NO3)2, zirconil oxychloride hydrate, ZrOCl2⋅8H2O or simply zirconium chloride ZrCl4 and titanium dioxide TiO2 or chloride TiCl4 and sodium or potassium hydroxides
(NaOH, KOH) as mineralizers.
Due to its versatility the hydrothermal synthesis was successfully used to prepare high quality PZT–based nanopowders [80-87] as well as lead–free piezoelectric materials [88-97].
High quality PZT nanopowder was obtained by Deng et al [83], at 160 oC after 4
hours in a teflon–lined autoclave of 100 ml capacity as can be seen from Figure 2.12.
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Fig. 2.12 TEM micrographs of as-prepared PZT obtained at 160 oC for 4 hours. Reproduced from Deng et al. [83] with permission by Publisher.

The grains are very homogeneous and nearly spherical in shape having an average diameter between 5 and 10 nm. With increasing temperature and time the resultant particles become bigger in size and their shape changes from spherical to
cubic. This is well illustrated in the series of images in Figure 2.13. showing the
particles morphology at different temperatures and times.
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Fig. 2.13 Powder morphologies of samples synthesized at alkaline concentration of 1.2 M,
Pb/(Zr, Ti) = 2.0 and (a) 230°C, 2 h, (b) 200°C, 2 h, (c) 140°C, 15 h and (d) 130°C, 30 h.
The circles indicate the slice PZT. Reproduced from Qiu et al. [87] with permission by
Publisher.

Another factor of influence on the quality of nanopowders hydrothermally synthesized is the alkalinity of the solution. For high concentrations of alkaline media
the TiO2 dissolution is more easily promoted which have a beneficial effect on the
formation of nanosized particles [83, 87].
Solutions having a high excess of lead nitrate produced giant PZT particles
with cubic morphology under standard synthesis conditions of 160 oC and 4 hours.
This is shown in Figure 2.14. where well–faceted particles of about 5 μm are seen.
Lead–free powders prepared by hydrothermal synthesis are affected in a similar
way by temperature and time as the lead–based PZT [97]. Well cubic–shaped particles were formed at higher temperatures (160 oC) and time (8 hours). The influence of alkalinity does not seem to be noticeable.
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Fig. 2.14 SEM image of PZT particles produced using a 100% Pb precursor excess. Reproduced from Harada et al. [86] with permission by Publisher.

2.2.5 Sol-Gel Technique
Historically, the sol-gel synthesis goes back to the middle of twentieth century,
when Ebelman used it for the first time, but it has been really developed during the
last decades [98-101]. The literature on this subject, published in the last years, is
voluminous and continues to grow [102-117]. Among the chemical methods, the
sol-gel processing becomes remarkable having the advantages of a high purity and
homogeneity of the nanopowder. In addition the preparation takes place at relatively low temperature, not exceeding 600 oC and because the mixing is accomplished in solution the components mix on the atomic scale in relatively short
time. Since the process takes place at low temperature it is an energy saving
process as well and at the same time the volatilization of components such as Pb is
extremely reduced and the stoichiometry preserved. It may be extended to a large
range of compositions and materials that cannot be made by conventional methods. At present there is only a disadvantage in using the sol-gel technique when
the process is considered for producing large amounts of bulk ceramics. It is the
prohibitive costs of raw materials, but in cases of special applications these costs
become acceptable.
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The sol-gel process is that process which involves a complex solution or a sol
undergoing a transition from a sol to a gel. A sol is a stable suspension of colloidal
particles which at transition becomes a rather rigid porous mass by destabilization,
precipitation or supersaturation. In other words, the sol-gel processing consists in
making a homogeneous solution of component metal alkoxides in a suitable solvent, usually an alcohol, followed by the hydrolysis in order to produce a gel containing the hydrated metal oxides. This gel is then dried and calcined to produce a
nanopowder of that specific material. The chemical reactions are influenced by
several parameters such as temperature, amount of water, solvent and precursor.
Temperature speeds up reaction. In terms of alkalinity a low pH favors the polymerization. Water should be in excess in order to eliminate the organic residues.
The choice of solvent can be influenced by the cost and safety but the more complex compositions are easier to mix in longer chain alcohols. As concerns the precursors it is known that longer chain organic groups give slower reaction rates
while the methyl groups give faster rates.
The raw materials or the precursors, as they are usually named, are the lead
acetate trihydrate (some times nitrate) as source for Pb, and zirconium and titanium alkoxides as sources for Zr and Ti, respectively, and an alcohol or acid as
solvent. All these solutions are mixed while stirring at room temperature and then
heated to 60–70 oC and hydrolyzed to form a gel. This gel is then dried and calcined at 500–600 oC to form a nanopowder.
A schematic simple flowchart of the process is illustrated in Figure 2.15.
Titanium
Zirconium
isopropoxide
n-propoxide
Ti[OCH(CH3)2]4
Zr[OCH2CH2CH3)4
↓
Dissolve in butyl alcohol or ethylene glycol or metoxyethanol or
isopropanol
↓
Stirring at room temperature
↓
Heating at 60 – 70 oC
↓
Hydrolyzing to a xerogel
↓
Drying
↓
Calcining at 500 – 600 oC
↓
PZT nanopowders

Lead acetate
trihydrate
Pb(CH3COO)2⋅3H2O

Fig. 2.15 The main steps of the sol-gel technique
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The hydrolysis and condensation reactions are sensitive to the presence of water and the humidity of the air, therefore in such cases a stabilizing agent, such as
acetyl acetone, is necessary to control the reaction process. In some instances
ethylene glycol can be used as solvent [111], but acetic acid as solvent can be used
as well [116, 117].
Following the general scheme shown in Figure 2.15 or little modified ones,
high quality PZT nanopowders with good compositional homogeneity were
obtained by the sol–gel method. Thus Jacob et al. [103] used lead acetate, titanium
tetrabutoxide and zirconium acetylacetonate as precursor solution and acetic acid
was used as solvent. After mixing they were hydrolyzed with water. The amorphous xerogel formed was heat treated at different temperatures and the evolution
of the crystalline phase was studied by X-ray analysis. The results are shown in
Figure 2.16.

Fig. 2.16 Evolution of crystalline PZT from amorphous xerogel as a function of temperature: (a) room temp; (b) 320 oC; (c) 400 oC; (d) 450 oC and (e) 500 oC. Reproduced from
Jacob et al. [103] with permission by Publisher.

From this diagram it can be seen that tetragonal PZT phase crystallizes without
intermediate formation of pyroclore phase which demonstrates a high compositional homogeneity of the gel at molecular level. The average crystallite size deduced from peak broadening in XRD is about 100 nm as can be observed in the
TEM image shown in Figure 2.17.
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Fig. 2.17 TEM micrograph of nanosized PZT powder obtained by firing the PZT xerogel at
600 ◦C for 1 hr. Reproduced from Jacob et al. [103] with permission by Publisher.

Zhang et al. [111] following a modified glycol–based sol-gel route in ethylene
glycol system with lead acetate, tetrabutyl titanate and zirconium nitrate as starting
materials obtained a stable sol which by thermal treatment at 650 oC transformed
into a fine nanocrystalline PZT phase.
Both XRD diagram and SEM images of this powder are shown in Figure 2.18.
(a and b). The particle sizes of the nanopowder are very uniform and range from
50 to 100 nm.
Even more interesting results were obtained by Linardos et al. [107] with a little modified sol-gel route which includes the use of polyvinylpyrolidone (PVP) to
improve the properties of the final powder and to control the particle size of the
powder.
They start with lead acetate trihydrate, zirconium propoxide and titanium isopropoxide and isopropanol as precursors, to transform the light transparent sol
formed. They added PVP until a clear yellow sol was formed. This was hydrolyzed with water to produce a PZT - PVP gel. The PZT nanopowder was then produced by heating this gel at 500 and 550 oC. The obtained results are shown in
Figures 2.19, 2.20 and 2.21.
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Fig. 2.18a XRD patterns of the PZT nano-crystalline powders. Reproduced from Zhang et
al. [105] with permission by Publisher.

Fig. 2.18b SEM of PZT nanopowders obtained at 650 oC for 2 h. Reproduced from Zhang
et al. [105] with permission by Publisher.
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Fig. 2.19 (a) SEM micrograph of PZT powder. No PVP was added as secondary stage.
Burn out at 500 °C for 1 h. (b) SEM micrograph of PZT powder. No PVP was added as
secondary stage. Burn out at 500 °C for 1 h. (c) Size distribution in volume of PZT powder.
No PVP was added as secondary stage. Burn out at 500 °C for 1 h. Reproduced from Linardos et al. [107] with permission by Publisher.
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Fig. 2.20 (a) SEM micrograph of PZT powder. PVP added as secondary stage. Burn out at
500 °C for 1 h. (b) SEM micrograph of PZT powder. PVP added as secondary stage. Burn
out at 500 °C for 1 h. (c) Size distribution in volume of PZT powder. PVP added as secondary stage. Burn out at 500 °C for 1 h. Reproduced from Linardos et al. [107] with permission
by Publisher.
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Fig. 2.21 (a) SEM micrograph of PZT powder. PVP added as secondary stage. Burn out at
550 °C for 24 h. (b) SEM micrograph of PZT powder. PVP added as secondary stage. Burn
out at 550 °C for 24 h. (c) Size distribution in volume of PZT powder. PVP added as secondary stage. Burn out at 550 °C for 24 h. Reproduced from Linardos et al. [107] with permission by Publisher.
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In these Figures one observes that the non-spherical agglomerates of the order
of 10-2 μm (a image) are composed of primary nanoparticles of about 30–70 nm (b
image). The c image shows the histograms of PZT particles in each case.
The role of polymer, as deduced from measurements of differential scanning
calorimetry, (DSC) indicates that in the first stage it creates bonds with the alkoxides and controls the speed of the condensation reaction, but it is not able to prevent agglomeration during the drying process. In the second stage it completes the
encapsulation of the first–stage PZT particles and prevents them from further reaction during the burning out stage.
The amount of polymer seems to be able to affect the final crystal phase of
powder without affecting significantly the size of the forestanding particles.
Another way to obtain homogenous, fine and highly reactive PZT nanopowder
at lower temperatures was used by Ghasemifard et al. [114] by combining the solgel chemistry with the combustion process. They start with lead nitrate, zirconil
nitrate hydrate and titanium isopropoxide aqueous solution as precursors to obtain
the sol and ammonium hydroxide to form the gel at 85 oC. The PZT powder was
then obtained by citrate-nitrate gel autocombustion. After autocombustion of the
gel the powder was calcined at different temperatures up to 650 oC. Typical SEM
images of the PZT nanopowders calcined at different temperatures are shown in
Figure 2.22.

Fig. 2.22 SEM micrograph of the prepared PZT powders heated at (a) 500 oC, (b) 550 oC,
(c) 600 oC and (d) 650 oC. Reproduced from Ghasemifard et al. [114] with permission by
Publisher.

Though the particles seems to be irregular they have polyhedral shapes, sharply
faced and many of them are rounded. The primary particle size of the nanopowder
is approximately in the range of 70–80 nm.
Fine spherical particles of approximately 17 nm in size were also reported recently by Khorsand et al. [117] by using a simple modified sol-gel technique in a
polymeric system. It is known that by this method the nanostructure of materials
can be controlled at molecular level because the individual metal ions can be reduced by growing the polymer net which thus reduced the segregation of particular metals by immobilizing the metal complexes. In this way the compositional
homogeneity at molecular scale is ensured.
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To conclude we may say that the demand for highly crystalline, homogeneous
nanoparticles of binary and multinary metal oxides led to reliable and straight
forward synthesis techniques and consequently to materials with good homogeneity, defined size and low amount of impurities. Chemical methods seem to accomplish such requirements and sol-gel approaches proved to be ones of the most
important techniques, able to produce high quality nanopowders. This technique is
the most promising for molecular control of nanostructured materials since it reduces individualities of different metal ions by encircling stable metal complexes
with growing polymer nets.
The immobilization of the metal complexes in rigid organic polymeric networks reduces the segregation of particular metals, thus ensuring compositional
homogeneity on molecular scale. Their ultimate homogeneity makes the calcining
temperatures several hundred degrees lower than that of any conventional method.

2.3 Conclusions
PZT–type piezoceramics play a leading role among the functional electroceramic
materials. They can convert the mechanical energy into electrical energy and viceversa at a high yield of order of 65%. Due to this there is an extremely large area
of applications for these materials in electronic industry, medicine, automotive and
space industries and many other.
There are several methods to prepare PZT–type ceramics and among them the
conventional mixed oxides, mechanochemical synthesis, chemical coprecipitation,
hydrothermal and sol-gel techniques proved to be the most important ones.
All these methods were described in detail in this chapter, pointing out their advantages as well as the weaknesses. Mechanochemical synthesis and the chemical
approaches produce high quality nanopowders for special biomedical applications.
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Abstract. In this chapter nanoscale characterization techniques for piezoelectric
materials are discussed, with a focus on nanomechanical and electromechanical
methods for one-dimensional nanomaterials. One-dimensional nanostructures
have been the focus of recent nanoscale research due to their potential application
in future nanoelectronics and nanodevices. However, their small size and special
geometry impose a challenge especially from experimental point of view and
renders their characterization nontrivial. In this chapter, the common methods of
nanomechanical and electromechanical characterization of these nanostructures
are discussed, with an emphasis on piezoelectric one-dimensional materials. Advantages and limitations of each method are discussed and the relevant literature is
presented.

3.1 Introduction
A one-dimensional nanomaterial is a structure with at least one of its dimensions
in the order of a few hundred nanometer down to few nanometer [1, 2]. These materials include nanowires (NW), nanotubes (NT), nanofibers (NF), nanoribbons
(NR), nanorods (NR), and nanobetls (NB). There has been remarkable progress in
the synthesis of these materials in the last two decades [2], while much needs to be
done in terms of their characterization. These materials are considered as essential
components in future nanodevices such as sensors, actuators, and switches. They
are expected to be under mechanical loading and deformation in these devices.
Specifically, these nanostructures should operate in their elastic limit under static
and cyclic loadings. For a robust performance and from design point of view, their
mechanical integrity is of crucial importance. Therefore knowledge about their
mechanical properties is required. As piezoelectric transducers, these materials also convert mechanical deformations to electrical voltage and vice versa, and are
G. Ciofani & A. Menciassi (Eds.): Piezoelectric Nanomaterials for Biomedical Appl., NANOMED, pp. 63–91.
springerlink.com
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considered as one of the most promising materials for future energy-harvesting
devices. In addition to their mechanical properties, their electromechanical characteristics should also be assessed prior to their incorporation into the future ultrasensitive and high performance devices.
Due to their small size and one-dimensional geometry, defect density and deformation mechanism in these nanomaterials is expected to be different from their
bulk counterparts. Strong size-dependence in their mechanical properties, particularly for diameters below ~100 nm, has been reported. Therefore, it is essential to
study their properties in this size scale. As will be discussed, accurate mechanical
and electromechanical measurement in size scale of ~100 nm and below is
non-trivial, and requires development of novel experimental techniques. This
chapter is divided into two sections. First, nanomechanical characterization techniques are introduced and discussed. In the second section, nanoscale techniques
for piezoelectric measurements are presented. The methods are introduced mostly
by original papers that may have used the methods for materials other than piezoelectric materials. For each method, examples from the current literature are presented for one-dimensional piezoelectric materials. In addition to semiconducting
nanowires, organic one-dimensional piezoelectric materials such as collagen fibrils and peptide nanotubes are also included due to their inherent compatibility
for biomedical applications.

3.2 Nanomechanical Characterization
Mechanical properties of interest in nanomaterials are the elastic modulus (E) (the
Young’s modulus in tension or the bending modulus), the ultimate strength ( σ f ),
the ultimate strain ( ε f ), and the toughness. Due to small size of these nanostructures, forces in the order of nN and deformations in the order of nm are expected,
which entails extreme challenges in their characterization. Overall, the difficulties
and challenges in mechanical characterization of these nanostructures include specimen observation, harvesting, manipulation, gripping or fixing, and measuring
small forces and small deformations. Exact positioning of the load application site,
and interpretation of the results, further complicates the process.
Advancement in scanning probe methods, especially Atomic Force Microscope (AFM), has provided new venues to overcome most of the challenges. Observations and assessments of physical dimensions of these materials most often
are conducted using AFM or electron microscopes (the scanning electron microscope (SEM) or the transmission electron microscope (TEM)). Manipulation and
positioning techniques include random dispersion, nano-manipulation, alignment
by an external electric field, direct self-assembly, and direct growth [3]. Direct
growth and self-assembly are used to avoid the difficulties in manipulation.
Three–dimensional nanomanipulators introduced for handling and placement of
individual one-dimensional nanostructures inside SEM have provided a means
for direct manipulation of these nanostructures [4]. Perhaps the most common
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instrument in characterization of these materials is AFM, which enables applying
extremely small forces (~nN) and sensing small displacements (~nm). Accordingly, in this chapter a more emphasis is placed on AFM-based techniques. In
general, nanomechanical techniques are divided into two general categories;
AFM-based techniques, which include the three-point bending test, the lateral
bending test, and the nanoindentation; and the in situ SEM-based techniques,
which include electric field-induced flexural resonance, and MEMS-based tensile
experiments. Figure 3.1 depicts schematic of these methods, which are discussed
in more detail in the following sections.

Fig. 3.1 Various methods for nanomechanical testing of individual one-dimensional nanostructures: (a) the tensile test on a tensile stage, (b) the tensile test between two AFM
probes, (c) the lateral bending with an AFM probe, (d) the electric field-induced resonance
method, (e) the three-point bending using an AFM probe, and (f) the nanoindentation.

3.2.1 Tensile Test
The uniaxial tensile test is the most common mechanical characterization technique for large–sized samples due to the direct measurement of the elastic
modulus and the fracture strength/strain without a need for elaborate theoretical
modeling. Nanoscale tensile test, however, is not straightforward. The specimen
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should be aligned with the loading direction and be fixed at two ends to avoid
any slippage during the experiment. To fix the specimen, electron beam-induced
deposition (EBID) of Pt or residual carbon in SEM chamber is often used. After
fixing, the specimen is stretched in fine displacement steps and the corresponding
force in the specimen is measured using a force transducer. The displacement is
often applied by a piezoelectric actuator or MEMS (microelectromechanical systems) -based actuators such as thermal or electrostatic actuators. In AFM-based
tensile test (Fig. 3.1 b), AFM probes with typical spring constant ranging from
0.01 N/m to 100 N/m are used as sensors. The accuracy of the force measurement
in tensile experiment is directly related to the accuracy in calibrating the load
transducer, or the spring constant of the AFM probe.
In probe-based tensile test, using a nanomanipulator inside SEM, the specimen
is mounted between two AFM cantilever probes [5, 6]. AFM probes function both
as grips with providing sharp ends and also as force sensors, as shown in Fig. 3.2.
In two probe tensile test, one of the AFM cantilevers is often selected to be soft as
the sensing probe, which with its deflection provides the force and the other probe
is chosen to be rigid [5]. When the sample is stretched using the rigid cantilever,
the deflection of the soft cantilever is simultaneously recorded in SEM images or
videos. The force (f) on the sample could be obtained from the calibrated spring
constant of the soft cantilever. The elongation of the sample is the difference between the displacement applied from the rigid cantilever and the deflection of the
soft cantilever, as the sample and the soft cantilever act as two springs in series.
The force-displacement curve is constructed from discrete points using the acquired SEM images. To obtain the stress-strain curve, the dimensions of the sample, including the cross-sectional area (A) and the gage length of the sample (L),
are required. Since the tensile test does not involve deformation gradient, the
ΔL
, where Δ L is the elongation of
strain (ɛ) in the sample is obtained as ε =
L
the sample in axial direction. The stress ( σ ) is obtained by dividing the force by
f
the cross-section as σ = . The initial portion of the obtained force-displacement
A
response curve, below a certain percentage of strain, is most often an elastic response, whose slope is calculated as the elastic (Young’s) modulus of the material
( σ = E ε ). The point of initial deviation from the elastic response is referred to as
the yield point and the corresponding stress and strain at that point are referred to
as the yield stress ( σ y ) and the yield strain ( ε y ), respectively. If the sample is
pulled beyond the yield point, fracture or rupture occurs and the strength of the
materials could be obtained from the maximum stress that the material could withstand. Figure 3.2 shows a single–wall carbon nanotube (SWCNT) rope fixed to an
AFM probe using residual carbon materials from the SEM chamber.
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Fig. 3.2 AFM–based tensile test. (a) A SWCNT rope is mounted between the tip of an AFM
probe and the source. The AFM cantilever is soft and its deflection is monitored in SEM to
provide force and deformation of the sample. (b) High magnification image showing the attachment of the rope to the tip. Reproduced from [6] with permission by Publisher.

MEMS actuators have also been used for in situ tensile testing [7-9]. In this setup, similar to the probe-based method, an individual nanowire is placed on a gap
between a displacement actuator and a force sensor on a MEMS device using a
nanomanipulator. The two ends of the sample are fixed in a similar method.
MEMS-based tensile devices use electrostatic or electrothermal actuation to
stretch the sample. The corresponding force is often measured using capacitive
sensors or comb-drives. Since the experiments are often performed in situ SEM,
the deformation mechanism in the sample and the failure and fracture modes could
be directly assessed from SEM images. Zhu et al. introduced an electromechanical
testing system that uses a comb-drive electrostatic actuator or a thermomechanical actuator and a capacitive load sensor for in situ SEM and TEM tensile
testing of nanostructures [7]. In this device, since the load on the sample is registered electronically from the capacitive sensor, the SEM beam is focused on obtaining the deformation mechanism in the specimen. This provides the advantage
of correlating the deformation mechanics to the obtained continuous forcedeformation data. Using this device the elasticity size effect in individual ZnO nanowires was measured in terms of elastic modulus vs. nanowire diameter in situ a
TEM [10]. For large diameter nanowires a Young’s modulus of E=140 GPa consistent with the bulk values for ZnO was measured. Decreasing the diameter from
80 nm down to 20 nm, the Young’s modulus increased from ~140 GPa to ~160
GPa. Molecular dynamics simulations carried out for wires with a diameter up to
~20 nm showed the same size dependent trend. The observed size effect was attributed to the surface reconstruction together with long-range ionic interactions
[10]. For ZnO nanowires a brittle fracture along (0001) cleavage plane at strains as
high as 5% is reported [11]. The large failure strain (5 times that of the bulk material) is encouraging for their application in piezoelectric nanodevices, where the
deformation–induced voltage is related to the strain. Using a MEMS device,
which takes advantage of the mechanics of post-buckling deformation of slender
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columns to achieve high force and displacement resolution, tensile testing of individual ZnO nanowires resulted in a Young’s modulus of ~21 GPa and fracture
strain of 5%–15%, which is very high considering that ZnO is a ceramic material
[12]. The fracture strain was observed to be size-dependent and increased by
decreasing the wire diameter. Size effect was also observed in both tensile and
bending experiment on ZnO nanowires, where the bending modulus and tensile
modulus increased with decreasing the wire diameter from 80 nm to 20 nm [13].
From tensile experiments conducted using an AFM probe as the load sensor, it
was observed that fracture strain and strength of ZnO nanowires increased with
decreasing the wire diameter. From tensile test in SEM a Young’s modulus of
~100 GPa was reported for ZnO nanowires [14].

Fig. 3.3 (a) MEMS-based in situ SEM and TEM device with a thermal actuator and a capacitive load sensor, (b) High magnification image of the specimen fixed at two ends on the
sample holder using EBID of Pt. Reproduced from [7] with permission from Publisher.

3.2.2 Three-Point Bending Test
Bending experiment is a method of mechanical characterization by which the
bending modulus of the material of interest could be obtained. In three-point bending experiment the one-dimensional nanostructure is spanned over a gap or a
prefabricated trench pattern on a surface, either by random dispersion or by nanomanipulation. Sometimes the adhesion and friction between the specimen and the
substrate might be enough to prevent any possible slippage [15]; however, most
often it is preferred to clamp both ends of the specimen.
In this technique, an AFM probe functions both as displacement and as force
sensor. A point force is applied in the mid-span of the length of the sample by an
AFM probe tip and the corresponding force-displacement from the bending of the
sample is registered. This curve is compared with a reference curve obtained on a
rigid substrate. The difference between the two curves provides the bending deformation of the sample. The spring constant of the AFM cantilever should be
chosen to be in the same order of the stiffness of the specimen. The uncertainties
in this method include undetermined boundary conditions, exact mid-point loading, and error in measurement of the length and diameter of the sample. To avoid
uncertainty in boundary conditions and clamping, models are introduced to fit the
entire length of the specimen under different loads. To obtain quantitative values
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of the modulus, the length and the diameter of the specimen is obtained prior to
the experiment either by AFM or SEM imaging.
Despite the simple configuration, interpretation of results in this method could
be complex. Most often the Euler–Bernoulli beam theory is used to derive the
bending modulus of the sample. For a doubly-clamped suspended beam with
length L over a gap, the force-deflection follows,

δb =

F L3
,
192 E I

(3.1)

where δ b is the deflection in the mid-span of the beam, and F is the applied force
by the AFM probe. E is the bending modulus, and I is the moment of inertia of
the beam ( I = π ( Ro 4 − Ri 4 ) / 4 for a cylindrical beam with external and internal
radii of Ro , Ri , respectively). This equation predicts a linear relationship between
the applied force and the induced deflection. By increasing the applied force,
however, a stretching force develops in the specimen, which increases its rigidity
[16]. It can be shown that Eq. 3.1 is valid only for cases that the deflection in the
middle of the beam is less than the radius of the beam. For larger deformation, a
cubic-dependence to deflection is added, rendering the results nonlinear,
F = F (δ b + (δ T ) 3 ) . The linear dependence is due to the bending of the beam
( δ b ), whereas the cubic term ( δ T ) accounts for the tensile stretching along the
axial direction. Therefore, even for an elastic deformation a nonlinear response
could be expected. For small specimens such as single–wall carbon nanotubes,
nonlinear response is expected for almost all measurable deflections (they stretch
as elastic strings [17]), whereas for larger diameter samples a linear response is
expected initially followed by a nonlinear response. The complete description of
this nonlinear behavior is provided in Heidelberg et al. [16].
In the three-point bending experiment, the ratio of the diameter of the sample to
the gap distance of the trench governs the actual deformation mechanism in the
specimen and the appropriate model. Besides stretching effects, another factor that
should be taken into account is deformation due to shear stress, which becomes
important for short-length samples [18, 19]. In this case, the total deflection in the
middle of the beam is sum of the deflection due to bending and the deflection due
to shear deformation,

δ = δb + δ s =

F L3
FL
+ fs
,
192 E I
4G A

(3.2)

where δ is the deflection in the middle of the beam, and F is the applied force. E
is the Young’s modulus, G the shear modulus, and f s is the shape factor (~10/9 for
a cylindrical beam), and I is the moment of inertia of the beam. The ratio of the
δ b / δ s increases with increasing the length to diameter ratio ( L / 2 R ). If G and
E are of comparable magnitude, the shear deformation becomes important only for
short beams. Theoretically, when L / R ≤ 4 E / G , shear deformation should be
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taken into account [20]. Shear deformation is, however, negligible for long specimens with small diameter. For materials such as collagen fibrils with small shear
modulus to the elastic modulus ratio, shear deformation is significant [21].
Figure 3.4 depicts a ZnO nanowire crossing over a trench and clamped at two
ends. The loading of the nanowire in three-point bending resulted in a brittle fracture, which could be observed from the AFM topography image acquired after the
bending experiment.
Mechanical properties of individual ZnO nanowires were studied using the
three-point bending experiment [22]. The results showed that the Young’s modulus was essentially independent from the diameter of the nanowire (in the range
of 18-304 nm) and was close to the value of the elastic modulus of the bulk material (~144 GPa). The nanowires exhibited brittle failure without measurable plastic deformation [22]. The ultimate strength of the nanowires, however, was found
to be diameter-dependent and decreased from ~7 GPa for small nanowires (30
nm) to ~3.9 GPa for larger nanowires (~250 nm), which was much higher than
the strength for the bulk material ~200 MPa. A larger value of strength for smaller
diameter nanowires is consistent with the reduced number of defects at smaller
scales. In this case, the experimental observations were described using a model
that accounted for both bending and tensile stretching. Using three-point bending
method, Ni et al. [23] have reported an elastic modulus of ~ 43.9 GPa for GaN nanowires with diameters of 60-110 nm, followed by a brittle fracture. Bending
modulus of ZnO nanobelts with thickness of 50–140 nm and width of 270–700 nm
was measured to be ~ 38 GPa [24]. In this study, it was found that the surface to
volume ratio had no effect on bending modulus. For electrospun PZT nanofibers
an elastic modulus of ~ 43 GPa was reported using the three-point bending experiment [15]. For single collagen fibrils a bending modulus of E~10 GPa was
measured [25]. In a similar experiment, by taking into account the shear deformation, the elastic modulus was estimated to be 1-3.9 GPa and the shear modulus
was found to be 33 MPa [21].

Fig. 3.4 (a) SEM image of a ZnO nanowire bridging a trench and clamped at two ends by
Pt deposition. AFM topography image of a 9 nm nanowire before (b), and after (c) brittle
fracture. Reproduced from [22] with permission by Publisher.
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3.2.3 Lateral Bending with AFM
Cantilever bending experiment using AFM probe was first demonstrated for specimens pined at one end lying horizontally on a substrate [26]. The protruding end of
the sample was pushed using an AFM probe on the horizontal plane resulting in the
bending of the cantilevered beam. By loading at several different points along the
length of the specimen, its lateral stiffness as a function of length could be obtained. Since the samples were in contact with the surface, the friction force applied
a constant force along the length of the specimen that needed to be accounted for in
the calculations. In this case, the normal force on the AFM probe determined the
value of the friction force. For small normal forces, the probe would move over
the specimen after certain amount of bending. By increasing the normal force, the
sample could be bent to failure and the fracture strength could be obtained [26]. A
more accurate measurement could be obtained on freestanding and vertical samples
by eliminating the friction force that is present in on-substrate horizontal specimens. In this case, the nanowires are tested on the growth substrate with their end
pinned on the substrate as a cantilever. Therefore, this method is more suitable for
measuring the elastic modulus of as-grown nanowires without the need to manipulate the samples. The disadvantage of this method is that although for free standing
specimens the friction force is eliminated, the accurate measurement of the length
and the diameter of the specimen becomes more challenging. This method is conducted in contact mode AFM, with the probe scanning lateral to its long axis. The
lateral force is measured from the torsional twist of the cantilever acquired in the
lateral force image. The simultaneously recorded topography image provides information about the bending of the nanowire. The accuracy of the method could be
enhanced by having a relatively low density of the freestanding nanowires such that
AFM tip can only touch one nanowire at a time. Figure 3.5 shows a schematic of
the procedure for lateral bending measurement on individual ZnO nanowires. Assuming that the specimen has a large length to diameter ratio, the shear deformation
could be neglected. The bending modulus in this case could be easily obtained from
the lateral force ( f ), and lateral bending of the nanowire ( δ ) is obtained from the

f L3
[27]. For a cantilevered beam under lateral bending,
3E I
the maximum stress and strain occur at the base of the specimen at the attachment
point on the substrate and the crack initiates at the tensile side of the beam, as confirmed from experiments on nanowires [28].
Lateral bending of standing ZnO nanowires with an average diameter of
~ 45 nm using constant mode AFM resulted in a elastic modulus of ~29 GPa
[27]. For ZnO nanowires with diameters in range of 85–542 nm fracture strain of
4%–7% in an elastic fracture mode was measured using this method [28].
Hoffmann et al. reported a bending modulus of 3.7–5.5 GPa and a fracture strain
of 7.7% from lateral bending experiments performed inside SEM, where the deflections were recorded on SEM images [14].
topography image, δ =
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Fig. 3.5 Lateral bending of standing nanowires with an AFM probe, (a) SEM image of ZnO
nanowires grown on a substrate, (b) the schematic of the procedure for lateral bending measurement with AFM. Reproduced from [27] with permission by Publisher.

3.2.4 Nanoindentation
Nanoindentation is perhaps the most common technique among nanomechanical
characterization methods. In this method, the sample is placed on a rigid surface,
such as mica or Si and is indented using a sharp probe such as the AFM probe or a
nanoindenter, and the corresponding force-deformation curve is collected. Experimental procedure in this method is rather straightforward; however, the interpretation of the data requires contact mechanics models, which are often complicated.
The common contact mechanics models for nanoindentation experiment include
the Hertzian contact model [29], and the Oliver-Farr model [30], which is based
on the Sneddon contact model [31].
Two types of nanoindentation are common to obtain the nanomechanical properties of one-dimensional nanostructures. One is based on the instrumented nanoindentation [30], and another is AFM-based nanoindentation [32, 33]. Each has
it is own advantages and disadvantages depending on the application and type of
the material. AFM-based nanoindentation is limited to small forces due to small
spring constant of the cantilever, and is usually used for small strain and elastic
limit deformation. Whereas the instrumented nanoindentation relies on plastic
(permanent) deformation in the sample and involves larger forces [34].
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AFM allows for higher resolution topography imaging of the sample before and
after nanoindentation experiment, which could be beneficial for analyzing onedimensional nanostructures [33, 35]. AFM-based nanoindentation has the advantage of a more sensitive force measurement, down to pN over the nanoindenter,
due to more sensitive force detection in AFM. The applied force in AFM is the
product of the deflection of the cantilever and its spring constant. By choosing
smaller spring constants, elasticity of more delicate samples such as biological
sample could also be studied. Due to ~10° angle of the AFM probe with the surface, accurate, and quantitative nanoindentation with AFM is limited to small deformation ranges where the sliding between the sample and the AFM tip could be
neglected. Nanoindenter, however, allows for vertical indentation into the sample
and is capable of applying large deformations.
In nanoindentation using nanoindenter, both the hardness and elastic modulus
could be measured. The hardness in nanoindentation is defined as H = Fmax / A ,
where Fmax is the maximum load on the sample and A is the projected area of the
nanoindentation [36]. In Oliver-Pharr method, the initial portion of the unloading
curve is fitted with the Sneddon contact model, Fig. 3.6b [31]. The relationship
between the reduced elastic modulus ( E r ), contact area ( A ), and the contact
stiffness ( S ) in this method is defined as:
S = 2β

where

1 1 −ν 2 1 −ν tip
=
+
Er
E
Etip

A

π

Er ,

(3.3)

2

is the reduced elastic modulus of the sample and the

tip, E and ν are the indentation modulus and the Poisson’s ratio of the sample,
respectively. β is a geometric constant ( β=1.034 for a Berkovich indenter). The
contact area is obtained by imaging the footprint of the indentation right after the
indentation, and the contact stiffness is obtained from the slope of the initial portion of the unloading curve. Often the footprint provides information on the deformation mechanism in the sample. This model is the proper description for cases
where an elastic-plastic indentation is performed on the sample as it requires obtaining the projected contact area after nanoindentation. Although this model is
being used for nanoindentation on nanowires, it is derived for indentation of an
elastic half-space (such as thin films) and does not account for any curvature in the
specimen. Therefore, it is more accurate in cases where the indentation is much
smaller than the radius of the sample and hence could be locally considered as indentation on a flat surface such as for indentation on nanobelts with a large width
to thickness ratio. Figure 3.6 shows indentation footprints on a single silver nanowire and the corresponding load-deformation curve. The plastic deformation in the
sample is represented by the residual displacement in unloading at zero load value,
Fig. 3.6b.
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Fig. 3.6 Nanoindentation of a silver nanowire, (a) AFM image of the indentation footprints,
and (b) a nanoindentation load-displacement curve, showing loading and unloading. Reproduced from [36] with permission by Publisher.

For shallow-depth nanoindentation, where deformation is limited to the elastic
limit, AFM–based nanoindentation is used [32, 33, 37]. This method is more suitable for one-dimensional nanostructures due to their small radius, considering the
capability of an AFM in accurate positing on desired spot on the sample. Nanoindentation using AFM is based on force-distance curves [32]. In this method, the
sample is located from the acquired AFM image, and then at a desired location on
the sample a force-displacement curve is obtained. Since in AFM-based nanoindentation the AFM cantilever and the specimen acts as two springs in series, obtained force-displacement response is compared with a similar response obtained
on a rigid sample. Force-deformation of the deformable sample is obtained from
the difference between the two curves. In absence of adhesion and capillary forces
and if the deformation is restricted to the elastic limit, often force-deformation
curves are identical in loading and unloading. Therefore, both could be used in the
analysis to obtain the elastic modulus [32, 33, 37]. For the analysis of elastic indentation using AFM, most often the Hertzian contact mechanics is used. For indentation of an infinite half-space with a rigid sphere, Hertzian contact yields:

F=

4
R Erδ 3 / 2 ,
3

(3.4)

where R is the radius of the AFM tip assumed as an sphere, δ is the indentation
depth, and E r is the reduced modulus as above. Most often determination of the
Poisson’s ratio is difficult and therefore, the reduced modulus is reported. The
3R F 1 / 3
contact radius could be obtained from a = (
) . From Eqn. 3.4 it is evident
4 Er
that the force-deformation relationship in Hertzian contact is nonlinear. To check
the validity of the half-space nanoindentation for one-dimensional nanostructures,
it is often useful to calculate the contact radius and compare it with the radius of
the specimen. If the radius of the specimen is in the order of the contact radius, it
is more accurate to use a sphere on cylinder contact mode as opposed to the sphere
on an elastic half-space model [37, 38]. The sphere on cylinder contact model,
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although more involved, would result in a more accurate measurement. The tip is
modeled as a sphere with radius ( Rtip ) and the sample is modeled as a cylinder
with radius ( Rcylinder ). The radius of the sample is measured from the AFM topography image. In this model, the indentation deformation δ under an indentation
force F is [39]:

δ=

3 k F K (k ′) ( A + B )
,
2π
b/Δ

(3.5)

where A and B are geometrical constants:
1
2 Rtip

(3.6a)

1 1
1
+
(
)
2 Rtip Rcylinder

(3.6b)

1
[( A + B ) Er ]

(3.6c)

A=

B=

Δ=

E r is the reduced modulus of the sphere and cylinder combination. K ( k ′) and
E ( k ′) are the elliptical integrals of the first and second kind, respectively;
k = b / a , k ′ = 1 − k , and a and b are the semi-major and semi-minor axis of
the ellipse of contact; k ′ is obtained from solving the nonlinear equation:
2

B [(1 / k 2 ) E (k ′) − K (k ′)]
=
A
[ K (k ′) − E (k ′)]

(3.7)

Figure 3.7 shows AFM-based nanoindentation on an isolated collagen fibril and
the footprints of the nanoindentations. As shown, the indentation depth is very
shallow and much smaller than the diameter of the fibril. Other models of nanoindentation of one-dimensional materials have also been proposed such as two interface contact model (indenter-nanowire and nanowire-substrate in series) [40].
Based on this model, the Oliver-Pharr method provides a rough lower bound for
the hardness of the nanowires. Another class of experiments which is very close to
nanoindentation in principle is the contact resonance method. This method is
based on change in the resonance frequency of the probe when it is brought from
air into contact with a sample surface. This change in the frequency depends on
the material property and the contact geometry.
Using nanoindentation with a nanoindenter, the hardness values for GaN and
ZnO nanowires with diameters in the range of 20–50 nm was found to be 47 GPa
and 3.4 GPa, respectively [40]. Using contact resonance AFM (CR-AFM) it was
found that the radial indentation modulus and tangential shear modulus increased
with diameter for ZnO nanowires below ~ 80 nm in diameter [38]. The indentation
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modulus varied from 114 GPa to 217 GPa for wires from 134 nm to ~25 nm, respectively. This finding was explained based on a core-shell model with an elastically stiffer surface layer, where Es ~ 190 GPa, Ec ~ 95 GPa and the thickness of
the shell were estimated to be t ~ 12 nm [38]. Using modulated nanoindentation,
for ZnO nanobelts it was found that the elastic modulus was size dependent and
increased from ~10 GPa to ~100 GPa as the width-to-thickness ratio decreased
from 10.3 to 1.2 [41].

Fig. 3.7 AFM-based nanoindentation on a ~ 82 nm collagen fibril with the indentation
footprints left on the sample. Reproduced from [37] with permission by Publisher.

3.2 5 Thermal and Electrical Field-Induced Resonance
The characteristic mechanical resonance of a linear oscillator depends on its geometry and mechanical properties. Resonance-based nanomechanical characterization method is based on the measurement of the frequency response of a nanomechanical oscillator to extract its elastic modulus. Most often the nanoresonator is
clamped at one end and follows the equation of motion of a cantilevered beam.
Resonance methods are either based on thermal oscillations [42-44] or based on
electric field-induced forced vibrations [45-47]. In the forced vibrations, the oscillation amplitude of the specimen is obtained in frequency domain, and the elastic
modulus is obtained from the resonance frequency ( ω r ). The vibration amplitude
under thermal oscillation is sum of all the harmonics, although it is only dominated by the first few vibration modes. The resonance frequency of thermal oscillations at a fixed temperature is constant. Therefore, in thermal method the
amplitude profile in the entire length of the specimen should be obtained and
compared to the bending profile of an elastic beam to extract its elastic modulus
[42]. Alternatively, the temperature could be varied. In this case, vibration amplitude at one point (often the tip) vs. temperature is sufficient for the analysis [43].
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Since these experiments are conducted in situ in TEM [42, 43, 46, 47] or SEM
[45], the diameter and the length of the specimen required for the calculation of
the elastic modulus could be readily obtained from the acquired images.
In electric field-induced resonance, an often grounded counter electrode is
placed in several microns from the tip of the sample. An alternating electric voltage
( V0 cos (ω t ) ) is applied between the counter electrode and the specimen. Since the
electric field-induced electric charges on the specimen oscillate at the frequency of
the applied voltage, mechanical resonance could be induced in the specimen when
the frequency of the applied electrical excitation from the counter electrode approaches to the resonance frequency of the specimen. The mechanical oscillation of
the specimen is due to the interaction between the induced electric charges and the
applied harmonic electric field. The frequency is swept in the expected range for
the resonance of the specimen and the induced resonance is registered in the SEM
or TEM images and analyzed to find the amplitude of the vibration at each frequency. The electric field in the specimen would be essentially concentrated at its
tip and therefore the sample could be modeled as a mechanical beam under a concentrated force [46]. Since the force on the specimen is proportional to the product
of the electric field ( E ∝ V ) and the induced charge ( q ∝ V ), the deflection of the
cantilever is proportional to V 2 . The resonance frequency for a homogenous and
isotropic cantilevered beam following the Bernoulli-Euler equation is expressed as:

ωi =

αi
2

L

Eb I
ρA

(3.8)

where, αi is a constant for ith vibration mode (α1=3.52, α2=22.4). In this equation,
the elastic modulus is proportional to L4 . This makes the obtained elastic modulus
sensitive to the length of the specimen, and therefore the length should be measured accurately. By obtaining the resonance frequency and measuring the length
and cross–sectional area of the nanostructure, the elastic modulus could be extracted from Eqn. 3.8. The important recognition that has to be made in this kind
of experiment is the difference between the parametric resonance ( ω = 2ω0 / n ,
n = 1,2,3,... ) and the forced resonance ( ω = ω0 ). The parametric resonance is due
to a periodically varying coefficient. A complete description of the parametric resonance is given in ref. [45]. Chen et al. observed that for a counter electrode
aligned with a nanowire, the parametric resonance is dominant, whereas for transverse excitation, force resonance occurs [48].
Electric field–induced resonance method has revealed diameter-dependent elastic modulus in ZnO nanowires with smaller than 120 nm in diameter [48]. The
origin of size-dependence was explained using a core-shell NW composite model
incorporating surface stiffening effect for the NW. Based on this model, the elastic
modulus for the core (E0) was close to the bulk value for ZnO (E0 ~ 139 GPa) and
the surface to core elastic modulus ratio was Es/E0 ~ 1.5. Using the electric fieldinduced resonance excitation inside a TEM, the bending modulus of ZnO nanobelts
was reported to be Eb ~ 52 GPa [49]. As expected from the rectangular
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cross–section of the nanobelts, two fundamental resonance modes (several hundreds of kHz) were observed corresponding to two orthogonal directions (Fig. 3.8).
In a similar experiment for ZnO nanowires, a bending modulus of ~ 58 GPa was
reported [50].
Table 3.1 summarizes the nanomechanical properties of common onedimensional piezoelectric nanomaterials along with the corresponding experimental technique used to extract these properties.

Fig. 3.8 A single ZnO nanobelt, (a) stationary, (b) and (c) resonating in the thickness and
width direction. Reproduced from [49] with permission by Publisher.
Table 3.1 Nanomechanical properties of one-dimensional piezoelectric nanostructures.

Material

Mechanical Properties

Size
(nm)

Characterization
Method

Reference

ZnO
nanowire

E = 133 GPa
σ = 3.9-7 GPa
Brittle failure

d = 18304

Three-point
bending

[22]

GaN
nanowire
PZT
nanofiber
Collagen
Fibril
Collagen
Fibril

E ~ 43.9 GPa

d = 60110
52-150

E ~ 43 GPa
E ~ 10 GPa
E ~ 1-3.9 GPa
G ~ 33 MPa

Three-point
bending
Three-point
bending
d < 150 Three-point
bending
d = 187- Three-point
305
bending
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Table 3.1 (continued)

ZnO
nanowire
ZnO
nanowire
ZnO
nanowire
ZnO
nanowire

GaN
nanowire
ZnO
nanowire
ZnO
nanobelt
ZnO
nanowire
ZnO
nanowire
ZnO
nanobelt
ZnO
nanowire
ZnO
nanobelt

ZnO
nanowire

E ~ 140-160 GPa

d = 20 412
σ = 3.33-9.53 GPa d = 20512
d = 200E ~ 21 GPa
500
ɛ ~ 5%-15%
E ~ 130-170 GPa d = 2080
ɛ~3%-6%
σ~ 4-10 GPa
H= 3.4 GPa
d = 2050
H= 47 GPa
d = 2050
E= 10-100 GPa
W/t ~
1.2-10.3

MEMS-base
tension
MEMS-based
tension
MEMS-based
tension

E= 114-217 GPa

Contact Resonance[38]
AFM
Electric field induced [48]
resonance

E = 140-220 GPa

d = 25130
d = 17550

E ~ 52 GPa

20 < W,
t < 55
E ~ 58 GPa
d = 43110
t=
Eb= 38 GPa
Eindentation= 31 GPa 50-140
W=
270-700
Eb = 3.7-7.5 GPa
Etensile= 100 GPa

Tension with
AFM cantilevers

[10]
[11]
[12]
[13]

Nanoindentation with [40]
nanoindenter
Nanoindentation with [40]
nanoindenter
Nanoindentation with [41]
AFM

Electric field induced [49]
resonance
Electric field induced [50]
resonance
Lateral Bending with [24]
AFM and nanoindentation

d = 170- Lateral bending in
[14]
310
SEM and tensile test

ɛ = 7.7 %

ZnO
nanowire
ZnO
nanowire

ɛ = 4%- 7%

E = 29 GPa

d = 85542
d = 45

Lateral bending with
AFM
Lateral bending with
AFM
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3.3 Electromechanical Characterization
Piezoelectricity appears in the direct ( P = d X ) and converse ( x = d E ) modes,
where P is the polarization, X is the stress, x is the strain, E is the electric field,
and d is the piezoelectric constant [51]. In the direct piezoelectricity, application
of mechanical stress on the material results in charge generation on its surface. In
the converse piezoelectricity, an electric field applied across the material causes
strain or deformation in the material. Accordingly, piezoelectricity could be characterized in direct and converse manner. The most common direct measurements
of piezoelectricity in nanostructures involve tensile loading or bending loading of
the material. The challenge in direct piezoelectricity measurement is that it requires ultra-sensitive electronics in order to measure small electric charges or
electric potential produced in the material. Soft piezoelectric materials such as collagen fibrils and polymer nanofibers could not be easily loaded in the direct way.
For these types of materials the converse piezoelectric measurement is more suitable. The most powerful method for measurement of converse piezoelectricity in
nanostructures is the piezoresponse force microscopy (PFM). This method, taking
advantage of nanoscale capabilities of AFM, allows applying local electric field
on the material of interest and measuring the induced deformations (often in pm
range). Overall, characterization of piezoelectric properties of nanostructures faces
similar challenges to the nanomechanical characterization, such as handling and
manipulation of the specimen in addition to measurement of small deformation
and weak electric charges.

3.3.1 Direct Piezoelectric Measurement
Direct piezoelectric measurement is most often presented in context of piezoelectric nano-generators in the literature. The generated electric charges or the produced electric potential under a mechanical deformation such as tensile [52] or
bending [53] is reported as the outcome of the direct piezoelectricity. Two common methods for direct piezoelectric measurement include tensile testing and lateral bending experiments, much similar to nanomechanical characterization. In
tensile test of piezoelectric measurement, the specimen is placed on a precision
tensile apparatus and fixed at two ends by conductive electrodes wired to a charge
amplifier. Direct tension would induce electric polarization in the specimen due to
piezoelectric effect and the electric charges could be measured on the electrodes.
Using a precision mechanical testing stage, Wang et al. measured direct piezoelectric effect in suspended and doubly clamped single crystal BaTiO3 nanowire
(~ 280 nm in diameter) under periodic tensile strain under high vacuum, Fig. 3.9
[52]. The charge response from the nanowire was measured with a high sensitivity
fast-response charge amplifier and it was directly proportional to the applied strain
rate. They measured a charge constant of ~ 45 pC/N for the BaTiO3 nanowire.
In lateral bending experiment for direct measurement of piezoelectricity, a conductive AFM probe bends the nanowire and the generated electric potential across
the nanowire is measured with the same conductive probe. It has been shown that
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in lateral bending by AFM tip, the maximum potential produced at the NW surface
has an inverse relationship with the cube of its length/diameter aspect ratio and direct relationship with the lateral displacement by the probe [54]. Theory has shown
that for a ZnO NW with a diameter of 50 nm and length of 600 nm the piezoelectric
voltage is on the order of 0.3 V, enough to drive the metal–semiconductor Schottky
diode at the interface of AFM probe and the NW [54]. This method was applied to
ZnO nanowires and CdS nanowires grown on a substrate [55]. By scanning the tip
across the sample surface with standing nanowires in contact mode AFM, the output voltage is detected across an external load. Similarly, piezoelectricity in single
GaN nanorods was demonstrated [56]. The coupling between the piezoelectric and
the semiconducting properties of the sample and the Schottky contact between the
often semiconducting nanowire and the conductive AFM probe govern the mechanism of measurement in this method. In slightly different configuration, direct bending of PZT nanofibers spanned over a trench under bending using a tungsten probe
in a nano-manipulator was presented by Chen et al. and a piezoelectric voltage constant of g33 ~ 0.079 Vm/N was reported [57].

Fig. 3.9 Direct measurement of piezoelectricity in an individual BaTio3 nanowire. (a)
Schematic of the experimental setup for charge measurement and the SEM image of the
suspended and fixed nanowire, and (b) acquired signal from the charge amplifier under periodic tensile loading. Reproduced from [52] by permission from the publisher.
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3.3.2 Converse Piezoelectric Measurement
Piezoresponse force microscopy (PFM) is a technique based on the atomic force
microscope that allows the nanoscale characterization of the converse piezoelectric properties of material of interest with extremely high sensitivity and spatial
resolution [58-61]. Due to its high resolution and insensitivity to topography, PFM
has been extensively used in imaging domain structure and domain evolution in
thin ferroelectric films [62, 63], and in characterization of ferroelectric and piezoelectric nanowires [64, 65]. In PFM a conductive cantilever is brought into contact
with the surface of the material of interest under a constant force. An AC voltage
( V0 sin (ω t ) ) is then applied between the cantilever and the grounded substrate
(Figure 3.10). The deformation of the surface of the sample, often in picometer
range, due to the converse piezoelectric effect is detected by the cantilever. The
induced signal on the cantilever ( d 0 sin (ω t + φ ) ) is deconvoluted by a lock-in amplifier to amplitude ( d 0 ) and phase ( φ ) in respect to the input AC voltage. Amplitude of the PFM response is indicative of the strength of the peizo response and
the phase signal is indicative of the polarization direction below the tip. Shown in
Figure 3.10, the PFM setup consists of AFM system, extended electronics including a lock-in amplifier, and a function generator.

Fig. 3.10 Schematic of the PFM setup, including AFM system, and extended electronics,
for measurement of the converse piezoelectric effect at the nanoscale.

PFM could be operated in the vertical and lateral modes. In the lateral PFM, the
electric field-induced shear deformation of the sample surface causes torsional
twist of the cantilever, similar to friction measurement with AFM (Figure 3.11 a).
In lateral PFM, the cantilever should be scanned laterally with respect to its long
axis. In vertical PFM, the out-of-plane deformation of the surface is registered
through the transverse deflection of the cantilever (Figure 3.11 b). For quantitative
PFM measurement the AC frequency of the applied bias should be away from the
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mechanical resonance frequency of the cantilever-sample contact in order to avoid
amplification effect due to the contact resonance. This amplification effect, however, may be beneficial when qualitative PFM of weak piezoelectric materials is
being measured. In vertical PFM in order to avoid possible interference of the
electrostatic forces in the PFM signal, rigid cantilevers are used [61, 66]. The lateral PFM, however, due to symmetric nature of the electrostatic interactions in
PFM setup, is not susceptible to electrostatic interactions and therefore often soft
cantilevers could be used. The conductive probe is often obtained by coating
commercial AFM probes with a thin layer (~ 10 nm) of Au or Pd. For calibration
of PFM, often standard samples such as bulk PZT or quartz samples with known
piezoelectric constants are used.

Fig. 3.11 Schematic of (a) lateral PFM, and (b) vertical PFM operation.

For single crystal BaTiO3 nanowires a shear piezoelectric constant of d15 ~ 16.5
pm/V was obtained using a modified PFM that allowed for direct axial polarization of the nanowire [65]. In addition, it was shown that the stable and onedimensional ferroelectric mono-domain polarization in these nanowires could be
switched under axial electric biasing, indicating the ferroelectric nature of the nanowires [64]. Monocrystalline lead zirconate titanate Pb(Zr,Ti)O3 nanowires also
showed piezoelectric hysteresis and ferroelectric switching behavior [67]. Yun et
al. demonstrated that non–volatile electric polarization could be reproducibly induced and manipulated in BaTiO3 nanowires as small as 10 nm by external electric field and retained in the specimens exceeding 5 days [68]. Ferroelectric and
piezoelectric nanoshells of BaTiO3 and PZT were also studied using PFM and a
piezoelectric constant of ~ 90 pm/V is reported for a PZT nanoshell of 700 nm in
outer diameter and 90 nm shell thickness [69]. Direct interpretation of piezoelectric constant for a shell geometry is difficult and requires a model that is not yet
available. One-dimensional ferroelectric mono-domain formation in single crystalline BaTiO3 nanowires is reported by Wang et al. [64]. Using PFM, the effective
piezoelectric coefficient of an individual (0001) surface–dominated ZnO nanobelts
was measured to be d33~ 14.3 pm/V-26.7 pm/V, which was higher than that
of the bulk counterpart (~ 9.9 pm/V) [70]. It was observed that the effective
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piezoelectric constant was frequency dependent, and decreased by increasing the
frequency of the applied electric field. It was speculated that such frequency dependence may be due to the surface charge effect or imperfect electrical contact
between the bottom of the nanobelts and the conductive layer. Piezoelectric characteristics of PZT nanowires with diameter of ~ 45 nm were studied by PFM
[71]. Comparing with the PFM results for PZT films, it was revealed that the piezoresponse for the PZT nanowires was more significant. The KNbO3 nanowires
with diameter of ~ 100 nm, mechanically clamped and electrically biased in axial
direction, showed a piezoelectric constant of 7.9 pm/V [72]. In this configuration,
the substrate is left floating and the bias is applied between the lithographically
fabricated electrodes on the clamped ends of the nanowire and the AFM tip. For ~
100 nm nanowires of crystalline orthorhombic sodium niobate (NaNbO3) vertical
piezoelectric constant of a few pm/V was obtained much smaller than the polarized and doped bulk NaNbO3, which was attributed to the unknown and unfavorable crystal orientation in the nanowire and its interaction with the electric field
[73]. PFM has also been applied to potassium niobate-tantalate and potassium niobate nanoprisms to demonstrate the ferroelectric nature of these particles [74].

Fig. 3.12 Shear piezoresponse in a single BaTiO3 nanowire, (a) AFM topography image of
a single BaTiO3 nanowire on Au/Pd substrate, (b) PFM phase image of a ~ 80 nm nanowire. Reproduced from [64] with permission from the publisher. (c) Shear piezoresponse
obtained in lateral mode PFM from a BaTiO3 nanowire. Reproduced from [65] by permission from the publisher.

Besides semiconductor nanowires, there exist a class of organic piezoelectric
and ferroelectric nanomaterials [75], such as collagen fibrils [76, 77] and peptide
nanotubes [78]. These materials are more favorable for biomedical application due
to their inherent biocompatibility. Furthermore, nature-inspired design based on
these organic and natural materials could lead to better synthetic piezoelectric
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materials. For self-assembled diphenylalanine peptide nanotubes (PNTs) with
diameter of ~ 200 nm, a shear piezoelectric constant of d15 ~ 60 pm/V was measured using PFM [78]. It was found that the piezoelectric constant had a linear relationship with the outer diameter of the nanotubes. Using broadband excitation
piezoresponse force microscopy the electromechanical response from amyloid
fibrils was probed in liquid and it was shown that the fibrils showed shear piezoelectric behavior [79]. For single type I collagen fibrils as small as 50 nm in diameter, shear piezoelectricity was observed, with an effective piezoelectric constant of
~ 1 pm/V. Furthermore, using high resolution PFM, electromechanical heterogeneity in axial direction of a collagen fibrils was revealed with 2–4 nm resolution, as shown in Fig. 3.13 [76].

Fig. 3.13 PFM on single collagen fibril, ~ 65 nm in diameter. (a) AFM topography image,
(b) PFM amplitude image, and (c) the higher resolution image of the area shown in box in
(b). Reproduced from [76] with permission from the publisher.

Table 3.2 summarizes the electromechanical properties of common onedimensional piezoelectric nanomaterials along with the corresponding experimental technique used to extract these properties.
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Table 3.2 Electromechanical properties of one-dimensional piezoelectric nanostructures.

Piezoelectric Properties

Size (nm)

Characterization
Reference
Method

0.85-4.26 pm/V

d = 100

PFM

[73]

7.9 pm/V

d = 100

PFM

[72]

14.3-26.7 pm/V

d = 45
w = 360
t = 65
d = 200

PFM
PFM

[71]
[70]

PFM
PFM

[79]
[78]

PFM

[76, 77]

PFM

[69]

-

d = 50100
d = 700
t = 90
-

PFM

[68]

16.5 pm/V

d = 200
d = 120

PFM
PFM

[67]
[65]

-

d = 150

PZT nanofiber piezoelectric
voltage constant
~0.079 Vm/N

d = 10

Bending with [55]
AFM tip
Bending using a [57]
tungsten probe

PZT nanofiber -

d ~ 60

-

[80]

GaN nanorod

-

d ~ 10

[56]

BaTiO3

45 pC/N

d ~ 280

Bending with
AFM probe
Direct tensile
test

Material
NaNbO3
nanowire
KnBO3
nanowire
PZT nanowire
ZnO nanobelt

amyloid fibril Diphenylalanine60 pm/V
peptide
nanotube
Collagen fibril 1-2 pm/V
PZT nanoshell 90 pm/V
BaTiO3
nanowire
PZT nanofiber
BaTiO3
nanowire
CdS nanowire
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3.4 Conclusions
Due to widespread and relatively straightforward synthesis of one-dimensional
nanostructures in the past two decades, there is a great promise for their potential
application in nanoscale electronic and electromechanical devices. Clearly, a
better understanding of mechanical and electromechanical behavior of these nanostructures is critical prior to their successful integration into nanodevices. Particularly, such knowledge would help in the design and manufacturing process of the
next generation of nanoelectronics. Due to their anisotropic geometry, onedimensional nanostructures are particularly appealing to study size effects in comparison with their bulk counterparts. As it is summarized in the Tables 3.1 and 3.2,
the data in the literature are vastly spread. Possible reasons could include differences in the synthesis methods, and experimental techniques. Particularly, various
synthesis methods result in different microstructures, defect sizes, and distributions in the specimen. Surface effects, size effects, geometry, boundary conditions,
and residual strain due to fabrication are among other reasons for the spread in the
data. Furthermore, different experimental methods such as tension, bending, and
nanoindentation examine different properties of the sample in different directions.
Under bending deformation, one side of the sample is in tension and the other side
is in compression, resulting in a deformation gradient across the sample. Under
tensile testing, the material is overall under tension with no significant deformation gradient, where as in nanoindentation, compression properties are exclusively
examined. In PFM, electric field penetrates into the sample approximately on the
size of the AFM probe (~ 50 nm). Therefore, the measured piezoelectric properties
are local and may change from point to point along the sample. In direct piezoelectric measurement, the tiny amount of generated potential with a very short decay time constant makes it difficult to obtain quantitative measurements. Clearly,
the available experimental results are insufficient and rather inconsistent. Often
important cases such as rate-dependent nanomechanical properties or sizedependent piezoelectric properties are lacking. Overall, although results from single specimens are required and desirable, the low yield of the most of the current
methods prevents having statistically significant data points or examining across
different samples. Batch fabrication and synthesis methods for nanostructures are
available; however, still there are no such measurement methodology for examining many samples. As can been seen from Tables 3.1 and 3.2, the most studied
one-dimensional material in term of mechanical and electromechanical behavior is
the ZnO nanowire. Being a biocompatible material [22], ZnO shows a great potential for biomedical applications along with organic piezoelectric materials such as
collagen fibrils [76, 77] and self-assembled peptide nanotubes [78]. However,
there is a need for further nanomechanical and electromechanical characterization
of the available promising one-dimensional piezoelectric nanostructures for their
potentially extensive use in biomedical and medical application.
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Abstract. Since fabrication, characterization, and integration into practical devices
of nanostructures is unavoidably complex and expensive, accurate models are crucial for designing high performance nanostructures-based devices. Moreover, piezoelectric nanotransducers may have several crucial advantages when compared
with the correspondent macro- or micro-devices. For these reasons, after reviewing
both piezoelectric constitutive equations and equivalent circuits for piezoelectric
transducers, we show how these tools can be applied to analysis and design of practical piezoelectric nanodevices. As an important example, we choose piezoelectric
nanogenerators; however, by analyzing this type of devices, we discuss the key general concepts and challenges for modeling piezoelectric nanodevices.

4.1 Introduction
Accurate models are necessary for designing high performance nanostructuresbased devices; in fact, the unavoidably high cost and complexity of fabrication,
characterization, and integration of nanostructures into practical devices generally
requires careful design of devices and experiments before implementation. Beside
analytical models, equivalent circuits [1,2] may also prove useful. However, many
issues must be overcome for accurate modeling of piezoelectric nanodevices. For
instance, several physical properties may be drastically modified at nanoscale;
moreover, available data may be insufficient or even controversial. We also mention that, though molecular dynamics or similar approaches may, in principle, provide useful information, these methods are very complex and their computational
cost is such that only extremely small volumes can be simulated and, therefore,
simulation of practical devices is generally impossible. Nevertheless, the tremendous potential of nanodevices will likely attract more and more research efforts in
modeling at nanoscale; additionally, even highly simplified models may provide
useful guidelines for design of practical devices as, for instance, in [3,4].
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Besides these general considerations on modeling of nanodevices, there are additional specific issues for modeling of piezoelectric nanodevices. In particular,
available data on piezoelectric properties at nanoscale are insufficient; moreover,
in some devices it is necessary to simultaneously model both piezoelectric and
semiconductive properties, which increases complexity; additionally, in case of
semiconductor piezoelectric materials, the presence of junctions may require nonlinear models; furthermore, contact resistances and, more in general, parasitics
may play important roles; finally, dynamic modeling can also be intricate.
In this chapter we first review the general piezoelectric constitutive equations
(section 4.2) and the correspondent equivalent circuits (section 4.3). Afterwards,
we choose piezoelectric nanogenerators (section 4.4) as an important class of piezoelectric nanodevices. We stress that the most important concepts and challenges
for accurate modeling of piezoelectric nanogenerators can be found in modeling of
other piezoelectric nanodevices, such as the quasi-1D actuators driven by taking
advantage of the piezoelectric converse effect [5].

4.2 Piezoelectric Constitutive Equations
Piezoelectricity is the linear interaction between mechanical and electrical domains occurring in materials that are most typically electrical insulators [6,7].
In the electrical domain, for a polarizable material, called a dielectric, the relationship between the electric displacement Di and electric field Ej vectors is:
3

Di = ∑ ε ij E j

(4.1)

j =1

This is the dielectric constitutive equation, where often the sigma symbol is omitted to ease notation, implicitly assuming summation over repeated indexes.
The coefficients εij define the dielectric permittivity of the material. The coefficients κij = εij/ε0, where ε0 = 8.85×10-12 F/m is the permittivity of vacuum, define
the dielectric constant, or relative permittivity, of the material.
The permittivity coefficients form a second-rank tensor represented by a 3×3
matrix.
From free energy arguments it can be shown that the matrix is symmetric,
therefore εij = εji and there are at most six independent coefficients. This is the
case of a triclinic crystal.
Symmetry properties of the specific material may further reduce the number of
independent coefficients. For instance, for a cubic crystal the off-diagonal elements are all zero and the diagonal elements are all equal. Therefore, a cubic crystal is dielectrically isotropic and the dielectric permittivity reduces to a scalar, with
the electric displacement always parallel to the electric field.
In the mechanical domain the relevant quantities are stress and strain.
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Stress is defined as the force ΔF per unit area acting on the surface Δs of a differential volume element of a solid body, according to the following expression:

Δ Fi
Δ
Δs j → 0 s j

Tij = lim

(4.2)

Stress has the dimensions of pressure and the SI unit is the pascal (Pa).
Since both force and area have their own orientations in the three-dimensional
space, stress Tij is a second-rank tensor where i and j run from one to three. Typically, the first and second subscripts refer to the direction of the force and to the
normal to the surface on which the force acts, respectively, but the opposite notation can also be encountered.
Strain refers to the fractional variation in shape, i.e. the deformation, of a body.
It is a dimensionless quantity since it defines the change in length per unit length.
The strain S at the coordinate x is related to the spatial gradient of particle displacement u by the following expression, which appropriately nulls for a strainless rigid translation or rotation:

1 ⎛ ∂u ∂u ⎞
Sij = ⎜ i + j ⎟ .
2 ⎜⎝ ∂x j ∂xi ⎟⎠

(4.3)

Therefore, in the three-dimensional space, strain Sij is a second-rank symmetric
tensor where i and j run from one to three.
For suitably small deformations, the relation between stress and strain is linear.
In one dimension this is the Hooke’s law describing the elongation of a spring or
elastic body under the action of a tensile force.
In a three-dimensional treatment this is expressed by the following constitutive
equation of linear elasticity:

Tij =

3

∑c

ijkl

Skl ,

(4.4)

k ,l =1

where often the sigma symbol is omitted to ease notation assuming summation
over repeated indexes.
The coefficients cijkl define the elastic stiffness of the material and have the dimension of pressure.
Equation(4.4) can be reversed leading to an equivalent expression given by:

Sij =

3

∑s

T ,

ijkl kl

(4.5)

k ,l =1

where the coefficients sijkl define the elastic compliance of the material.
Curiously enough, the commonly used letters in the symbols (c and s) are
swapped with respect to the initials of the corresponding words (stiffness and
compliance).
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Considering henceforth the stiffness, though the same is valid for compliance, it
relates the two second-rank tensors stress and strain, therefore it is a fourth-rank
tensor and, in principle, the coefficients cijkl are 34 = 81.
However, stress and strain are symmetric tensors, with Tij = Tji and Sij = Sji, due
to the condition to preserve static equilibrium and Eq.(4.3), respectively. Therefore, they only have 6 different components each. As a consequence the number of
the cijkl decrease to 36.
Thanks to the symmetry of stress and strain tensors, the reduced index notation
illustrated in Fig.4.1 can be used.
In practice, the second-rank tensors are reduced in the Voigt form to first-order
tensors represented by six-component vectors. Two lower-case indexes running
from one to three collapse into a single upper-case index running from one to six.

Indexes ij

Reduced index I

11

1

22

2

33

3

23 or 32

4

13 or 31

5

12 or 21

6

Tensor notation Tij

⎡T11 T12 T13 ⎤
⎢T T
T ⎥
⎢ 12 22 23 ⎥
⎣⎢T13 T23 T33 ⎥⎦

Vector notation TI

⎡ T1 ⎤
⎢T ⎥
⎢ 2⎥
⎢T3 ⎥
⎢ ⎥
⎢T4 ⎥
⎢T5 ⎥
⎢ ⎥
⎣T6 ⎦

Fig. 4.1 Reduced index notation

In the reduced index notation, assuming summation over repeated indexes,
Eq.(4.4) can be rewritten in the following compact form:

TI = c IJ S J ,

(4.6)

where, for consistency with Eq.(4.4), it has to be assumed that S4 = 2S23, S5 = 2S13,
and S6 = 2S12, where single-Figure subscripts refer to the reduced index notation.
The use of upper-case indexes in reduced notations is, unfortunately, not always employed. In cases where lower-case indexes are encountered, the underlying notation can be inferred from the context.
In the reduced index notation, the stiffness becomes a second-rank tensor represented by a 6×6 matrix which is consequently formed by 36 cIJ coefficients. Stiffness [cIJ] and compliance [sIJ] matrices are inverse to each other.
Due to energy arguments, it can be shown that the stiffness matrix is symmetric. Therefore, out of the 36 coefficients cIJ, only 21 are independent.
This is the case of crystals of the triclinic system which have 21 independent
elastic constants.
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Crystal symmetry can further reduce this number considerably. For a cubic crystal three elastic constants are sufficient, while two are enough for an isotropic solid.
For an isotropic solid, the two non-zero elastic constants can be eventually related to any two quantities among Young’s modulus, Poisson’s ratio, bulk modulus, and shear modulus, since only two are independent and they can be
expressed as a function of the remaining ones. As an alternative, the two Lamé
constants can be considered.
The piezoelectric effect is the property of certain materials in which an imposed
mechanical stress induces an electric charge (direct effect, discovered in 1880 by
the brothers Pierre and Jacques Curie) and, similarly, an applied electric field develops a mechanical strain (converse piezoelectric effect, theoretically predicted
by Gabriel Lippmann in 1881 and soon after experimentally confirmed by the Curie brothers).
Piezoelectricity is a linear reversible effect which conserves polarity and sign as
opposed to electrostriction, present in all dielectrics to various degree, where the
relationship between produced strain and applied electric field is quadratic.
The piezoelectric effect can be seen as the linear combination of elastic and dielectric polarization contributions, which can be expressed by the following piezoelectric constitutive equations in reduced notation:

⎧⎪ Di = εTij E j + diJ TJ
,
⎨
ET
=
+
S
d
E
s
⎪⎩ I
Ij j
IJ J

(4.7)

where the superscripts T and E mean at constant stress and electric field, respectively. The temperature is also assumed to be constant, otherwise thermally induced effects such as elongation/contraction and pyroelectricity can occur.
The diJ are called the piezoelectric charge, or strain, coefficients of the material
and they are the same in the direct and converse piezoelectric effects, as it can be
demonstrated from energy considerations.
The diJ and dJi respectively form 3×6 and 6×3 matrices that are the transpose of
each other. The d coefficients, and more generally all the piezoelectric coefficients, are usually reported with reference to the direct effect and the associated
index order. A given term diJ therefore indicates the proportionality factor between
T in direction J and the resulting D in direction i, or equivalently between E in direction i and the resulting S in direction J.
In the most general case, 18 different coefficients diJ are necessary to characterize a piezoelectric material.
Depending on the degree of structural symmetry of the considered material, the
number of independent non–zero coefficients diJ is lower than the maximum number of 18. In general terms, as crystal symmetry increases, the number of unique
piezoelectric coefficients decreases.
Indeed, the piezoelectric effect can only occur in crystals whose structure lacks
a centre of inversion symmetry. Only in this case the application of strain changes
the internal distribution of charge in such a way that a macroscopic electrical polarization is produced.
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The piezoelectric properties of a given material is therefore a direct consequence of its degree of structural symmetry [8,9].
Out of the 32 crystal classes (point groups) into which crystals can be classified, 11 are centrosymmetric, therefore they posses no polar properties. The remaining 21 are non-centrosymmetric, i.e. they lack a center of symmetry, and 20
of them have asymmetries that make them piezoelectric. Examples are tourmaline
and quartz, with α-quartz belonging to the trigonal 32 class. Out of such 20
classes, 10 have a unique polar axis of spontaneous polarization within a given
temperature range and they are called pyroelectric. Examples are ZnO and AlN,
which have wurtzite structure of the hexagonal 6mm class.
The materials known as ferroelectrics are a subclass of pyroelectrics for which
polarization can be reversed under an applied electric field. Ferroelectrics can be
either monocrystals, such as Rochelle salt, or polycrystals, such as barium titanate
or lead zirconate titanate (PZT) ceramics [10,11]. In ferroelectrics, both crystalline
and polycrystalline, the electrical dipoles are arranged in domains. In an untreated
material the domains are randomly oriented so that they average out and produce a
zero net polarization. Therefore, the material does not have charge asymmetry and
does not exhibit any significant piezoelectric effect.
To set up a permanent macroscopic polarization in ferroelectrics, a treatment
called poling is adopted, where an electric field is applied usually at high temperature to orient the domains, and maintained while cooling back to room temperature.
After poling, the material becomes textured and exhibits the piezoelectric effect.
Poled polycrystalline ferroelectrics are transversally isotropic in the plane perpendicular to the poling axis. Since they are invariant for rotations about such axis
they belong to the Curie group ∞m.
Equation(4.7) represents the three-dimensional form of piezoelectric constitutive equations. Though the three-dimensional form provides the more general and
complete treatment for analytical calculations and finite-element method (FEM)
analyses, the expressions may easily become too complicate to allow understanding and interpretation of the essential phenomena upon inspection.
The simplified mono-dimensional treatment is substantially easier since subscripts and matrix notation are dropped, yet it retains adequate insight into most of
the important aspects of piezoelectric interactions. In addition, it easily allows to
derive equivalent electric circuits which can be very useful for the design of electronic interfaces [2].
There are different options for constitutive equations, depending on which of
the electrical and mechanical quantities are chosen as the independent and dependent variables. In the mono-dimensional simplified hypothesis, the following
four formulations are possible:

⎧⎪S = s ET + dE
⎨
⎪⎩ D = dT + εT E

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

(4.8a)

4 Modeling of Piezoelectric Nanodevices

99

⎧⎪S = s DT + gD
⎨
⎪⎩ E = − gT + D εT

(4.8b)

⎧⎪T = c E S − eE
⎨
⎪⎩ D = eS + ε S E

(4.8c)

⎧⎪T = c D S + hD
⎨
⎪⎩E = −hS + D ε S

(4.8d)

where the superscripts on parameters indicate the variables that are held constant,
and d, e, g, and h are piezoelectric constants.
Stress T and strain S are considered positive under traction and correspondent
elongation.
The piezoelectric constants, elastic stiffness and compliance, and dielectric
permittivity are linked by the following relationships where units are indicated in
square brackets:

d = εT g = s E e
e = εS h = c E d
g = d εT = s D h
h=e ε =c g
S

D

[C/N ] = [m/V]
[C/m 2 ] = [N/Vm ]
[m 2 /C] = [Vm/N ]
[N/C] = [V/m ]

(4.9)

εT = ε S + de ; c D = c E + he
Equations(4.8) and (4.9) can be generalized to the three-dimensional case by introducing the index notation used in Eq.(4.7).
Piezoelectric coefficients of selected materials are reported in Tab.4.1. Poled
polycrystalline ferroelectrics, such as PZT, which belong to the uniaxial class ∞m,
have the same nonzero matrix elements as crystals of the hexagonal class 6mm
such as ZnO, which is nonferroelectric.
Table 4.1 Piezoelectric coefficients expressed in pC/N of selected piezoelectric materials
taken from [8]
Material Class
(Point group)
α-Quartz Trigonal 32
PZT-5H Uniaxial ∞m
ZnO
Hexagonal 6mm
AlN
Hexagonal 6mm

d11

d12

2.3
-

-d11
-

d14

d15

d24

d25

-0.67
741
-8.3
4.0

d15
d15
d15

-d14
-
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d31

-2d11
-274
-5.0
-2.0

d32

d33

d31
d31
d31

593
12.4
5.0
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4.3 Equivalent Circuits
The mono-dimensional constitutive relationships of Eqs.(4.8) are the starting point
for deriving equivalent circuits of piezoelectric devices.
Considering a piezoelectric prism of thickness l and area A over which electrodes are placed, as shown in Fig.4.2a, the mono-dimensional treatment along the
thickness direction x3 can be applied, in the simplifying assumption that no quantity is function of the planar coordinates x1 and x2.
Under the hypothesis that stress and strain do not depend on position along the
thickness, i.e. the frequency is sufficiently low so that elastic wave propagation is
absent, the element behaves as mechanically concentrated.
Assuming harmonic regime at angular frequency ω, multiplying both members
of both equations by the area A and taking the time derivative of the second equation, Eq.(4.8c) can be rewritten in terms of the global variables force F, terminal
displacement U, voltage V, and current I as follows:

⎧
cE A
eA
eA
=
F
U − V = k EU − V
⎪⎪
l
l
l
,
⎨
S
⎪ I = eA jωU + ε A jωV = eA jωU + jωC SV
⎪⎩
l
l
l

(4.10)

where kE = cEA/l and CS = εSA/l are the constant-field spring constant and constantstrain (clamped) capacitance, respectively.
By applying the direct electromechanical analogy, force F and displacement U
are made analogous to voltage V and charge Q, respectively [12].
Therefore, Eq.(4.10) can be represented by the two-port lumped-element equivalent circuits of Fig.4.2b. The circuits can be called quasi-static, since they are valid for frequencies lower than the first resonance of the piezoelectric element. In
addition, they exclude any type of losses both mechanical and electrical.
The circuits can be seen as a special case of the Mason circuit corresponding to
the same force applied at the two faces of the transducer in the low-frequency limit when the mass density of the piezoelectric element is not influential since no
wave propagation occurs [13].
The ideal DC-responding transformer with turn ratio α:1 represents the linear
coupling between the electrical and mechanical domains. The energy transfer
across the domains is expressed by the electromechanical coupling factor κ.
By reflecting the corresponding impedance through the transformer ports it results:

α2
e2
d2
,
κ2 = 2
=
=
α + k E C S c D ε S s E εT

(4.11)

While the transformer ratio α depends on dimensions, the electromechanical
coupling factor κ is only related to specific material properties.
Typical values of κ are around 0.1 and up to 0.7 for quartz and PZT ceramics,
respectively.
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F, U
x3

P poling
x2

I

A

V

l

x1

a)
jωU
E
1/k
F

V eA
l

jωUeA
l

jωU
E
1/k

I
C

S

V

I

F

C

α = eA
l

S

V

α:1

b)
Fig. 4.2 Piezoelectric element under mono-dimensional treatment along the direction x3 (a);
lumped-element equivalent circuits valid below the first resonant frequency (b)

The equivalent circuits of Fig.4.2b evidence the important property of piezoelectrics, whereby the spring constant k (capacitance C) inherently depends on
electrical (mechanical) boundary conditions.
The spring constant in the electrically shorted and opened conditions is given
respectively by:

F
= kE
X V =0

(4.12a)

F
A
= k E + eh = k D .
X I =0
l

(4.12b)

and:

The capacitance in the mechanically clamped and free conditions is given respectively by:

I
= CS
jωV U =0

(4.13a)

I
A
= C S + ed = C T .
jωV F =0
l

(4.13b)

and:

By combining Eqs.(4.12) and (4.13) with Eq.(4.11) and Eq.(4.9), the following relationships can be derived:

(

k E = k D 1 − κ2

)
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(

C S = CT 1 − κ2

)

(4.14b)

The electrically shorted and opened spring constants, and the mechanically
clamped and free capacitances differ by the same factor which is a function of the
electromechanical coupling factor.
When mechanical energy is applied to a piezoelectric element, a fraction of that energy is converted into electrical. This is the basis of piezoelectric energy harvesting.
When a low-frequency harmonic force F is directly applied to a piezoelectric
element to which an electrical resistive load R is connected, the quasistatic equivalent circuit of Fig.4.3a can be considered under the simplifying mono-dimensional
assumption.

jωU
F

1/k

α = eA
l

a)

I

E

C

S

C
R V

T

F l κ2
eA

α:1

I
R V

b)

Fig. 4.3 Equivalent-circuit model of a piezoelectric element excited by a force F and connected to a resistive load R (a); Thevenin equivalent circuit at the electrical port (b)

By the Thevenin equivalent circuit of Fig.4.3b, the average active power P delivered to the load can be calculated. The optimal load resistance Ropt and power
Popt are:

Ropt =
2

Popt =

1
ωC T

(4.15)
2

F ⎛ l ⎞2 4
F κ 2ω
T
, respectively.
C
κ
ω
=
⎜
⎟
4 ⎝ Ae ⎠
4k E

(4.16)

Especially in energy harvesting from vibrations, the direct application of a force to
the piezoelectric element is infrequent. In the most typical situation the piezoelectric element is embedded into a mass-spring-damper seismic system which forms
the vibration energy harvester subject to base excitation.
The configuration is illustrated in Fig.4.4a, where m, k, and r represent the
mass, stiffness, and damping of the seismic equipment, respectively.
A vibrating structure representing the source from which energy is extracted is
assumed to move with harmonic dynamic displacement x(t) with respect to a fixed
reference.
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The seismic equipment is used in the harvester to convert the displacement x
into an inertia force acting on the proof mass m. This in turn causes a relative displacement y(t) between the structure and the proof mass generating a force acting
on the piezoelectric element. This force is the equivalent of that considered in
Fig.4.3, though now it results from inertia.
In practice, the harvester most typically has the structure of an elastic bending
beam [14], or it can be composed of an array of different beams to expand the
equivalent bandwidth [15].
A lumped-element model can be used to describe the harvester around resonance as shown in Fig.4.4b. The piezoelectric element is again assumed to operate
in the quasistatic regime, i.e. the vibration frequency is lower than the resonance
of the piezoelement itself.

m
1/k

m
y

k

z

piezo

r
vibrating
structure

x

r

Fy

ZL

jωY

1/k

I

E

C

Fy = - ω 2 mX

ZL V

α:1

b)

a)

S

Fig. 4.4 Piezoelectric vibration energy harvester based on a mass-spring-damper seismic
system subject to base excitation (a); equivalent-circuit model of the complete electromechanical system (b)

In general, a maximum exists for the active mechanical power that can be extracted for a given seismic equipment by an energy converter. This power limit
Plim occurs at resonance, so that reactive mechanical components null, and for a
converter which should ideally present a purely resistive mechanical impedance
adapted to r:

Plim =


where X

2

= ω4 X

2

2
m 2 X

8r

,

(4.17)

indicates the squared peak acceleration associated to x.

The expression of Eq.(4.17) is consistent with Eq.(4.16) and is the same result
as reported in [16].
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In the general case, the expression of the electrical power P delivered by a piezoelectric converter to a load assumed to be purely resistive, ZL = R, is [17]:
2
R Fy
RI
P=
=
2
2

2

jωα
S
2
jωRα + (1 + jωRC ) − ω2 m + jωr + k + k E

[

2

]

. (4.18)

The power P is a function of R that maximizes at the optimal resistive load Ropt:

(ω − ω ) + ⎛⎜ ωmr ⎞⎟
⎝ ⎠ ,
2
(ω2 − ω2oc )2 + ⎛⎜ ωmr ⎞⎟
⎝ ⎠
2

2

Ropt (ω) =

1
ωC S

2 2
sc

(4.19)

where ωsc and ωoc are the short-circuit and open-circuit natural angular frequencies
respectively given by:

ωsc =

k +kE
m

(4.20a)

α2
k +k + S
E
κ2
C = ω2 + k
ωoc =
.
sc
m
m 1 − κ2
E

(4.20b)

The optimal power Popt at Ropt is a function of frequency given by:
2
ω X k E

Popt ( ω) =

4
ωrk
m2

E

κ2
(1 − κ 2 )

. (4.21)

⎡
2
κ
⎛ ωr ⎞ ⎤ ⎡
⎛ ωr ⎞ ⎤
2 2
)
+ ⎢(ω2 − ω2sc ) + ⎜ ⎟ ⎥ ⎢(ω2 − ωoc
+⎜ ⎟ ⎥
2
(1 − κ ) ⎣
⎝ m ⎠ ⎦⎣
⎝m⎠ ⎦
2

2

2

Figure 4.5 plots the ratio Popt/Plim as a function of the normalized angular frequency for different values of the squared coupling factor κ2. The power peaks at
ωsc, with the peak that separates into two peaks as κ2 increases, corresponding to a
resonance pair caused by the short-circuit and open-circuit stiffness constants of
the piezoelectric element. With increasing the electromechanical coupling factor,
Popt tends to Plim.
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1

κ 2=0.01
κ 2=0.02
κ 2=0.1
κ 2=0.2
κ 2=0.4

Normalized power Popt/Plim

0.9
0.8
0.7
0.6

κ 2=0.4

0.5

κ 2=0.2

0.4

κ 2=0.1

0.3
0.2

κ 2=0.02

0.1

κ 2=0.01

0
0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

Normalized frequency ω/ω sc

Fig. 4.5 Normalized optimal power as a function of normalized frequency for different values of the electromechanical coupling factor κ (m = 1.2×10-3 kg; k = 20 N/m;
 | = 1 m/s2)
r = 0.02 sN/m; kE = 100 N/m; CS = 750 pF; | X

4.4 Modeling of Piezoelectric Nanogenerators
Since fabrication, characterization, and integration into practical devices of nanostructures is unavoidably complex and expensive, accurate models are key for fabrication
of high performance nanostructures-based devices. In fact, in this section we show
how the piezoelectric constitutive equations and the equivalent circuits for piezoelectric transducers, combined with finite element simulations, give insight for designing a
certain type of devices. In particular, we have chosen piezoelectric nanogenerators for
two reasons. First, piezoelectric nanogenerators may have a tremendous practical impact in a large variety of applications; in fact, the piezoelectric conversion of mechanical input energy into electric energy at nanoscale may offer several potentially crucial
advantages for high-efficiency energy harvesting in miniaturized devices, with special
reference to both implantable MEMS and nodes of wireless sensors networks. Second,
modeling of piezoelectric nanogenerators is very complex, so that their analysis allows
to discuss several crucial and more general concepts and challenges for accurately
modeling of piezoelectric phenomena at nanoscale.
Here we review the existing models for piezoelectric nanogenerators and show
how improved models have, in fact, provided useful guidelines for designing nanogenerators with higher output voltage and efficiency.

4.4.1 Piezoelectric Nanogenerators for Energy Harvesting
The micro- or nano-scale integration of sensors, actuators, and circuits may permit
more accurate diagnoses and more effective therapies for many diseases; similarly,
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wireless sensors networks can permit to drastically reduce the maintenance costs for
structural health monitoring (buildings, bridges, highways, trains, airplanes,…) and
help to prevent disasters. Despite these outstanding potentialities, the applications of
both implantable micro- or nano-systems and wireless sensor networks are restricted
by the limits of currently available batteries, which have insufficient energy density,
do not guarantee satisfactory lifetimes, may be impossible or too expensive to replace, and may be impractical for cost, weight, and volume. As an ideal solution,
since energy is, somehow, everywhere, it is possible in principle to harvest “free”
energy from the environment; for instance, the human body is a great reservoir of
energy, including: mechanical energy related to body movement and muscle contraction; hydraulic energy related to blood and other body fluid flow; chemical energy related to glucoses or other biomolecular energy sources and processes; and
thermal energy related to body temperature. Similar considerations also apply to
numerous other environments. Moreover, even for very large–scale energy production with zero, or almost zero, environmental impact, it is in principle possible to
harvest energy from the environment (solar energy, ocean waves, wind, geothermal,
biomass...). As a result the high–efficiency harvesting of energy from the environment is a key challenge for both large energy production and for the development of
miniaturized self-powered devices with unlimited autonomy.
Though energy harvesting devices may operate at macroscopic scale, in principle, operations at micro- or nano-scale can have decisive advantages, especially
for powering micro- and nano-devices, as necessary for both implantable MEMS
and autonomous sensor-nodes of wireless sensors networks.
Recently, in order to enable high-efficiency energy harvesting at micro- or nano-scale it has been proposed to use an array of aligned piezoelectric nanowires
for converting mechanical energy into electrical energy [18]. In comparison with
other approaches, this method may offer several crucial advantages, including
easy and CMOS/MEMS-compatible fabrication, large nanowires deformations induced by small mechanical input forces, high-efficiency due to the ability of nanowires to withstand extreme deformations without fracture, and high-frequency
operation. We mention that though several piezoelectric materials have already
been tested for nanogenerators, ZnO offers a unique combination of advantageous
properties: easy, low-cost, low-temperature, large area, and vertically aligned
growth on a wide variety of substrates; best reported results for micro- or nanoscale conversion of mechanical energy into electrical energy; outstanding mechanical properties, including ability to withstand extreme deformation without
fracture; longer carriers lifetime in comparison with thin films when subject to
relatively large mechanical stresses; almost dislocation-free structure; biocompatibility; and bio-safety. For these reasons, we will mainly discuss ZnO
nanogenerators.
Many different devices using piezoelectric nanogenerators have been reported
and are covered in Chapter 5; here we restrict to modeling of piezoelectric nanogenerators and on its impact for designing higher efficiency devices; therefore, we
only very shortly describe a few experiments and devices which are useful for introducing key theoretical concepts.
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4.4.2 Piezoelectric Nanogenerators: First Experiments and Models
The concept, first experiments, and models of piezoelectric nanogenerators have
been reported in [18]. In practice, the tip of an Atomic Force Microscope (AFM)
was scanned over an array of vertically aligned ZnO nanowires in order to produce output voltages sufficient for detection on an external load; in this pioneering
work, ZnO was chosen as the material for such experiment because of its unique
(among the known quasi-one-dimensional nanomaterials) properties. First, ZnO is
both piezoelectric and semiconductive; as we shall show, the coupling of these
properties can be key for the fabrication of mechanically excited harvesting devices. Second, ZnO is also relatively safe from the biological point of view, having
low toxicity and high biocompatibility, which can be crucial for biomedical application. Third, ZnO exhibits the most assorted and rich geometrical configurations
(nanowire, nanobelt, nanoring, nanohelix, nanobows, nanowalls,...) among nanostructures. The piezoelectric properties of ZnO stem from its wurtzite structure
with hexagonal unit cell, non-central symmetry, space group, and lattice parameters [19]. The oxygen anions and Zn cations form a tetrahedral unit and the resulting structure is made of a number of alternating planes composed of tetrahedrally
coordinated Zn2+ and O2- ions stacked alternatively along the c-axis, as shown in
Fig. 4.6. The oppositely charged ions produce positively charged (0 0 0 1)-Zn and
negatively charged (0 0 0 -1)-O polar surfaces. The Zn-terminated surface is at the
growth front (positive c-axis direction) because of its higher catalytic activity.
These oppositely charged ions produce a normal dipole moment and spontaneous
polarization along the c-axis.

Fig. 4.6 Wurtzite structure model of ZnO. Reproduced from [19] with permission by
Publisher.
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Figure 4.7 schematically shows the first experiment on piezoelectric nanogenerators [18]. In practice, an array of vertically aligned ZnO nanowires was grown
on c-plane–oriented sapphire substrate, using gold particles as catalyst. During the
synthesis a thin layer of ZnO forms on the substrate, with which an epitaxial relation exists; this ZnO film serves as a common electrode for all the nanowires of
the array. The nanowires array has been grown with low density and short length
(0.2 to 0.5 μm) in order to allow the AFM tip to reach exclusively one nanowire at
the time, so that the piezoelectric voltage of single nanowires can be detected. The
AFM Si tip was coated with Pt film and the AFM was used in contact mode with a
constant normal force of 5 nN applied between the tip and the sample surface. The
AFM tip was scanned over the array of nanowires; the tip height was adjusted in
order to follow the surface morphology. The output voltage generated by the deflected nanowires is applied through the AFM tip to an outside load RL=500 MΩ;
the output voltage across the load was continuously monitored as the tip scanned
over the nanowires.

Fig. 4.7 First experiment performed on ZnO nanowires deflected by an AFM tip

The morphology and the output voltage across the external load were simultaneously recorded. The voltage peaks were about 6–9 mV. By comparing the morphology and the output voltage, it was demonstrated that when the AFM tip
started to deflect the nanowire, the output voltage was zero (i.e. very small signal
to noise ratio); on the contrary, output voltage peaks were clearly detected after
the deflection of the nanowire reached its maximum value. This experimental
observation was key for understanding how this device works. In practice, when
the vertical nanowire is laterally bent by a force exerted at its tip, a strain field is
created across the nanowire by the mechanical input energy; the compressed
surface (negative strain) of the nanowire is opposed to the stretched one (positive
strain). An electric field along the z-direction (axis of the nanowire) is thus created
inside the nanowire due to the piezoelectric effect. The nanowire experiences an
electric potential distribution across its cross-sections (perpendicular to the axis of
the nanowire), with the compressed side exhibiting a negative potential and the
stretched side exhibiting a positive potential. At atomic scale, this piezoelectric
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potential is created by the relative displacement of the Zn2+ cations and O2- ions
with respect to the rest position of the wurtzite cell crystal structure. The piezoelectric charges are fixed (i.e. cannot freely move) and the piezoelectric potential
difference is maintained as long as the nanowire is deflected because no foreign
free charges can be injected from the metal contacts due to the reverse biased
Schottky junction. In fact, the two contacts at the top and base of the nanowire are
not symmetric; at the base, the ZnO film in contact with the base of the nanowire
(as described above) and the Ag paste for connecting the device to the external
load constitute an ohmic contact (the electron affinity of ZnO is 4.5 eV; the work
function of Ag is 4.2 eV and there is no barrier at the interface between ZnO and
Ag); differently, at the top, the nanowire is in contact with the Pt-coated AFM tip
(Pt has a work function of 6.1 eV) and the resulting Pt–ZnO contact forms a
Schottky barrier which determines the entire transport process. In fact, when the
AFM conductive tip is in contact with the stretched side of the nanowire (positive
potential), the metal tip has a potential of nearly 0 V and the Pt–ZnO (metal – ntype semiconductor) Schottky junction is reverse biased; since, under reverse bias
there is no (or minimum) charge flow, the flow of significant free charges through
the Pt–ZnO interface is prevented and the piezoelectric potential builds up and increases with increasing deflection. After the maximum deflection is reached, the
AFM tip slides along the top surface of the nanowire and reaches the compressed
side (negative potential), so that the Pt–ZnO interface is now forward biased and
allows charge flow (in other words, the piezoelectric potential is now applied to
the series of a forward biased Schottky diode and the resistive load, so that current
can flow); in practice, free charges from the metal enter the piezoelectric nanowire, thus reducing the potential; this sudden increase in the electrical current
flowing toward the load gives rise to output voltage peaks across the load which
can be easily measured. In case of n-type nanowires, the two different conditions
(reverse and forward biased Pt-ZnO Schottky junctions, respectively) are schematically illustrated in Fig. 4.8 by means of extremely simplified equivalent circuits
connected to the load RL; the bent nanowire is modeled by a Schottky barrier and a
capacitance CNW; the resistance R0 takes into account the contact resistance. In
practice, when the AFM tip starts to deflect the nanowire, a positive potential is
gradually induced in the bent nanowire; however, this positive potential results in
reverse biasing of the Schottky barrier and therefore, no current flows toward the
load (Fig. 4.8 (a)); after some time the AFM tips reache the middle point of the
nanowire (local piezoelectric potential is zero) and, subsequently, the tip reaches
the compressive side of the nanowire (negative piezopotential, Fig. 4.8 (b)), so
that the Schottky barrier is forward biased and there is current through the load.
This very simple model predicts a completely different behavior for p-type nanowires; in fact, as shown in Fig. 4.8(c,d), the p-type nanowire will give rise to positive output voltage pulses, with a dual behavior respect to the n-type nanowire
(current flowing through the load when the AFM tip is in contact with the extended side), as experimentally verified in [20].
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Fig. 4.8 Equivalent circuits for AFM tip in contact with extended (a) and compressed (b)
side of a bent n-type nanowire and correspondent circuits for a p-type nanowire (c,d)

The first attempt to calculate the output voltage of ZnO nanogenerators, though
under strong simplifying hypotheses, has been reported by [21]. The system setup
for deriving the analytical solutions and for performing the Finite Element Method
(FEM) calculations is the same as in [18] which has been above described.
The set of governing equations that describe the static piezoelectric material is
as follows:
1.

2.

Mechanical equilibrium equation without body forces:

JJJG
∇ •T = fe(b) = 0

Piezoelectric constitutive equation (see equation (4.8c)):

⎧⎪T = c E S − eE
⎨
⎪⎩ D = eS + ε S E
3.

(4.22)

(4.23)

General compatibility equation:

∂2 Smp
eilm e jpq
∂xi∂xq
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Gauss equation of electric field

JG
∇ • D = ρe(b) = 0

(4.25)

In practice, the stress tensor Τ is related to the strain tensor S by means of the piezoelectric constitutive equations; the linear elastic constants cE, the piezoelectric
coefficients e, and the dielectric constants εS are defined, given the C6v symmetry
of the ZnO crystal with wurtzite structure, as follows:
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(4.26)

(4.27)

(4.28)

With Eqs. (4.22) – (4.28), first an analytical solution under the Saint-Venant approximation has been calculated; in order to simplify the derivation, constant
isotropic elastic modulus E and Poisson ratio ν have been considered. All these
simplifications result in an excellent approximation for ZnO, as demonstrated by
the 6% error of this model when compared with FEM full numerical calculations
(see later).
For both analytical and full numerical calculations, the nanowire has been
modeled as a cylinder with length l and radius a; the base of the nanowire is fixed
to a conductive substrate and the top end is pushed by a lateral force fy, uniformly
applied over the top surface, in order to avoid punctual deformations or torque of
the structure.
The solution of the problem derived from the Saint-Venant Theory of bending
for the mechanical parts and solving the system described above, will give the following piezoelectric potential distribution (inside and outside the nanowire):
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⎧
3⎤
⎡
⎪ 1 f y [ 2(1+ ν )e15 + 2ν e31 − e33 ] ⎢ε 0 + 3ε11 r − r ⎥ a 3 sin θ, r < a
3
⎪ 8ε11 I xx E
⎣ ε 0 + ε11 a a ⎦
ϕ =⎨
⎡ 2ε a ⎤
⎪
1 fy
[ 2(1+ ν )e15 + 2ν e31 − e33 ] ⎢ 11 ⎥ a3 sinθ , r ≥ a
⎪
8ε11 I xx E
⎣ε 0 + ε11 r ⎦
⎩

(4.29)

The maximum piezoelectric potential will be at the outer surfaces (r=a) for both
tensile and compressive side. Considering also that, for small deflections, the maximum deflection of the nanowire tip (z=l) is:

υmax =

f yl 3
.
3EI xx

(4.30)

The maximum piezoelectric potential at the surface of the nanowire will be
(T ,C )
ϕ max
=±

a3
3
[ e33 − 2(1+ ν )e15 − 2ν e31 ] 3 υ max
l
4(ε 0 + ε11 )

(4.31)

which is proportional to the third power of the aspect ratio of the nanowire (a/l).
This relation also shows that for a given aspect ratio, the potential will be only
proportional to the maximum tip deflection.
Full numerical calculations were carried out using the same geometric setup
and governing equations; in particular, the diameter and length of the nanowire
were, respectively, d=50 nm and l=600 nm; the applied force at the tip was fy= 80
nN. The parameters for ZnO are given in Table 4.2, where, as a first and very rudimentary approximation, ZnO has been considered as a dielectric medium (i.e. no
free charges and zero electrical conductivity); later we will see how this very
strong hypothesis can be removed.
Table 4.2 ZnO parameters

Young modulus E
Poisson ratio ν
Relative dielectric constant κ⊥
Relative dielectric constant κ||
Piezoelectric constant e31
Piezoelectric constant e33
Piezoelectric constant e15

129 GPa
0.349
7.77
8.91
-0.51 C/m2
1.22 C/m2
-0.45 C/m2

Finite Element Method (FEM) calculations were carried out in order to solve
the fully coupled electromechanical systems presented above; the results confirmed the analytical derivations, with an error within 6%. Figure 4.9 shows the
calculated piezoelectric potential.

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

4 Modeling of Piezoelectric Nanodevices

113

Fig. 4.9 Parallel plate capacitor model of laterally bent nanowire. Reproduced from [21]
with permission by Publisher.

The large difference, more than one order of magnitude, between the calculated
potential (0.3 V) and the output voltage peaks recorded during the first experiments with the AFM tip (10 mV), can be obviously attributed to various aspects
which have not been included in this model: first, there may be a large contact resistance between the nanowire and AFM tip (due to very small contact area);
second, the nanowire is very small and the measurement system capacitance may
also introduce non-negligible errors; moreover, the calculations presented so far
are valid only when the donor concentration in the material is so low that its electrical conductivity can be neglected and in absence of load.

4.4.3 Piezoelectric Nanogenerators: Geometries, Conctacts
Configurations, and Mechanical Excitations
In [3] it has been suggested that different geometries, contacts configurations, and
mechanical excitations can greatly affect the efficiency and both novel contact
configurations and mechanical excitations have been proposed. Moreover, since
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the evaluation of the efficiency of nanogenerators is, at present, nearly impossible,
a simpler parameter, which is however crucial for the efficiency, namely the ability to "statically" transduce, without any applied load, mechanical input forces (i.e.
deflections) into output voltages, has been used for comparing different geometries, contact configurations, and mechanical excitations. With this extremely simple approach, crucial guidelines for the design of high efficiency nanogenerators
have been found, namely the superior performance of vertical compression and
lateral stretching, the potential of piezoelectric nanowalls for energy harvesting,
and the systematic analysis of all the most important contacts configurations.
In fact, both the output voltage and efficiency of nanogenerators strongly depend on both the position of the electrical contacts required for connecting the
piezoelectric nanostructures to the load and on the mechanical input forces. For
this reason, the most important configurations for the contacts and types of mechanical excitations have been compared by calculating the static output voltages
for a given input force. As to the mechanical excitations, lateral bending, and lateral stretching have been considered; more importantly, vertical compression has
been introduced [3]. As to the contact positions, clearly, it may be very difficult to
implement arrays of nanostructures with certain types of contacts configurations
due to technological limitations (i.e. it is not easy to fabricate a desired array of
piezoelectric nanostructures with arbitrary contacts positions); nevertheless, the
systematic simulation of the possible contact configurations can provide insight
and help to clearly identify the technological objectives to be fulfilled for the design and fabrication of high-efficiency nanogenerators.
Unfortunately, accurate simulations of the efficiency of piezoelectric nanogenerators is extraordinarily complex. First, the presence of Schottky barriers results in
non-linear characteristics. Second, accurate modeling of the non-zero electrical
conductivity of the piezoelectric material is not straightforward. Third, the efficiency can only be evaluated if the load is specified. Fourth, dynamic phenomena
should be considered. Fifth, parasitics can also play an important role and should
be properly taken into account. For these reasons, a simpler parameter, which is
however crucial for the efficiency, has been considered, i.e. the ability of the nanostructures, with specified contact configurations and mechanical excitations,
without any applied load, to "statically" transduce mechanical input forces (i.e.
deflections) into output voltages; this analysis does not require modeling of the
Schottky barrier and of dynamic phenomena. As additional simplifications, the
non-zero conductivity and parasitics have also been neglected. Despite such strong
hypotheses, these static FEM simulations were sufficient for understanding the potential and disadvantages of different contact configurations and mechanical excitations, consistently with both previous and subsequent experimental results.
From a technological point of view, it is simple to grow vertically aligned nanowires on a substrate; in this typical case, the bottom and top parts of the nanostructures can be clearly identified and we may refer to the base as to the interface
between the nanostructure and the substrate; similarly, we may refer to the tip as
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to the free-standing end of the nanostructure. Obviously, at least two electrical
contacts are necessary for extracting the electrical energy and connecting to the
load. Figure 4.10 shows the most important possible positions of the electrical
contacts for a vertical nanowire.

Fig. 4.10 Possible positions of the electrical contacts in a vertical nanowire. Reproduced
from [3] with permission from Publisher

For simplicity, FEM calculations have been carried out for square-base nanowire with 50 nm side and 600 nm height, excited by a surface force of
40x106 N/m2. A fully coupled electromechanical system was solved for a c-axis
vertical–aligned ZnO nanowire with wurtzite structure, considering only static dielectric properties of the material, similar to [21].
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Lateral deflection
Figure 4.11 shows the results of the simulations for a top-bottom nanowire laterally bent by a force exerted at its tip. Clearly, a top contact covering the entire top
surface will locally short-circuit the potential distribution, resulting in an equipotential tip and, therefore, in a zero voltage difference between the bottom and top
contact, consistently with experimental results reported in [18] for nanowires with
metal–coated tips which gave zero output voltage. More in general, in case of lateral deflection, the regions subject to the highest strain are in the bottom lateral
parts of the nanowire; however, the presence of a total bottom contact will equate
the potential at the bottom of the nanowire and thus reduce the output voltage to
rather small values (around 0.3 V); it is therefore clear that, in case of nonhomogeneous strain distribution (e.g. lateral deflection), contacts near high-strain
regions should, if possible, be avoided [3].

Fig. 4.11 Piezoelectric potential distribution in a top-bottom nanowire, laterally deflected.
Reproduced from [3] with permission from Publisher

It is then useful to simulate all the most significant contact configurations for
lateral deflection, with special reference to those which do not include "short circuits" close to the high–strain regions; in fact, in absence of a total bottom contact,
a much higher piezoelectric potential can be generated, as confirmed by the FEM
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simulations in Fig. 4.12, showing that the output potential between the bottom left
and right contacts can be more than one order of magnitude higher than that with a
classical top-bottom configuration (6 V instead of 0.3 V); we also mention that, in
case of lateral contacts, the presence of an additional top electrode, will not significantly alter the potential difference between the two contacts.

Fig. 4.12 Piezoelectric potential distribution in a bottom-bottom nanowire, laterally deflected. Reproduced from [3] with permission from Publisher.

Vertical compression
As we just discussed, in non-homogeneous strain distributions it is better to avoid
contacts near high-strain regions; however, for technological reasons, it may be
very difficult to integrate lateral contacts for large arrays of closely packed laterally bent nanowires; therefore, other approaches than lateral deflection can be more
advantageous.
For this reason, in [3] it has been suggested that vertical compression can allow
to obtain more homogeneous strain distributions and thus remove altogether the
requirement to avoid contacts near high-strain regions. In fact, it is possible to apply a vertical compressive force along the axis of the nanowire itself, resulting in a
linear varying potential (at the moment we are neglecting free charges in the nanowire), as illustrated in Fig. 4.13. In this case a high piezoelectric potential is
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generated, even if both base and top of the nanowire are totally covered by
conductive materials, which can be a crucial advantage for practical implementations. In fact, a vertical integrated nanogenerator (VING) device taking advantage
of vertical compression has been subsequently described by [22] and allowed to
obtain output voltages in the order of few volts, which is sufficient for powering
electronic circuitry, thus experimentally confirming the advantages of vertical
compression, which also allows to make very good contacts (i.e. no sliding contacts and very low parasitic resistance) to all the nanostructures.

Fig. 4.13 Piezoelectric potential distribution in a vertical compressed nanowire. Reproduced from [22] with permission from Publisher.

Lateral stretching
Similarly, lateral stretching may also result in more homogeneous strain distributions and thus allow to take advantage of "total" contacts at the two ends of the nanowire without significant reduction of the output voltage. In fact, nearly homogeneous strain distribution may also be obtained by stretching a laterally packaged
piezoelectric wire as experimentally demonstrated in a previous paper from [23].
This case is similar to the top bottom configuration, but the external force is applied
to bend the whole piezoelectric wire, instead of fixing only one of its ends. In this
way the strain is much more uniformly distributed along the nanowire and, therefore, the presence of total contacts at both ends is practically unimportant for the
output potential. Figure 4.14 shows the potential distribution for this configuration.
In [3] it was also found that when the nanowire is laterally bent, the differential
potential between the compressed and stretched sides is almost independent on the
height of the nanowire; on the other hand, when the nanowire is vertically compressed, the potential generated between the top and bottom surfaces was directly
proportional to the height of the nanowire and independent on the cross-section
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dimensions of the nanowire itself; instead, in the lateral stretch case, the potential
between top and bottom contact was inversely proportional to the cross-section
dimensions of the nanowire. We however stress that all these conclusions are valid
only under the (very strong) simplifying assumptions which have been previously
described (no Schottky barrier is included, free charges are not taken into account,
parasitics and dynamic phenomena are not modeled). For these reasons, more accurate simulations, at least taking into account free charges, are necessary and, as
we shall show, may lead to completely different results.
It is interesting to observe that, despite the complexity of nanogenerators modeling which only allows rudimentary comparisons and very rough predictions,
successive experiments [22] have confirmed that vertical compression and lateral
stretching give the best results, consistently with [3].

Fig. 4.14 Piezoelectric potential distribution in a laterally stretched nanowire. Reproduced
from [3] with permission from Publisher.

Piezoelectric Nanowalls for Energy Harvesting
In [3] it has also been suggested that nanogenerators can be made of piezoelectric
nanowalls (i.e. quasi-two-dimensional nanostructures) rather than nanowires (i.e.
quasi-one-dimensional nanostructures). In fact, neglecting second–order effects, a
piezoelectric nanowall would be equivalent to a large number of parallel nanowires
connected in parallel, thus increasing the maximum output current without significantly changing the output voltage; moreover, it seems much easier to integrate lateral contacts for an (one-dimensional) array of (quasi-two-dimensional) nanowalls
rather than for an (two-dimensional) array of (quasi-one-dimensional) nanowires.
For verification, a nanowall with the same height (600 nm) and side (50 nm) of
the nanowires considered before, and a depth of 600 nm, has been studied; the two
lateral contacts were extended too, as shown in Fig. 4.15b and, clearly, the mechanical force has been properly scaled so that the same deformation is obtained
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(i.e., the same surface force has been considered). The calculated potential distribution gave a maximum potential of about 6 V, similar to those obtained for
laterally bent nanowire, with distinct advantages of the nanowall in terms of both
increased output current and possibly more simple integration.

Fig. 4.15 Piezoelectric potential distribution in a bent nanowall. Reproduced from [3] with
permission from Publisher.

4.4.4 Piezoelectric Nanogenerators: First Models for Output
Power and Efficiency
Recently, the potential, output power, and energy conversion efficiency of piezoelectric nanostructures, using both static and dynamic analysis, have been investigated by [24]. This chapter contains the first ever reported analysis of the output
power and efficiency of nanogenerators, which are estimated much higher than
values for traditional piezoelectric transducers; it is however important to recognize some (strong) simplifications behind the results in [24]: first, accurate estimation of the efficiency can require modeling of the (non-linear) Schottky barrier,
free charges, and parasitics; second, vertical compression and lateral stretching are
not covered. In fact, though the authors, following [3], avoided total bottom
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contacts which would otherwise reduce the output potential, it is clear that fabrication of the required lateral contacts is non-trivial. Despite such limitations, and
though all the results for nanogenerators are certainly over-estimated because freecharges and parasitics were not taken into account, [24] gives the first ever calculated comparison between the efficiency of conventional piezoelectric transducers
and of piezoelectric nanogenerators (3 to 4 orders of magnitude higher), depending on geometry and piezoelectric material.
Three types of nanostructures were taken into account in [24]: rectangular nanowires, hexagonal nanowires (which were, in practice, modeled as circular), and
nanowalls (i.e. quasi-two-dimensional vertical piezoelectric nanostructures, also
called nanofins), as shown in Fig. 4.16 where the important dimensions of the nanostructures are illustrated. Static analysis was used to calculate the maximum
piezoelectric potential that can be produced by a particular structure when it is
deflected by a constant external force. Dynamic analysis, instead, was performed
in order to study the output power and efficiency when the nanostructures are subject to ambient vibration energy. The material dependence of the dynamic system
has also been investigated considering different material such as ZnO, BaTiO3,
and PZT (lead zirconate titanate).
Static analysis was performed for rectangular and circular nanowires, where the
circular section has been chosen as an approximation of the hexagonal section. In
fact, BaTiO3 and PMN-PT (perovskites) nanowires usually have rectangular or
square cross-section, while ZnO and GaN (wurtzite structure) usually exhibit hexagonal cross-section. For such rectangular and hexagonal (approximated by circular) nanowires and for the nanowall, neglecting free charges, [24] report the maximum piezoelectric voltage for the three types of nanostructures, analytically
derived by means of Saint-Venant cantilever beam bending theory as follows

ΔVmax,rNW =

Qp
fy (1+ υ )b3e15
=
C p 6I xx ⎡⎣2(1+ υ )e152 + ε11E ⎤⎦

(4.32a)

3 f y (19 +16υ )b3e15
36I xx ⎡⎣2(1+ υ )e152 + ε11E ⎤⎦

(4.32b)

ΔVmax,hNW =

ΔVmax,NWall =

fy t 3e15

6I xx ⎡⎣2(1+ υ )e152 + ε11E ⎤⎦

(4.32c)

Such maximum piezoelectric potentials are proportional to the external force and
inversely proportional to the thickness or width, but do not depend on the length.
Clearly, the potential achievable by real piezoelectric nanostructures is also limited by the mechanical strength and flexibility limits of the nanostructures (we
mention that in many practical cases there are insufficient, limited or controversial
data in literature for predicting such limits).
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Fig. 4.16 Important dimensions of three different nanostructures: rectangular nanowire (a);
hexagonal nanowire (b) and nanowall (c)

Sun et al. also reported the first dynamic analyses of nanogenerators. The same
geometries and boundary conditions have been used and nanostructures are considered as fixed to the substrate at their bottom end, while the top end is free to
vibrate; an ultrasonic wave is supposed to induce nanostructures vibrations; the
mechanical energy is supposed to be sufficiently large.
According to Newton’s Law

m * 
y(t) + Dy(t) + Ky(t) = f (t) = m * a(t) ,

(4.33)

where m* is the effective mass of the of the vibration beam, K is the spring constant of the system, D=2m* ζ ωn is the viscous damping coefficient, and ωn is the
natural frequency of the nanostructure and ζ is the damping ratio. As discussed in
Section 4.3, this electromechanical system may be synthetically described in terms
of an equivalent circuit, thus allowing to determine the optimal load, the correspondent output power and efficiency, and thus comparing different materials and
geometries. With this approach, [24] confirmed that using nanowalls instead of
nanowires can improve the output power, consistently with [3] and concluded that:
−
−

−

the output power increases when increasing the volume of the structure (similar to bulk materials);
the energy conversion efficiency at the resonant frequency increases
rapidly when reducing the aspect ratios of the nanostructure, thus
demonstrating the higher efficiency of nanostructures and allowing
to compute optimal dimensions (e.g. BaTiO3 nanowire should be 4–5
μm in length and larger than 100 nm wide; ZnO nanowire should be
3–4 μm in length and larger than 50 nm wide; ZnO nanowalls should
have height around 1 μm and at least 40 nm thickness);
in comparison with BaTiO3 and PMN–PT nanowires, ZnO nanowires have the higher open–circuit voltages (despite ZnO has the
lowest piezoelectric coefficient);
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BaTiO3 and PMN-PT could have better performances than ZnO as
power source, but ZnO could be the best choice as voltage source.

Though such conclusions can provide preliminary information for design on nanogenerators, in real devices other important effects can play key roles (e.g.
parasitics and non linear effects due to Schottky barrier,...). Moreover, vertical
compression has not been considered in [24] despite its relevant advantages (homogeneous strain distribution and, therefore, possibility to contact all the nanowires without lowering their output potential).

4.4.5 Modeling Free Charges in Piezoelectric Nanogenerators
In the simulations described so far, for simplicity, the non-zero electrical conductivity of the piezoelectric nanostructures has been neglected. As we discussed,
despite such very rudimentary hypothesis, precious insights and guidelines for the
design of high efficiency nanogenerators have been found [3]. However, clearly,
models taking into account free charges can offer important information and more
accurately predict the output piezopotential.

Lateral Deflection
A macroscopic-statistical model of piezoelectricity in a laterally bent semiconductive nanowire, with moderate conductivity in a normal doping range, has been first
presented in [25]. In particular, the electric potential has been calculated when
thermodynamic equilibrium among free charge carriers is achieved, taking also
into account the statistics of electron/holes. In general, free electrons/holes will
redistribute for reducing the electric field and potential created by the fixed polarization charges.
The main equations governing the system must be modified because the divergence of the electric displacement field is not equal to zero, but to the following
charge density (per unit volume)

JG ∂
∇•D =
(eiq Sq + εik Ek ) = ρe(b) = ep − en + eN D+ − eN A− ,
∂xi

(4.34)

where n and p are, respectively, the concentrations of free electrons and holes, ND+
and NA- are the ionized donor and acceptor concentrations. Since ZnO nanowires
are usually n-type, in most practical cases the hole concentration can be neglected
(obviously, for duality, in case of p-type nanowires it is possible to neglect the
concentration of free electrons).
The following set of equations must be added to the system in order to calculate
the distribution of electrons under thermodynamic equilibrium, given by the Fermi-Dirac statistics:
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G
EC (x ) − EF
n = N C F1 2 (−
)
kT
,
⎛ 2π me kT ⎞
NC = 2 ⎜
⎟
⎝ h2 ⎠

(4.35)

where the conduction band edge EC is a function of the position and the band edge
shift is due to both electrostatic and deformation potential as follows:

EC − Ec0 = ΔEC = −eϕ + ΔECdeform = −eϕ + ac

ΔV .
V

(4.36)

The activation process of donors is given by:

N D+ = N D

1
,
⎛ EF − ED ⎞
1+ 2 exp ⎜
⎟
⎝ kt ⎠

(4.37)

where ND is the concentration of donors, EF is the Femi level, and ED is the position-dependent donor energy level.
The nanowire is assumed to be grown on a substrate, which is made of the
same material of the nanowire, but is much larger than the nanowire, so that the
substrate can be considered as a vast reservoir that pins the Fermi level.
The Finite Element Method was used to solve the non-linear partial differential
system posed in Eqs (4.34) – (4.37). Axial-symmetry was used in order to solve
only for half of the space (x>0) and the solution on the other half will then be obtained by mirror symmetry of the x=0 plane.
The material constant for ZnO, the geometric properties, and the applied force
are the same of the dielectric calculation described before. Since the bandgap of
ZnO (3.4 eV) is much larger than the possible band shift, the Fermi level is always
far away from the valence, so that the contribution of holes to electrical conductivity can be neglected. The donor concentration of ND=1 x 1017 cm-3 is chosen as the
typical value according to standard growth conditions.
Figure 4.17 shows the results of the calculations for a donor concentration of
ND=1 x 1017 cm-3 (‘a’ is a cross-section plane at x=0; ‘b’ is a cross-section perpendicular to the nanowire axis at an height of z=400 nm). For the sake of comparison
to the previous calculations, Fig. 4.17c and d show the result when ZnO is considered an insulator and no free charge carriers are present.
When considering the moderate doping of ZnO, the maximum positive electric
potential is significantly reduced from 0.3 V (insulator case) to less than 0.05V.
The negative potential on the compressed side of the nanowire, instead, is very
well preserved.
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Fig. 4.17 Piezoelectric potential distribution in a laterally deflected semiconductive nanowire (a,b) and reference to the insulator case (c,d) Reproduced from [25] with permission
from Publisher.

This result is in agreement with the experiment of AFM-based nanogenerator,
where only negative pulses were recorded when using n-type ZnO nanowires, as
well as with the temporal coincidence of the output negative potential peaks with
the contact between the AFM tip and the compressed side of the nanowire.
In fact, two different things happen on the opposite sides of the nanowire. Intuitively, the decrease of the piezoelectric positive potential in the tensile side is due
to the availability of free electrons (also from the substrate "reservoir") which are
attracted by the positive potential and thus somehow "short circuit" the stretched
side of the nanowire. In other words, in the positive tensile side, in consequence of
the strain field, the positive polarization charges try to create a positive potential
which attracts free electrons from the substrate, so that the positive potential is
partially screened. On the contrary, free negative charges are repelled from the
compressed side of the nanowire (negative potential), so that the ouput potential is
well preserved. Clearly, ionic polarization charges cannot be completely screened
if their concentration is higher than the donor concentration; almost perfect
screening happens when the donor concentration is higher than 1018 cm-3 and total
neutralization of the electric potential will occur everywhere.
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So, theoretically, a nanowire with a very high donor concentration is expected
to exhibit only a very small piezoelectric potential; this condition, however, rarely
occurs, as the normal as-grown unintentional doping of ZnO nanowire has typical
donor concentrations much smaller than 1018 cm-3.
Within the same theoretical framework developed by [25], the influence of
different parameters on the equilibrium piezoelectric potential distribution in a deformed ZnO nanowire has been systematically investigated in [26] by taking into account different doping concentrations, applied forces, and geometric configurations.
FEM calculations have been used for exploring the influence of donor
concentration in the range 0.05-5 x 1017 cm-3, as shown in Fig. 4.18. In particular,
Fig. 4.18 (a,b,c) show the piezoelectric potential distribution for three donor concentrations: 0.5 x 1017 cm-3, 1 x 1017 cm-3, 5 x 1017 cm-3, respectively from left to right.
The screening of the piezoelectric potential for increasing donor concentrations
is also illustrated by Fig. 4.18 (d,e) showing both piezoelectric potential and the
local electron density line plots along the diameter of the nanowire at two–third of
its height.
The electric potential in the positive stretched side, which is already screened
with respect to the insulator case, for the lower donor concentration considered,
becomes almost zero for higher concentrations. In fact, for very high donor concentrations, there are so many free charges that the potential is almost completely
screened in the entire structure, as evident from Fig. 4.18 (e).

Fig. 4.18 Piezoelectric potential distribution of a laterally deflected semiconductive nanowire at different donor concentrations. Reproduced from [26] with permission by Publisher.

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

4 Modeling of Piezoelectric Nanodevices

127

The influence of the applied force on the top surface of the nanowire has also
been investigated. The span range of the force was 40 – 140 nN. All other parameters were kept constant (nanowire length l = 600 nm, nanowire radius a = 25 nm,
donor concentration ND = 1 x 1017 cm-3). For increasing forces, the free electron
concentration (see Fig. 4.19 (b)) increases in the stretched side of the nanowire,
because of the increase in the polarization charges due to higher strain. For the
same reason Fig. 4.19 (a) shows the increase of the electric potential in the compressed side up to a value of -0.7V.

Fig. 4.19 Piezoelectric potential distribution of a laterally deflected semiconductive nanowire at different applied forces. Reproduced from [26] with permission from Publisher.

In order to gain insight for the design of nanogenerators, the geometric parameters of the nanowire have also been varied. Interestingly, the length of the nanowire only negligibly influences both the output piezoelectric potential and the free
electron density, as shown in Fig. 4.20 (a,b). This is an extremely important result
for practical implementations. For instance, especially if other technological constraints are important (e.g. low-cost, large-area deposition, low-temperature,
CMOS/MEMS compatibility,...) it may be difficult to grow very long nanowires,
Fig. 4.20 (a,b) demonstrate that, in case of lateral bending, this technological limit
may be unimportant for the implementation of high efficiency nanogenerators.
Moreover, [26] also found that an increase in the radius of the nanowire will
decrease both electric potential and free electron density, as shown in Fig. 4.20
(c,d), because the magnitude of the strain decreases when keeping the applied
force constant.
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Fig. 4.20 Piezoelectric potential distribution of a laterally deflected semiconductive nanowire with different geometric parameters (length and radius). Reproduced from [26] with
permission from Publisher.

Vertical compression
[27,28] performed finite element analysis for a vertically compressed ZnO nanowire when free charges are taken into account. Such simulations have been performed by employing a new multi-physics, multi-scale simulator of electronic devices (TiberCAD) which may offer several advantages when compared with
traditional FEM simulations; in particular, of special importance for the simulation
of nanogenerators, TiberCAD may allow an unprecedented accuracy for the simultaneous simulation of both semiconductive and piezoelectric properties.
Donor concentration, geometric dimensions, applied force, and influence of the
dielectric medium surrounding the nanowire have been systematically varied in
order to investigate their influence on the output piezoelectric potential.
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Fig. 4.21 Piezoelectric potential profile for a vertical compressed nanowire calculated for
different donor concentrations

The calculations have been carried out for a cylindrical nanowire, with radius
of 300 nm and length of 4 μm, and considering an applied pressure of 6.25 MPa
on the top surface of the nanowire, similar to [22]. All the contacts have been assumed to be ohmic; the dielectric medium surrounding the nanowire has been taken into account in order to impose the zero electric field boundary condition far
away from the nanowire.
Figure 4.21 shows the results of the simulations carried out at different donors
concentrations ranging from 1x1016 cm-3 to 5x1017 cm-3. When free charge carriers
are not taken into account (intrinsic nanowire), the vertical compression, producing a uniform uniaxial strain, will result in a linear dipole-like piezopotential drop
along the axis of the nanowire. When considering donor concentrations, the piezopotential drop will be located only near the tip of the nanowire; it is evident
from Fig. 4.21 that the region experiencing the potential drop is larger for lower
donor concentrations and that for a donor concentration of 5x1017 cm-3 the piezopotential is almost completely screened by free charge carriers.
Even in this case, the length of the nanowire does not significantly influence
the maximum piezoelectric potential when taking into account free charge carriers
because the potential drop mainly occurs in the region close to the tip, thus confirming that, even in case of vertical compression, it may be relatively unimportant
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to use a specific length or very long nanowires for implementing high efficiency
nanogenerators.
[27,28] also investigated the influence of the radius of the nanowire on the
maximum piezoelectric potential, keeping constant all the other parameters, and
found that increasing the radius of the nanowire the maximum piezoelectric potential will decrease (in fact, the force per unit area applied at the tip will decrease
due to a larger cross-sectional area).
The influence of the dielectric medium surrounding the nanowire has been investigated for the first time in [27,28]. For intrinsic nanowire, the bigger the relative dielectric constant of the surrounding medium, the lower the piezoelectric
potential. However this problem becomes negligible even at low doping levels.
This result gives insight for the design of high efficiency piezoelectric nanogenerators, especially when polymers are used to increase the mechanical stability of
the nanowires as in [22], where the nanowire array was wrapped by spin–coated
polymethyl-methacrylate (PMMA). PMMA has a relative dielectric constant of
about 2.6. Even relatively low donor concentrations (i.e. 1x1016 cm-3) are sufficient to make the reduction of the piezopotential negligible; on the contrary for an
hypothetic intrinsic or very lightly doped nanowire, the PMMA might significantly reduce the piezopotential.

4.4.6 Modeling Piezoelectric Nanogenerators: Future Work
The efforts for qualitatively and quantitatively understanding piezoelectric nanogenerators have already provided important guidelines for improving the efficiency of nanogenerators. However, additional research is required for improving even
further the accuracy of models and for designing nanogenerators with higher efficiency. In particular, in order to develop a comprehensive model of piezoelectric
nanogenerators, all the following issues must be addressed:
-

-

-

-

models for piezoelectric nanogenerators require accurate models for both
semiconductive and piezoelectric properties, which may be expensive in
terms of computational power and complexity and may require ad-hoc
FEM simulators
the non-linear characteristic introduced by the Schottky barrier should be
included
the contact resistances between the nanowire and the external should be
considered
the efficiency of the system can only be accurately evaluated when the external load and circuit, used to extract the power from the device, are taken
into account
dynamic phenomena must be modeled (static analysis can only provide rudimentary evaluation; the only available dynamic models only are valid for
some configurations and for purely insulating nanowires, an hypothesis
which is of course not accurate)
parasitics must be taken into account
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the properties of materials, including piezoelectricity, at nanoscale may
substantially differ from bulk properties; available data are often controversial and, at present, both the development of accurate models [29] and
the experimental characterization of material properties at nanoscale are
complex and expensive.

Despite all these issues, the complexity and cost of experiments at nanoscale are
such that the advancement of modeling can greatly speed up the development of
better nanogenerators.

4.5 Conclusions
The unavoidable cost and complexity of fabrication, characterization, and integration of nanostructures into practical devices generally require careful design before implementation of devices and experiments; this is why accurate models for
nanodevices are so important. However, accurate modeling at nanoscale is extremely complex due to insufficient theoretical understanding, limited available
data, and high computation cost. Despite their limited accuracy, models for nanodevices have already allowed researchers to find precious guidelines for designing
improved devices.
In this chapter we reviewed models for piezoelectric nanodevices. After summarizing the general piezoelectric constitutive equations (Section 4.2) and the
correspondent equivalent circuits (Section 4.3) we have selected piezoelectric nanogenerators (Section 4.4) as representative examples of piezoelectric nanodevices. In fact, besides the tremendous potential of nanogenerators, this choice allows
us to discuss the most important concepts and challenges for accurate modeling of
piezoelectric nanodevices and to demonstrate how better models and understanding of the transduction mechanisms can result in devices with improved
performance. We therefore conclude that, though many other problems (e.g. reliability, precision, biosafety and biocompatibility after packaging,...) must also be
addressed. Accurate models are crucial for bringing piezoelectric nanodevices to
practical applications.
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Abstract. This chapter reviews the fundamental principles and recent development
of piezoelectric nanogenerators that convert mechanical energy into electricity at the
nanometer scale. Theoretical prediction of the piezoelectric potential output from a
single nanowire is discussed first. The semiconductor-piezoelectric coupling effect,
enhanced mechanical property, and the nanoscale flexoelectric enhancement are important aspects that make nanowire advantageous for mechanical energy harvesting.
Several representative approaches are presented for characterizing the piezoelectric
potential on nanowires. The ultrasonic wave-driven nanogenerator and power fiber
are reviewed as two important prototypes. The most recent strategies integrating
nanowires at macroscopic scale for providing sufficient electric energy for small
electronic devices are also summarized and discussed. Challenges and future research opportunities are suggested at the end of this chapter.

5.1 Introduction
Vibration-based mechanical energy is the most ubiquitous and accessible energy
source in the surroundings. For random vibrations with frequencies from hundreds
of Hz to kHz, the available energy density is within the range of a few hundred
microwatt to milliwatts per cubic centimeter. [1, 2] Therefore, harvesting this type
of energy offers a great potential for remote/wireless sensing, charging batteries,
and powering electronic devices [3-8].
Devices to harvest the vibration-based energy have been successfully built on
three different principles: piezoelectric, [9] electrostatic, [10] and electromagnetic
[11] transducers in micro-electromechanical systems (MEMS). Among these
techniques, piezoelectric transducer is distinguished by the highest practical output
power and relatively easier manufacturing. The designs are mostly based on the
cantilever beam configuration and a single operational unit is typically in the size
that ranges from hundreds of micrometers to centimeters. Although many piezoelectric electromechanical transducers have been demonstrated for mechanical
energy scavenging, applications of these devices as a practical power source for
micro-/nano-electronic systems are facing a few critical issues.
*
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(1) Dimension. The cantilever-type design requires a relatively large mass to
enhance the strain and match the resonance frequency at the given mechanical input. Thus the total device dimension is typically much larger
than the actual functional unit.
(2) Frequency. Cantilever beams oscillate at their resonant frequencies and
give the highest energy output. However, the narrow band of the cantilever resonant frequency limits the efficiency of harvesting ambient mechanical energy that typically exhibits a broad band of frequency (from a
few Hertz to thousands of Hertz).
(3) Lifetime. The piezoelectric films are mostly polycrystalline and at least
tens of microns in thickness. The maximum strain and life-time are seriously impaired by the fatigue and aging of the ceramic films.
In addition, with the rapid development of nanotechnology, solar, thermal, and
chemical energy harvesting technologies are experiencing a magnificent improvement on their building blocks, designs, efficiencies, as well as costs. Therefore, although the merits of scavenging ambient mechanical energy are unique,
whether this technique can compete for entry into the mainstream of the renewable/alternative energy field would largely rely on the creation and development of
new materials, new designs and, even new principles that may take the advantage
of nanotechnology in shrinking the size and improving the performance [12, 13].
Recently, piezoelectric ZnO nanowires (NWs) have been demonstrated as a
promising concept to harvest micro- and nano-scale mechanical energy from the
surroundings –– the nanogenerator. [14] This device has the potential to fundamentally improve the mechanical energy harvesting capability with advanced NW
building blocks and compact designs, which might eventually lead to an effective
power source for self-powered electronic systems with higher energy density,
higher efficiency, longer lifetime, as well as lower cost [15-17]. In this chapter,
the fundamental operation principles, energy harvesting capabilities, and practical
designs of piezoelectric nanogenerators will be reviewed and the perspective of
this novel technique will be discussed.

5.2 Piezoelectric Nanowires for Mechanical Energy Harvesting
NW is a one-dimensional (1D) nanomaterial that typically has a diameter less than
100 nm and a length more than 1 micrometer. Most ceramic NWs are single crystals. Compared to the conventional thin-film-based piezoelectric cantilever transducers, using piezoelectric NWs for mechanical energy scavenging offers three
unique advantages:
(1) Enhanced piezoelectric effect. 400–500% enhancement of the piezoelectric effect was predicted due to the flexoelectric effect, [18] when a
strain gradient is experienced by a ferroelectric NW with a thickness of a
few tens of nanometers.
(2) Superior mechanical properties. The lattice perfection of NWs enables
much larger critical strain, higher flexibility, and longer operational lifetime.
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(3) High sensitivity to small forces. Large aspect ratio and small thickness
allow the creation of significant strain in the NWs under a force at the
nano Newton or even pico Newton level.
Therefore, in this section, we will review and discuss the theoretical predicted potential-strain relationship, the flexoelectric enhancement effect, and the superior
mechanical properties that are essential for predicting and evaluating the potential
of a piezoelectric NW for mechanical energy harvesting. The experimental characterization of the piezoelectric output on different piezoelectric materials will also
be reviewed.

5.2.1 Theoretical Predictions
When a ZnO NW is deflected, a piezoelectric potential can be generated on the
side surfaces due to crystal lattice distortion. The tensile side surface gives a positive potential, while a negative potential appears on the compressive side surface.
In 2007, Gao et al. did a theoretical calculation on the potential distribution in an
ideal ZnO NW, [19] which is a nanostructure without free charge carriers and subjecting no body force. This condition can be expressed as:

G
∇ ⋅ σ = 0, ∇ ⋅ D = 0

(5.1)

where σ is the stress tensor and D is the electric displacement. Through constitutive equations, these two equations can be correlated with the strain ε and electric
field E.

⎧⎪σ p = c pqε q − ekp Ek
⎨
⎪⎩ Di = eiq ε q + kik Ek

(5.2)

where cpq is the linear elastic constant, ekp is the linear piezoelectric coefficient,
and κik is the dielectric constant. Using Equations 5.1 and 5.2 together with a geometrical compatibility equation, the piezoelectric potential distribution was simulated using finite element calculation. Perturbation expansion was also applied to
simplify the analytical solution and a potential distribution was achieved by assuming that the NW has a cylindrical shape with a uniform cross-section of diameter 2a and length l:

⎧ 1 fy
κ 0 + 3κ ⊥ r r 3 3
+
+
−
− ]a sinθ , r < a
[
2
(
1
)
2
][
ν
e
ν
e
e
15
31
33
⎪
⎪8κ ⊥ I xx E
κ 0 + κ ⊥ a a3
ϕ =⎨
1 fy
2κ ⊥ a 3
⎪
[2(1 +ν )e15 + 2νe31 − e33 ][
]a sinθ , r ≥ a
⎪⎩ 8κ ⊥ I xx E
κ0 + κ⊥ r

(5.3)

where φ is the electric potential; κ0 and κ┴ are the dielectric constants of vacuum
and ZnO crystal along its c-plane, respectively; e33, e15 and e31 are the linear
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piezoelectric coefficients; ν is Poisson ratio; fy is the lateral force applied on top of
the NW; Ixx and E are the moment of inertia and Young’s modulus of ZnO crystal,
respectively.

Fig. 5.1 Potential distribution for a ZnO nanowire with d=50 nm, l=600 nm and zero donor
concentration at a lateral bending force of 80 nN. (a) is the side view of the potential profile, and (b) is the cross-sectional view of the piezoelectric potential at z=300nm. (Reproduced from [19] with permission by Publisher)

In the simulation model, the bottom of the NW is assumed to be affixed on a
well-grounded substrate and subjected to a force uniformly distributed on one lateral side surface. The mechanical properties of ZnO are E = 129.0 GPa and
ν = 0.349, the relative dielectric constants are

κ ⊥r = 7.77

and
2

κ ||r = 8.91

for

bulk ZnO, and the piezoelectric constants are e31 = -0.51 C/m , e33 = 1.22 C/m2,
and e15 = -0.45 C/m2. For a typical NW with a diameter of d=50nm and a length of
l=600nm, when it is bent 145 nm to the right by an 80 nN lateral force, theoretically, ~±0.27 V piezoelectric potential can be induced on the two side surfaces, as
shown in Figure 5.1. Calculation also shows that the piezoelectric potential in the
NW is almost independent on the z-coordination along the NW (Figure 5.1a). Under this situation, the NW acts approximately like a “parallel plate capacitor”.
Similar results have been found on the NWs with different geometry. The numerical calculation shows that the maximum piezoelectric potential that can be generated at the NW surface is directly proportional to the lateral displacement of the
NW and inversely proportional to the length-to-diameter aspect ratio of the NW.
It should be noted that the above calculation was based on the assumption that
there is no free charge carrier inside the ZnO NW. In such a case, ZnO was considered as a typical insulating piezoelectric material. In reality, ZnO is a well–known
wide-bandgap semiconductor material. Thus, the screening effect of the free charge
carrier needs to be considered for predicting the piezoelectric potential output.
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Fig. 5.2 Piezoelectric potential produced by ZnO NWs when the contribution of free electrons is considered. (a) Cross–section plot of the piezoelectric potential for T = 300 K at the
height z = 400 nm for ND = 1 × 1017 cm-3. (b) Piezoelectric potential for different donor
concentrations 0.6 × 1017 cm-3 ≤ ND ≤ 2.0 × 1017 cm-3. The dimension of the nanowire is
a = 25 nm, l = 600 nm and the external force is fy = 80 nN. T = 300 K. (Reproduced from
[20] with permission by Publisher)

The as-grown ZnO NWs are typically n-type with a dopant concentration at the
level of 1017 cm-3. Considering the free charge contribution to the piezoelectric potential, the electric displacement in Equation 5.2 can be rewritten as:

kik

∂2
ϕ = −( ρ R − en + eN D+ )
∂xi ∂xk

(5.4)

where ρ = −∇ ⋅ D is the piezoelectric effect induced polarization; n is the
electron concentration in the conduction band and is given by the Fermi-Dirac staR

R

Ec − EF
) ; ND+ is the ionized donor concentration and is
kT
2
1
+
. Solving Equation 5.4 gives the piegiven by: N D = N D
E − ED
1 + 2 exp( F
)
kT
tistics:

n = N c F1 (−

zoelectric potential distribution along the cross-section of a ZnO NW.
Figure 5.2a shows the overall potential distribution on a cross section perpendicular to the NW axis and at a height of z = 400 nm. This calculation was done by using the same ZnO constants as those used in the non-free-charge calculation and
selecting a typical doping concentration of ND = 1×1017 cm-3. The electric potential maximum in the positive side of the NW is significantly reduced from about
0.3 V in Figure 5.1b, which corresponds to an insulator case, to less than 0.05 V in
Figure 5.2a, which considers the moderate doping in ZnO. On the other hand, the
potential on the negative potential side is very well preserved.
Figure 5.2b shows the influence of the donor concentration (ND) to the potential
distribution inside a ZnO NW. Within the donor concentrations region from 0.6 ×
1017 cm-3 < ND < 2.0 × 1017 cm-3 at a temperature of 300 K, the negative
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potential exhibits a slow degradation as the donor concentration increases, while
the positive potential is almost completely screened. This significant potential
quenching is due to the transportation of free electrons from substrate to the positive potential region. The negative potential size only interacts with the positively
charged ionized donors. Therefore, at very high doping level, i.e. ND > 1018 cm-3,
the negative potential side will be completely screened and the overall NW will
exhibit no net potential output.
A comprehensive calculation was also presented to reveal the size–force–
potential relationship for different piezoelectric nanomaterial morphologies. [21]
By assuming the NWs are uniform cantilever beams and no flexoelectric contribution (see section 2.2 for details), numerical analysis was applied to ZnO and BaTiO3. BaTiO3 is a perovskite material and ideally has a rectangular cross-section
(Figure 5.3a), which would produce uniform potential on the two side surfaces.
ZnO has a hexagonal cross-section (Figure 5.3b) and the piezoelectric potential
was estimated on the two opposite planes of the hexagon. Thus, the maximum
piezoelectric potential of rectangular and hexagonal NWs can be expressed by
Equations 5.5) and 5.6, respectively:

ΔVmax, rNW =

ΔVmax, hNW =

f y (1 + v )b 3e15

[

6 I xx 2(1 + v )e152 + k11 E

3 f y (19 + 16v )b 3e15

[

]

36 I xx 2(1 + v )e152 + k11 E

]

(5.5)

(5.6)

The above equations were used to estimate the potential-to-force relations of different morphologies when they are deflected under a constant external force (fy).
Both ZnO and BaTiO3 in this analysis were considered as a perfect dielectric medium with negligible free charge carrier density. The maximum piezoelectric potentials were plotted as functions of the external force and their dimensions, as
shown in the insets of Figure 5.3c and d for BaTiO3 and ZnO NWs, respectively.
In general, their maximum potential is proportional to the external force and inversely proportional to the thickness or width but not related to their length. Theoretically, high piezoelectric potential would be generated when a large external
force is applied onto an NW with a small thickness, because large deflection can
be produced. However, in real cases, the deflection of nanostructures is restricted
by their mechanical strength and flexibility, thus the highest potentials plotted in
the insets of Figure 5.3c and d are practically impossible. In order to reveal the
achievable piezoelectric potentials by nanostructures, the mechanical limitation
boundaries were calculated and superimposed into the potential plots.

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

5 Piezoelectric Nanogenerators for Self-powered Nanodevices

(a) fy

141

l (μm)
0.75

(c) 24
b

18

Force (μN)

b

l

12

z

Voltage (V)

20

Voltage
(V)

10

1

0
20

0.8
10

150
0 50

6

(b)

x

o

0.6
0.4
0.2

y

fy

1.5
2
3
5

0

50
100
Width (nm)

150

200

0.01

l (μm)

(d)

z

l

6
4

Voltage (V)

b

Force (μN)

8
Voltage
(V)

100

0.75

50
0
9 6

3 0 20

60

2

x

o

y

0

20

60
80
40
Side width (nm)

1

8

1.5
2
3
5

6
4
2

100

Fig. 5.3 Schematic structures and the coordinate systems of (a) a rectangular NW and (b) a
hexagonal NW. The static analysis of the maximum allowable piezoelectric potential that
can be generated by (c) a BaTiO3 NW and (d) a ZnO NW. Insets are the corresponding full
range plots of the piezoelectric potential to the force and size relationships. (Reproduced
from [21] with permission by Publisher)

The mechanical limitation boundaries were established based on two criteria ––
the maximum strain and deflection angle. It has been found that NWs can sustain
much higher strains compared to their bulk form. Elastic deformation has been
discovered on ZnO NWs with a strain up to ~7.7%. [22] Unfortunately, such data
for BaTiO3 NWs are currently unavailable. Therefore, both ZnO and BaTiO3 NWs
were assumed being able to sustain a maximum strain of 7.0%. On the other hand,
thin NWs can reach fairly large deflection angles before maximizing their strain,
whereas the stain evaluation is based on the small-angle approximation and may
not be valid at large deflection angles. Large deflection angles are also not desired
for electrical energy collection. Therefore, ±30° was defined to be the maximum
deflection angle of the nanostructure during mechanical energy harvesting.
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Thus, the mechanical limitation boundaries of nanostructures (dark lines in the
insets of Figure 5.3c and d) were calculated at 7.0% strain and ±30° deflection angle, whichever was reached first. The critical force is given by:

f critical =

3EI xx tan θ
l3

(5.7)

where E is the Young’s modulus, Ixx is the moment of inertial, l is the length of the
NW, and tanθ = 2lεfractural/3b is the bending angle when the critical strain is
reached. The boundary lines for NWs with various lengths were determined and
the allowable potential distributions inside the boundary lines are shown in Figure
5.3c and d for NWs with lengths of 0.75 μm, 1 μm, 1.5 μm, 2 μm, 3 μm, and 5
μm. Comparing BaTiO3 and ZnO NWs with the same size and under the same
force, ZnO exhibits much higher piezoelectric potential, although its piezoelectric
coefficient is much smaller than that of BaTiO3. The reason for BaTiO3 NWs to
show lower potential is attributed to their much larger dielectric constant, which
leads to a large capacitance. It is known that the piezoelectric effect directly induces charge and the piezoelectric potential is derived from the amount of charge
via the relation V = Q / Cp. Therefore, significantly larger dielectric constant of
BaTiO3 would induce a lower effective voltage appearing along the NW surface.

5.2.2 The Flexoelectric Enhancement in the Nanometer Scale
When an NW is applied for mechanical energy harvesting, the NWs are acting as
cantilevered beams with their one end fixed on the substrate and the other end
free-standing. Thus, the piezoelectricity is generated by the bending induced lattice distortion rather than the uniform compression/extension along one axis. Under this circumstance, one important effect has to be considered but yet, lacks of
discussion is the flexoelectric effect, which is the polarization induced by inhomogeneous strain and is defined by the relation [23]:

Pi = f ijkl

∂ε jk
∂xi

(5.8)

where fijkl is the fourth rank tensor (or flexoelectric coefficient), Pi is the polarization, ϵjk is the elastic strain, and xi is the direction of the strain gradient. Equation
5.8 shows that the flexoelectric polarization is coupled with strain gradient. This
effect was first proposed in the early 1960s. [24, 25] A similar phenomenon had
also been discovered in liquid crystals, [26] soft elastomers [27], and even biological species. [28] The flexoelectricity is a more general property than piezoelectricity since a nonuniform lattice deformation could induce a charge displacement
even in centrosymmetric systems. [29, 30] Figure 5.4a illustrates a net dipole moment resulted from an inhomogeneous strain in an NaCl crystal. Once a strain gradient appears due to bending of the crystal, flexoelectricity will be generated along
the gradient direction (Figure 5.4b) [31].
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Fig. 5.4 (a) Schematic of an NaCl unit cell under non-uniform strain. (b) Polarization in
NaCl crystal due to bending.

Nevertheless, such an effect is usually negligible for most dielectric materials
due to the low flexoelectric coefficient (f), which is of the order of e/a, where e is
the electronic charge and a is the lattice parameter. This relationship predicts that f
of a regular dielectric material is within the range of 10-11–10-10 C/m. Tagantsev
first explained the static and dynamic contributions to f [32] and showed that f is
also related to the dielectric susceptibility χ: [33]

e
f = γχ ( )
a

(5.9)

where γ is a material related constant, which is around one. This equation suggests
that high dielectric permittivity materials would possibly exhibit high flexoelectric
effect. [34, 35]
Following this prediction, Ma and Cross determined the flexoelectric coefficients of
perovskite ferroelectric materials, including lead magnesium niobate (PMN), [36, 37]
barium strontium titanate (BST), [38] PZT, [39, 40], and BaTiO3. [41] These materials
exhibited much higher f values at the level of 10-6 C/m owing to their large permittivities (3000 to 11000). The constants γ are also related to the chemistry of materials due
to the different ionic bonding strengths. The Ba-based perovskites showed much higher γ values (γBST~9.3, γBaTiO3~12); while the γ value of other perovskites were below
unity (γPMN~0.65, γPZT~0.57). These results indicated that Ba-based perovskites could
be better candidates if the flexoelectric effect is of major interest.
Besides the flexoelectric coefficients discussed in the previous section, from
Equation 5.8, one obviously sees that the flexoelectricity is also dependent on the
strain gradient

(

∂ε
) . Large strain gradient is desired for a material to exhibit a
∂x

noticeable flexoelectric effect. Under the same level of mechanical strain, the
magnitude of the strain gradient is significantly enlarged when the size of the
beam is reduced from mm- to nm-scale. Therefore, when the lattice size is only an
order of magnitude or two smaller than the width of the beam, as is in the case of
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an NW, the strain gradient and the resulting flexoelectric effect would become
significant. For example, a 10 nm-thick NaCl thin film, which is a nonpiezoelectric material, could exhibit a flexoelectricity induced polarization as high
as 80% of that of quartz. [42] This suggests the fabrication of piezoelectric devices
from non-piezoelectric materials. [43] For nanosized piezoelectric materials, the
piezoelectricity would be further enhanced by the appreciable flexoelectricity.
The mathematic framework presented by Majdoub and co-workers predicted
the size-dependent flexoelectric enhancement on the piezoelectricity of ferroelectric nanostructures [18]. Their model was established on a slender rectangular cantilevered beam, where the beam thickness is much less than the radius of bending
curvature. By considering the contributions from both piezoelectricity and flexoelectricity, the total polarization on the deflected beam was derived to be:

P ( x, z ) = −

Vε0χ ξ z
f'
ξ 2 (e − f ) 24V ε 0 χξ (e − f )
+
−
− 2
−
h
d R( x) R( x) d YR ( x)
dYh 2

(5.10)

where V is the applied voltage, χ= χ33 is the susceptibility, ξ=k2/(1-k2)
(k

=

Yd 2

ε

is the electromechanical coupling coefficient), d=d31/Y (d31 is the

piezoelectric constant), R(x) is the radius curvature, f=f13 and f’=f55 are the flexoelectric coefficients, e=e13 is the polarization gradient and strain coupling constant,
Y is the Young’s modulus, and h is the thickness of the beam. Equation 5.10 is a
more comprehensive expression compared to Equation 5.8 and contains all possible contributions to the polarization. The first term is the polarization from applied
voltage; the second term gives the pure piezoelectric effect; the third term reflects
the pure flexoelectric effect; and the last two terms are the combined effects from
both piezoelectricity and flexoelectricity.
This derivation led to the definition of the “effective piezoelectric coefficient”:

d eff =

ε ξ eff
Y (1 + ξ eff )

(5.11)

where ε is the dielectric constant and ξeff is the effective coupling coefficient defined as:

ξ eff = ξ +

12 f (e − f )ξ 2 12 ff '
+
Y 2d 2h2
Yh2

(5.12)

Equations 5.11 and 5.12 revealed a non-linear increase of the deff with the decreasing of the beam thickness. Using the flexoelectric coefficients estimated from ab
initio calculations, [44] a more than 400% enhancement on the effective piezoelectric coefficient was predicted on a tetragonal BaTiO3 beam when the thickness
was below 1 μm (Figure 5.5a) [45].
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Fig. 5.5 (a) Normalized effective piezoelectric constant of BaTiO3. [45] (b) Harvested power versus the PZT beam thickness. (Reproduced from [18] with permission by Publisher)

Further calculation has been conducted by the same group to estimate the energy harvesting capability of the ferroelectric beam when the flexoelectric effect
was considered. [46] Due to the electromechanical coupling effect, the beam
bending rigidity will increase with the enhancement of polarization. This is reflected by the ξeff shown in Equation 5.12. Compared to the known value of the
PZT beam harvester, [47] the harvested power was expected to show significant
improvement when the beam thickness was below 50 nm (Figure 5.5b). A more
than 100% increase was predicted for a 21 nm-thick beam in the short circuit resonance mode.

5.2.3 Superior Mechanical Properties of Nanowires
Significant strengthening can be expected on small–sized NWs due to the very
low level of defect incorporation in the crystal lattice [48-51]. Several approaches

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

146

X. Wang and J. Shi

(contact and noncontact) have been conducted to reveal the Young’s modulus and
the critical strength (or the fracture strain) of NWs. The noncontact approaches resolve electrical or mechanically driven resonance vibration of NWs under TEM or
SEM for obtaining the Young’s modulus. [52-54] The contact approaches rely on
AFM manipulation to acquire the deformation related forces, which can determine
both Young’s modulus and the critical strain [55-57]. ZnO NWs have been intensively studied as a model in 1D nanoscale objects. Due to different approaches and
hypotheses that were applied and the different methods for making the ZnO NWs,
the obtained Young’s moduli exhibited a broad distribution, ranging from ~30
GPa [58] to ~200 GPa, [59] where the bulk value of ZnO is ~140 GPa. Recent experiments also suggested that the Young’s modules of ZnO NWs should be close
to the bulk value and have little dependence on the sizes [51].
The discovered critical strain has exhibited a unanimous enhanced value compared to the bulk material due to size reduction. For example, Desai et al. used an
in-situ micromanipulation MEMS system in SEM and identified that the fracture
strain of ZnO NWs increased from ~5% to ~15% when their diameter is reduced
from ~470 nm to 220 nm. [60] Hoffmann et al. used an AFM-SEM hybrid system
and discovered a fracture strain of ~7.7% from vertical ZnO NWs. [22] Through
AFM-based lateral bending tests, Wen et al. showed that the critical strength of
ZnO NWs (diameter < 300 nm) reached more than 40 times of the bulk value. [51]
A similar property has also been observed on Si NWs. Multi-point bending tests
revealed that the critical strength of Si NWs increased by 2–3 orders of magnitude
by reducing the diameter to ~100 nm. [61] In general, the NW morphology can
significantly improve the mechanical property, particularly the tolerance to large
strains. Therefore, NWs would be exceptionally useful for the application of nanoscale electromechanical devices.
Using in situ transmission electron microscopy (TEM) technique, the dynamic
fatigue of single-crystalline ZnO NWs was evaluated for their applications as oscillation-based mechanical energy harvester. [62] In the experiment, a ZnO NW
was driven into oscillation at its resonant frequency by applying an AC voltage
across the NW’s tip and the counter electrode. The NW and counter electrode was
assembled on a TEM sample holder, so that the oscillation can be directly monitored and the NW geometry and quality was analyzed before and after oscillation
by TEM.
Figure 5.6 shows a ZnO NW that was oscillating at its resonant frequency of
266.6 kHz under TEM, which shows the tip moving amplitude was ~±500 nm.
The NW was observed again by TEM after 3.5 × 1010 oscillation cycles. The crystal structure of the ZnO NW still maintained high crystallinity and no dislocations
and morphology changed were identified. The fatigue-free property after intensive
loading cycles evidenced that single–crystalline 1D nanostructures are excellent
candidates for the applications as vibration-based electromechanical transducers.
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Fig. 5.6 TEM image of a ZnO NW oscillating at its resonant frequency. (Reproduced from
[62] with permission by Publisher)

5.2.4 Measuring Piezoelectric Potential from Piezoelectric
Nanowires
The first detection of strain-induced potential from piezoelectric NWs was performed by AFM on vertically aligned ZnO NW arrays. [63] The ZnO NWs were
grown on GaN substrate with their roots connected by a continuous layer of ZnO
(Figure 5.7a), where the bottom Ag electrode was connected. A conductive AFM
tip (Si coated with Pt) was used to create deformation of the vertical NWs and collect electrical signal simultaneously. Through a contact mode, the AFM tip
scanned across the NW tips and bent the NWs laterally, as shown in Figure 5.7b.
Bending of the ZnO NW created positive potential on the stretching side and
negative potential on the compressive side. It should be noted that the metalsemiconductor contact between the Pt-coated AFM tip and the ZnO NW is a
Schottky-type contact. Only when the semiconductor side has lower potential than
the metal side, a forward-biased connection will be formed, thus free charges can
flow through to neutralize the piezoelectric potential. No charge flow can be induced when the ZnO side exhibits higher potential than the metal side, which is
the condition when the AFM pushes the stretching side of the NW. Under this situation, piezoelectric energy will accumulate inside the NW, which will be
partially released in a pulse form when the AFM tip touches the other side. This
condition can be considered as integrating a regular piezoelectric beam with AC
potential output and a diode together into one system.
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The Schottky contact between the Pt surface and ZnO NW gives unipolar electrical output pulses when the AFM tip scans a ZnO NW array, as shown in
Figure 5.7c. The output potential was measured on an external load of resistance
RL = 500 MΩ and most peaks were identified as ~6-9 mV. The density of NWs of
the testing sample was found to be ~20/μm2, among which ~40% of the NWs were
detected to produce potential output (~8 pulses/μm2). Similar experiments have also been conducted on larger sized single ZnO wire, which can be directly observed under optical microscope. [64] ~10 mV potential outputs was detected each
time the Pt-coated AFM tip bent the wire and scanned across the wire and reached
the other negatively charged side. The ~10 mV output was typically observed for
ZnO NWs, although the theoretical prediction has suggested a much higher potential output. The big discrepancy can be associated with the contact issue between
the AFM tip and the NW surface, as well as the relatively high intrinsic doping
concentration of ZnO that is almost inevitable in regular vapor-based growth
processes.

Fig. 5.7 (a) Vertically aligned ZnO NW arrays. (b) Schematic diagram showing the AFMbased measurement of the bending-induced piezoelectric potential on ZnO NWs. (c) Electric signal collected by AFM on a ZnO NW array. (Reproduced from [63] with permission
by Publisher)
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Led by the promising discovery on piezoelectric ZnO NWs, the mechanical-toelectrical energy conversion tests were quickly applied to other piezoelectric 1D
nanostructures. BaTiO3, a widely used ferroelectric material, has a piezoelectric
coefficient (d33) up to ~85 pC/N. BaTiO3 NWs synthesized by a salt-assisted hightemperature solid-state chemical reaction were used to assemble a single-NWbased device for quantifying the piezoelectric potential output (inset of
Figure 5.8a). [65] As schematically shown in Figure 5.8, a BaTiO3 NW (~280 nm
wide and 5 μm long) was suspended between a fixed and a mobile base with both
its ends connected to a charge amplifier. The mobile base was attached with a piezoelectric actuator, which can provide a precise linear motion less than 1 nm. The
actuator was driven by a square electrical signal (top curve in Figure 5.8b) with a
frequency of 30 Hz. Axial strain was thus created on the BaTiO3 NW sample and
the corresponding electrical signal was collected by the charge amplifier. The
maximum piezoelectric potential was found to be ~25 mV and the output potential
was linearly related to the driving amplitude. From this relationship, the d33 of that
particular BaTiO3 NW was identified to be ~45 pC/N. Such output voltage amplitude is comparable to those determined from ZnO NW, although the piezoelectric
coefficient of BaTiO3 is higher. As discussed earlier, this is due to the higher dielectric constant of BaTiO3. However, due to the larger number of charges that
can be produced by BaTiO3 than ZnO, the output electrical energy per straining
cycle was ~0.3 aJ at driving amplitude of 5 V.

Fig. 5.8 (a) Schematic design for measuring the piezoelectric output of a BaTiO3 NW. Inset
is the NW device for measurement. (b) Driving signal and the corresponding piezoelectric
output from the BaTiO3 NW. (Reproduced from [65] with permission by Publisher)
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Lead zirconate titanate (PZT) is a broadly used piezoelectric material for electromechanical transducers due to its high piezoelectric coefficient. PZT nanofibers
were prepared by electrospinning technique with a diameter of ~100 nm and a
length of 70-100 μm. As shown in Figure 5.9a, the PZT fiber was aligned across a
silicon trench with both its ends fixed on the gold–coated silicon surface
(grounded). [66] A conductive tip connected with an external current amplifier
was used to bend the PZT fiber under SEM observation and collect electric signal
simultaneously. A very small voltage output (~0.4 mV) was detected despite the
high piezoelectric coefficient of PZT. This value is much smaller than those
measured from ZnO and BaTiO3 NWs. The reason for the low potential signal is
likely due to the very small contact area between the manipulator tip and the PZT
nanofiber. Since the PZT is an insulator, the small contact area significantly restricted the amount of electrons that can be induced through the tip-measurement
circuit, thus only very small electrical signals could be detected.

Fig. 5.9 (a) Schematic setup for measuring piezoelectric potential output of PZT NWs. (b)
The output voltage signal detected from a single PZT NW. (Reproduced from [66] with
permission by Publisher)

Poly(vinylidene fluoride) (PVDF) is a polymeric piezoelectric material with
good piezoelectric and mechanical properties. Its piezoelectric coefficient is ~-20
pC/N, which is higher than that of ZnO. The flexible polymeric nature allows very
high strains to be applied to a PVDF beam, thus high piezoelectric potential can be
expected. A near-field electrospinning was recently used to produce PVDF nanofibers directly patterned onto the substrate (Figure 5.10a) [67]. The stretching
force and a strong electric field applied between the nozzle and the substrate surface in situ poled the PVDF nanofibers into the β phase, which was polarized
along the length direction. The PVDF fiber was directly applied between two
electrodes on a flexible plastic substrate for piezoelectric output measurement
(Figure 5.10b).
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Fig. 5.10 (a) Schematic procedure for making PVDF nanofibers by near-field electrospinning and in situ poling. (b) A PVDF nanofiber-based device for piezoelectric output measurement. (c) Voltage and (d) current output of a PVDF nanofiber when it was under a
strain at 2 Hz. (Reproduced from [67] with permission by Publisher)

The voltage and current signal was measured from the PVDF nanofiber by
stretching and releasing the flexible substrate at a constant rate (2 Hz) and the typical recorded output is shown in Figure 5.10c and d, respectively. The typical voltage was ~5-30 mV and current was ~0.5-3 nA for one single PVDF nanofiber.
The different amplitudes of potential during stretching and releasing periods were
possibly due to the different strain rates; whereas the overall electrical energy (the
peak area) was found identical for the two steps, indicating a negligible charge
loss during the net charge flow when the polarization dipole direction switched in
the PVDF fiber. Integrating the product of voltage and current with respect to time
gives the overall electric energy output. Comparing this energy to the input mechanical energy that is needed to create the strain, the energy conversion efficiency was estimated to be as high as 21.8%. Such a value is much higher than those
that can be achieved by PVDF thin films (typically 0.5-4%). It was suggested that
the higher energy conversion efficient of PVDF nanofibers was due to the much
smaller domain wall motion barrier in PVDF nanofibers (ca. 0.01% strain) compared to that of PVDF thin films (ca. 0.3% strain). Thus, higher polarization could
be produced by the nanofibers under the same strain.

5.3 Prototypes of Piezoelectric Nanogenerators
The discovery of appreciable piezoelectricity on ZnO NWs has led to the development of a series of NW-based piezoelectric nanogenerators. Most recent models
have showed the capability of powering small electronic devices. This section will
review the development of piezoelectric nanogenerators.
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5.3.1 Ultrasonic Wave-Driven Nanogenerators–the First Prototype
Integrating a Pt coated serrated electrode with vertically aligned ZnO NWs created
the first nanogenerator prototype that converted ultrasonic waves into electricity.
[14] As schematically shown in Figure 5.11a, an array of aligned ZnO NWs was
covered by a serrated Si electrode coated with Pt. The Pt coating not only enhanced the conductivity of the electrode, but also created a Schottky contact at the
interface with ZnO. The NWs were grown on GaN substrates (Figure 5.11b). The
top electrode was composed of parallel serrated trenches fabricated on a (001)
orientated Si wafer and coated with a thin layer of Pt (Figure 5.11c). The electrode
was placed above the NW arrays and manipulated by a probe station under an
optical microscope to achieve precise positioning; the spacing was controlled by
soft-polymer stripes between the electrode and the NWs at the four sides. A crosssectional image of the packaged NW arrays is shown in Figure 5.11d. Some NWs
were in direct contact with the top electrode, but some were located between the
teeth of the electrode. Under the application of ultrasonic waves, the top electrode
would move downward and push the NW leading to a lateral bending. The bending-induced piezoelectric potential would then be collected by the Pt film when
the Schottky junction between the NW and Pt electrode was forward biased.

Fig. 5.11 ZnO NW-based piezoelectric nanogenerators. (a) Schematic diagram showing the
design and structure of the nanogenerator. (b) Aligned ZnO NWs grown on a GaN substrate. (c) Serrated Si electrode coated with Pt. (d) Cross-section of the nanogenerator
showing the integration of aligned NWs and the top electrode. Inset shows an NW that is
forced by the electrode to bend. (Reproduced from [14] with permission by Publisher)
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Due to the in situ rectifying effect of the Schottky contact, the detected output
electric signal exhibited a direct current (DC) characteristic. Although each NW
would still produce electric pulses, accumulation of the output from all NW generated a constant DC current signal with large noises, as shown in Figure 5.12a.
The polarization of the DC signal is consistent with the bias direction of the PtZnO Schottky barrier. When the connection of electrical measurement system was
switched between the two electrodes of the nanogenerator, the polarization of the
output signal will be reversed accordingly but the signal amplitude is unaffected,
as shown by the black curve in Figure 5.12a. This phenomenon further proves the
Schottky effect to the nanogenerator output and it is considered as a necessary
condition to distinguish valid signals from artifacts.

Fig. 5.12. (a) A typical DC current output of an ultrasonic-driven nanogenerator. [68] (b) JV curve of the nanogenerator during normal operation, where the short-circuit current and
open-circuit voltage can be identified. (Reproduced from[69] with permission by Publisher)

The DC output of ultrasonic wave-driven nanogenerators allows the performance characterization by connecting a variable DC voltage source as the load,
which is a condition similar to that of solar cell characterization. A typical J-V
curve of a nanogenerator is shown in Figure 5.12b demonstrating an open–circuit
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voltage of ~10 mV and a short–circuit current density of ~1 μA/cm2, which suggested an optimum output power of ~10 nW/cm2. From the shape of the curve, the
fill factor (FF) was determined to be ~25%. Thus the operational power of that
particular nanogenerator was ~2.5 nW/cm2. [69] The low FF is likely associated
with the large internal resistance due to a large number of branching NWs and the
poor contact between NWs and the Pt electrode. In an ideal case, if each NW is
involved in the energy conversion process, the output power could be raised to the
μW/cm2 level. [70]

5.3.2 Power Fibers
In addition to the ultrasonic wave–driven nanogenerator, a textile fiber–based nanogenerator has been developed for harvesting low-frequency vibration/friction energies.
[71] The fibers used in the fabrication were Kevlar 129 fibers, on which ZnO NWs
were grown radially (Figure 5.13a). Along the entire length of the fiber, ZnO NWs exhibited a very uniform coverage and well preserved cylindrical shape. Some splits in
the NW arrays can be identified (Figure 5.13b), which were produced owing to the
growth-induced surface tension in the seeding layer. Such spaces between the NWs are
large enough for them to be bent to generate the piezoelectric potential.

(a)
20 µm

(b)

(c)

1 µm

(d)

2 µm

1 µm

With Au coating
Without Au coating

100 µm

Fig. 5.13. (a) A Kevlar fiber uniformly coated with ZnO NW arrays. (b) Top view and a
cross-section image (inset) of the fiber, showing the distribution of nanowires. (c) Interface
of the gold-coated and bare ZnO NWs. (d) Optical image of the nanogenerator fabricated
by two ZnO NW-coated fibers, one with gold coating and one without. (Reproduced from
[71] with permission by Publisher)
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In order to demonstrate the power generation ability of the ZnO NW-covered
fibers, a double-fiber model system was designed. As shown in Figure 5.13d, two
fibers, one coated with a 300-nm-thick gold layer and the other as-grown, were
entangled to form the core for power generation. Once the two fibers were firmly
entangled together, some of the gold-coated NWs penetrated slightly into the
spaces between the uncoated nanowires rooted at the other fiber, as shown by the
interface image in Figure 5.13c. Thus, when there was a relative sliding/deflection
between them, the bending of the uncoated ZnO NWs produced a piezoelectric
potential across their width, and the Au-coated nanowires acted as the electrode
for collecting and transporting the charges.
The performance of the fiber nanogenerators was characterized by measuring
the short-circuit current (Isc) and open-circuit voltage (Voc) when the gold-coated
fiber was pulled and released at a controlled frequency. ~5 pA current pulses were
detected at each pulling–releasing cycle (blue curve in Figure 5.14a). Negative
current pulses with the same amplitude were received (pink curve in Figure 5.14a)
when the current meter was reverse-connected. The small output current is attributed mainly to the large loss in the fiber due to an extremely large inner resistance (Ri ≈ 250MΩ). The open-circuit voltage was measured to be ~1-3 mV from
the same fiber nanogenerator, as shown in Figure 5.14b.

(a)

(c)

(b)

(d)

(e)

100 µm

Fig. 5.14 (a, b) The current and voltage output measured from a double-fiber nanogenerator. (c) A nanogenerator made by tangling 6 fibers together and the corresponding current
output (d). (e) Enhancement of output current by reducing the inner resistance (Ri). (Reproduced from [71] with permission by Publisher)
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To simulate a practical fabric made of yarn, a single yarn made of six fibers
was tested; three fibers were covered with NWs and coated with Au, and three
were only covered with ZnO NWs. All of the gold-coated fibers were movable in
the testing (Fig. 14c). An average current of ~0.2 nA was achieved (Figure 5.14d),
which is ~30–50 times larger than the output signal from a double-fiber nanogenerator. This is due to the substantially increased surface contact area among the
fibers. Reducing the inner resistance of the fiber and the NWs was found to be effective for enhancing the output current. By depositing a conductive layer directly
onto the fiber before depositing the ZnO seeds, the inner resistance of the
nanogenerator was reduced from ~1 GΩ to ~1 kΩ; thus the output current Isc of a
double-fiber nanogenerator was increased from ~4 pA to ~4 nA (Figure 5.14e). Isc
is approximately inversely proportional to the inner resistance of the nanogenerator (inset in Figure 5.14e). This study shows an effective approach for increasing
the output current. Based on the current and voltage data received, the optimum
output power density from textile fabrics can be estimated, and an output density
of 4–16 mW per square meter of fabric is expected.

5.3.3 Prediction of the Power Output from Piezoelectric Nanowires
The first independently operated nanogenerator prototype is designed to be driven
by ultrasonic waves. In fact, stimulating a piezoelectric beam into vibration has
been broadly used for harvesting mechanical energy in most MEMS devices.
Therefore, to quantitatively understand the dynamic responses of a piezoelectric
NW under vibration is essential for the development of practical nanogenerator systems. The system used for dynamic analysis is schematically shown in Figure 5.15.
The nanostructure was assumed to have its bottom end fixed on the substrate and

Fig. 5.15 Schematic of a dynamic analysis model, where the NW is agitated into vibration
by an external vibration mechanical energy applied through the substrate.
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the other end to be free. An external mechanical energy in a waveform is applied
through the substrate and agitates the vibration of the NW at the same frequency.
We also assume the external mechanical energy is continuous, constant, and sufficiently large. The vibration of the NW is described by its acceleration a(t), which
can be converted into the force applied to the NW’s tip by Newton’s Law: f(t) =
m*a(t), where m* is the effective mass of the vibration beam and can be approximated as one-third of the NW’s mass. Such a vibration causes the piezoelectric
device a flexural vibration and alternating electrical charges will be generated along
the two side surfaces of the NW. Considering each NW as a single degree-offreedom (DOF) system, using the strain-potential relationship derived for a bending
NW, and assuming the NW is vibrating at its resonant frequency, the output power
was solved for hexagonal ZnO NWs and rectangular perovskite NWs:
(5.13a)

PhNW =

where

3m *2 a 2 b 6 le152 (19 + 16υ ) 2
ω n4
ω s 2τ 2
2
2
2
2 2
1296 I xx E [2(1 + υ ) e15 + k11 E ] ( s + 2ςω n s + ω n ) (ωτ + sτ + 1) 2

(5.13b)

ω n = K m* is the natural frequency of the nanostructure and K = 3EI/l3

is the spring constant of the system; ζ is the damping ratio; and s = jω.
In order to define the energy conversion efficiency, the input mechanical power
needs to be quantified. In a real situation, it is reasonable to assume that the mechanical energy in the surroundings is “infinite” for supporting the operation of
nanogenerators. Thus, the frequency and amplitude of the input mechanical wave
can be regarded as constants. Therefore, the input mechanical power Pin can be
considered as the energy that is absorbed by the nanostructure to overcome the
damping and sustain its vibration. In such a system, the damping of mechanical
energy consists of two aspects: Pe, the power dissipated due to electrical consumption represented by damping ratio ζe; and Pm, the power dissipated due to
mechanical damping represented by damping ratio ζm. The electrical power dissipation includes the output power Pout that is consumed by the external load and the
power consumed by the inherent impedance of the piezoelectric nanostructure. In
an ideal situation when the load resistance equals to 1/ωCp, the internal power dissipation is approximately equal to Pout. For a cantilever beam system, the power
dissipated due to mechanical damping is:

Pm = 2πζ m Km* ωY 2 /( 2π / ω ) = ζ m m*ω nω 2 a 2

1
( s + 2ζω n s + ω n2 ) 2
2

(5.14)

Thus, the ratio between the output electric power and input mechanical power
gives the energy conversion efficiency of the nanostructure for converting mechanical energy into usable electric energy: η = Pout / Pin = Pout /(2 Pout + Pm ) .

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

158

X. Wang and J. Shi

For the three different morphologies, the efficiencies are presented by the following equations:
(5.15)

Fig. 5.16 The output power and energy conversion efficiency of ZnO (a) and BaTiO3 (b)
NWs at their resonant frequencies as functions of their length and thickness. (Reproduced
from [21] with permission by Publisher)

In order to reveal the size dependence of the output power and efficiency, we
assumed that the NWs are agitated into oscillation at their resonant frequencies
with a fixed mechanical damping ratio of 0.005. From Equations 5.13 and 5.15,
the power and efficiency were calculated at different lengths and thicknesses. The
plots of these relationships for ZnO and BaTiO3 NWs are shown in Figures 5.16a
and b, respectively. Two general conclusions can be drawn from the plots regardless of the morphology and material. First, the output power increases with the increasing of the nanostructures’ volume. This agrees with the property of regular
piezoelectric bulk materials –– more volume brings more piezoelectric power.
Second, the energy conversion efficiency at the resonant frequency increases rapidly with the reducing of the nanostructure’s aspect ratio. This suggests that high
energy conversion efficiency would be found in a thin-film-like morphology,
which is resulted from the faster decay of the mechanical damping energy compared to the electric output energy when the aspect ratio decreases. The different
tracks of the output energy and efficiency indicate the existence of an optimal size
range, where the nanostructures will output reasonable power with reasonable efficiency. Such a size range can be identified from the plots where the power surface intersects with the efficiency surface. For BaTiO3 NWs, their lengths should
be 4–5 μm and width should be larger than 100 nm. For ZnO NWs, their lengths
should be 3–4 μm and side widths should be larger than 50 nm. It should be noted
that these predictions were established based on the assumption that the ambient
mechanical
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energy is always sufficient. Although the plots show a continuous increasing tendency of both the power and efficiency with the increase of radius or thickness,
too large size would need a significantly high external mechanical energy to drive
the vibration. Under this condition, the assumption of unlimited mechanical energy will not apply and the solution is beyond the capability of this method.

5.3.4 High Output Nanogenerators for Powering Small
Electronics
It has been clearly shown that increasing the number of NWs while maintaining the
optimal geometry could substantially improve the output power. In addition to the
vertical NW arrays that were used in the first nanogenerator prototypes, laterally
aligning NWs are considered as a good strategy for effectively integrating a large
number of NWs over a large area, thus improving the output of nanogenerators.
Chen et al. used electrospin to fabricate PZT nanofibers and deposited them on
interdigitated electrodes, as shown in Figure 5.17a. [72] The electrodes were made
of Pt wires with a diameter of ~50 μm. The PZT nanofibers were suspended between the Pt wires and covered with a thick layer of polydimethylsiloxane
(PDMS). Before the operation, the PZT nanofibers need to be poled by applying
an electric field of 4 V/μm across the electrodes at 140 °C for 24 hours. When the
PDMS slab was under pressure, as shown in the inset of Figure 5.17b, the PZT

Fig. 5.17 (a) Nanogenerator made from PZT nanofibers distributed across IDT electrodes
and the corresponding piezoelectric potential output when it is under pressure (b). [72] (c)
Nanogenerator made from PZT nanoribbon arrays. (d, e) Optical image showing the large
area integration of the nanoribbon array. (f) Bending frequency related piezoelectric potential output. (Reproduced from [73] with permission by Publisher)
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nanofibers will be pushed downward and a piezoelectric potential will be created
between the electrodes. Figure 5.17b shows a typical voltage output of this nanogenerator by periodic knocking of the PDMS surface. It has been shown that the
potential amplitude increased monotonically with the strain being applied to the
PDMS slab. The highest output potential was found to be ~1.6 V. It should be
noted that with this design, the external mechanical force was applied through the
thick PDMS slab to create strain on the PZT nanofibers. The majority of the mechanical energy was stored and/or consumed by the PDMS. Thus, the overall mechanical-to-electrical energy conversion efficiency is expected to be low for such
a design.
A top-down method has been implemented by Qi et al. to fabricate PZT nanoribbon arrays in the wafer scale.[74] The fabrication process involves an RFsputtering of PZT thin film on MgO substrate followed by patterning and selective
etching. Then the PZT nanoribbons were transfer printed onto the surface of a
PDMS slab and interdigitated electrodes (with 25 μm spacing) were patterned and
fabricated on top of the PZT nanoribbon arrays (Figure 5.17c). An electric field of
~100 kV/cm was used to pole the PZT nanoribbon at 150 °C for 3 hours. Figures
5.17d and e show optical images of the nanogenerator device on a flexible substrate. The merit of the top-down processing technique was clearly evidenced by
the uniform distribution of the PZT nanoribbons arranged between the interdigitated electrodes. Such a well-organized configuration is important for achieving
high energy conversion efficiency. Frequency-related piezoelectric output is
shown in Figure 5.17e. Higher potential produced by higher frequency taping is
possibly due to the higher strain rate being applied to the flexible nanogenerator.
At a 3.2 Hz taping frequency, the open-circuit voltage reached ~25 mV and the
short-circuit current was ~40 nA, thus the optimal output power was ~10 nW for
the nanogenerator with a size of ~1 cm2.[73] This value is comparable to the output power of ZnO NW-based nanogenerators.
A similar nanogenerator configuration has also been realized using lateral ZnO
NW arrays [75]. ZnO NWs were first grown vertically on Si substrates by physical
vapor deposition. The NWs are typically ~50 μm long and ~200 nm in diameter.
All the NWs were grown along the Zn-[0001] direction, which ensures the same
direction of the deformation-induced polarization among the NWs, thus the overall piezoelectric output can be effectively scaled. The vertical NWs were
transferred to a flat flexible substrate by approaching the receiving substrate to the
donating substrate surface. The distance between the two substrates was controlled
by a micromanipulator where the donating substrate is fixed. When the two substrates were gently attached, sweeping the receiving substrate laterally transferred
the vertical ZnO NWs to the flat substrate surface with their length direction well
aligned with the sweeping direction. Then interdigitated electrodes were fabricated
on top of the lateral NW arrays for charge collection (Figure 5.18a). Since ZnO is
not ferroelectric, no poling is needed. However, it is important to ensure that the
polar [0001] direction of each ZnO NW is aligned to the same direction in the nanogenerator design and assembly.
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Fig. 5.18 (a) Transferred ZnO NW arrays on IDT electrode on flexible substrate in large
area; inset is the optical image of the device. (b) Piezoelectric potential output of the flexible nanogenerator during the bending and releasing. (c) Rectified piezoelectric potential by
connecting a bridge circuit to the nanogenerator; inset is the circuit design. (d) A LED that
is connected with the nanogenerator circuit. (e) On state of the LED powered by the capacitor charged by the nanogenerator. (Reproduced from [75] with permission by Publisher)

Owing to the parallel connection of a large number of ZnO NWs, the open circuit voltage of the nanogenerator shown in the inset of Figure 5.18a (~1 cm2 and
3.0 × 105 NWs involved) could reach as high as ~2 V under a strain of ~0.1% and
strain rate of 5% s-1 (Figure 5.18b). The short-circuit current was found more than
100 nA, which is comparable to the optimized ultrasonic wave-driven nanogenerators. The operation of nanogenerator was based on bending and releasing. Due to
the order of magnitudes smaller diameter of the NWs compared to the substrate
thickness, the deformation of the NWs can be considered as uniform stretching
and compressing instead of bending. Thus, each bending/releasing cycle creates a
pair of positive and negative pulses with equal amplitude. In order to use the alternative electric output, a bridge circuit was connected to the nanogenerator to rectify the signal and charge a capacitor for electricity storage (Figure 5.18c). An LED
was connected to the capacitor as an external load to the nanogenerator system
(Figure 5.18d). Upon the completion of charging the capacitor, the switch was
turned to position “A” and the stored electric power was sufficient to turn on the
LED (Figure 5.18e). This is the first demonstration of using the electric energy
produced by a nanogenerator to power a small electronic device and is an important step toward the realization of self-powered nanoelectronics using nanogenerator systems.
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Fig. 5.19 (a) Vertically aligned PZT NWs grown on SrTiO3 substrates. (b) Finite element
simulation of the piezoelectric potential distribution along the NWs when they are under
longitudinal homogeneous strain. (c) Charging curve of capacitors connected with the PZT
nanogenerator. (d) A laser diode is turned on by the stored charge from the PZT nanogenerator. (Reproduced from [76] with permission by Publisher)

Following this development, PZT NWs were also applied to similar systems.
[76] Single-crystalline PZT NW arrays were grown epitaxially on Nb-doped
SrTiO3 (STO) substrate by a hydrothermal process. These NWs were vertically
aligned on the substrate and exhibited a fairly uniform height (Figure 5.19a). Finite element analysis showed that for a typical PZT NW that is 500 nm in diameter and 5 μm long, a uniaxial force of 2.5 μN can create a piezoelectric potential of
~1 V (Figure 5.19b). Growing the PZT NWs on conductive STO substrates allows
a serial layer-by-layer integration of the PZT NW-based nanogenerators, as shown
in Figure 5.19b. Such a design would substantially improve the output voltage.
Experimental results have shown that a seven-layer integrated nanogenerator
could produce an open-circuit voltage of ~0.8 V and a short-circuit current of
~300 nA. This output is close to those achieved by the lateral ZnO NW-based nanogenerators.
A bridge circuit and eight parallelly-connected capacitor system was connected
to the nanogenerator (projected surface area of 6 mm2) for power output. Figure
5.19c shows the voltage increasing curve of the capacitors when the nanogenerator
was pressed consecutively producing a constant open circuit voltage of ~0.7 V.
The saturating voltage of each capacitor was ~0.42 V when the charging and
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leaking rates were approaching balance. In order to increase the total output voltage, connection between the eight capacitors was switched from parallel to serial,
thus a higher output voltage (0.42 V × 8 = 3.36 V) was received. This voltage is
sufficiently high to drive a commercial laser diode, which has a turn-on voltage of
~1.3 V (Figure 5.19d). It should be noted that from this small device, the output
power is not high enough to support a continuous operation of the laser diode.
However, accumulated charge over a short period of time could reach the threshold of operation for a fraction of a second. This result indicates that the nanogenerators, although their transient energy output could be low, can be of practical
use for electronic devices that have standby and active modes, such as selfpowered sensors. The electric energy can be accumulated during the standby
mode, while being released for powering the active mode intermittently.
In addition to turning on a diode, ZnO NWs have also been successfully used to
fabricate an all-NW based self-powered sensor system. In that design, ZnO NWs
were used as nanogenerator for converting mechanical energy into electricity as
well as the sensing element that is powered by the piezoelectric energy [77].
The energy generation part was a flexible laterally-integrated nanogenerator.
The design schematically shown in Figure 5.20a can effectively collect the piezoelectric energy generated by each NW. This requires all the NWs to have the same
orientational alignment and crystallographic polarity alignment, so that the piezoelectric potentials generated by each NW are in the same direction and occur at the
same time, resulting in nearly “zero-waste” of the output voltage. Such requirements were realized by engineering the growth sites of ZnO NWs on a flexible
substrate. As schematically shown in Figure 5.20a, patterned ZnO stripes (blue)
were fabricated first as the seeding layer. A thin layer of Cr (purple) was deposited
on the ZnO stripes to form an ohmic contact with ZnO. Then, one side of the ZnO
stripes was covered by sputtering Cr through a photolithographic mask and the
other side was left exposed. The engineered ZnO seed pattern was used for growing ZnO NWs via a wet chemical method, where exposed seeding side can catalyze the NW growth, thus laterally aligned ZnO NW arrays were received. The
growth was terminated before the ZnO NWs reached the front seeding layer with
Cr coating. Lastly, Au stripes were deposited to cover the growth fronts of the
ZnO NWs and serially connected all the ZnO NW arrays across the entire substrate. One typical NW row is shown in Figure 5.20b, where the left-hand-side is
the Cr-coated seeding layer and the right-hand-side is the Au-coated growth
fronts. This configuration was made in the centimeter scale (Figure 5.20c), so that
the piezoelectric output was considerably improved. Such a nanogenerator made
of 700 rows of NWs raised the output voltage to 1.26 V in response to a lowfrequency mechanical strain of 0.19% at a straining rate of 2.13% s-1.
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Fig. 5.20 (a) Schematic of lateral-nanowire-array integrated nanogenerator. (b) ZnO NWs
grown laterally between two electrodes as one row of the nanogenerator. (c) Optical image
of a flexible nanogenerator with laterally integrated NWs. (d) Self-powered PH sensor
showing different potential pulse amplitude under different pH value. (Reproduced from
[77] with permission by Publisher)

The high output from the integrated NW nanogenerators allows direct applications for powering nanoelectronic devices. For example, a single ZnO NW was
made into a transistor for pH sensing. Both source and drain electrodes were directly connected to the nanogenerator and the voltage drop applied on the ZnO
NW sensing element was monitored under different pH environments. When identical deformation was applied to the nanogenerator, the same voltage should be
detected from the ZnO NW load. Due to the surface absorption of H+ and/or OH-
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from the surrounding solution, the conducting channel of the ZnO NW was modified so as its resistance. Therefore, different voltage pulse amplitudes were
observed in correlating to different pH values (Figure 5.20d). Similarly, the nanogenerator was also used to successfully power a ZnO NW-based UV sensor. Although the sensing signals were just in the form of pulses, which were different
from regular sensors, the information carried by these nanogenerator-powered NW
sensors was sufficient to reflect the changes of targeting conditions and fulfill the
function of sensors. Powering of a nanosensor is a pivotal step towards building
self-powered, solely nanowire-based nanosystems.
Evidences have been shown that NW-based nanogenerators can produce electrical energy that is high enough for powering small electronic devices. The general strategy for improving the output power relies on the integration of a large
number of NW building blocks in a well controlled pattern – either vertical or lateral. These configurations require significant efforts of fabrication. A simple, cost
effective and scalable approach was recently demonstrated for making high-output
nanogenerators by using cone-shaped ZnO NWs. [77] The conical NWs were synthesized by vapor deposition and had an average length of ~ 30 μm (inset of
Figure 5.21a). The as-synthesized conical NWs were distributed in ethanol forming a suspension. The nanogenerator was fabricated on a flexible substrate coated
with a thin film of Cr-Au electrode. NW suspension drops were applied to the
electrode surface and a fairly uniform distribution of the conical NWs was received with a low density (~1400-1500 NW per cm2), as shown in Figure 5.21a.
The low density was necessary for avoiding NW overlapping. A thin layer (~100
nm) of PMMA was then spin coated to cover the NWs followed by another distribution of NW suspension. Eventually, an alternating NW-PMMA multilayer configuration was received. Coating the top surface with another thick layer of
PMMA (~2 μm) with a Cr-Au film electrode completes the fabrication of the
nanogenerator (Figure 5.21b).
The operation principle of the conical NW nanogenerator relies on the nonuniform potential distribution inside the NWs. Based on the growth behavior of
ZnO NWs, the small tip is always the Zn-(0001) surface and the large bottom is
always the O-(000-1) surface. Thus, higher piezoelectric potential can be induced
at the bottom end, while the tip end shows a lower potential with an opposite polarization. Due to the unbalanced potential at the tip and bottom region, random distribution of the lateral NWs will not be able to neutralize the charge discrepancy.
Therefore, net polarization will accumulate inducing appreciable potential between the top and bottom electrodes when the nanogenerator slab is under strain.
For such a nanogenerator with a projected density of 7000-7500 NWs/mm2, the
open-circuit potential could reach as high as 1.5-2.0 V and the short-circuit current
was ~30-40 nA, as shown in the right panels of Figure 5.21c. This electric energy
can be directly used for power a small liquid crystal display (LCD), which is a
nonpolar device and does not need a rectified electric input. Therefore, when the
output voltage maximized, regardless of its polarization, the LCD was turned on
(Figure 5.21c).
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Fig. 5.21 (a) Conical ZnO NWs. (b) Schematic of the nanogenerator made by conical ZnO
NWs. (c) An LCD panel powered by the nanogenerator during a full pressing and release
cycle, where the four output conditions are marked by different colors, respectively. The
right hand side shows the voltage and current output of the nanogenerator when it is operated at a frequency of 0.3 Hz. (Reproduced from [77] with permission by Publisher)

This nanogenerator model offers several unique advantages compared to other
designs. First, no electric contact is needed and the nanogenerator would likely
show a higher stability and longer lifetime. Second, the fabrication process is very
simple and cost effective. Lastly, this nanogenerator has the potential for roll-toroll production in large area.

5.4 Challenges and Opportunities
Using piezoelectric nanomaterials for harvesting mechanical energy in the microor nano-scale is a very promising concept for realizing self-powered nanoelectronics. To date, various designs and piezoelectric nanomaterials have been applied in
nanogenerators and many of the representing ones are reviewed in this chapter.
Although NW-based nanogenerators have been successfully demonstrated to power small electronics, the overall size is still fairly large. In order to pave the road
toward integratable nanogenerators for nanoelectronics, the essential goal is to
improve the power density and energy conversion efficiency, thus to shrink the
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size down to the micrometer level while maintaining a reasonably high output
power. Despite current research efforts on material processing and nanogenerator
design optimizing, there are several fundamental aspects that must be explicitly
addressed.
First, piezoelectric effect in the nanometer scale. The piezoelectric nanomaterials used in current practices are mostly in the size range of >100 nm. Therefore,
their piezoelectric properties are considered the same as their bulk form. Theoretical predictions have shown that within the nanometer regime, flexoelectric effect
may play a significant role and enhance the electromechanical coupling. Currently, understanding of the flexoelectric effect is limited. In particular, experimentbased analysis in the nanometer scale is almost a blank. Fundamental understandings of the flexoelectric effect on single-crystalline NWs is of great importance for
testing the enhancement prediction, quantifying the mechanical-to-electric energy
conversion efficiency, and optimizing the size selection of different types of nanomaterials.
Second, mechanical property in the nanometer scale. A lot of research has been
conducted to reveal the mechanical property (the Young’s modulus and critical
strain) of ceramic materials in the nanometer scale. Largely enhanced fracture
strain was observed on ZnO and Si NWs. In order to optimize the material selection, a systematic understanding of the mechanical properties as a function of the
dimensions of different piezoelectric materials is necessary. Specifically, for NWs
with their sizes < 100 nm, rectification would be needed for re-defining the elastic
constant matrix. With all this information, the mechanical energy that is necessary
to create a certain level of strain can be quantified so as to correspond with the
energy conversion efficiency.
Third, coupling between the piezoelectric and semiconductor properties (the
piezotronic effect). Most piezoelectric materials are actually semiconductors as
well. They can be doped intrinsically or extrinsically to show apparent charge
transport property. On the other hand, the piezoelectric effect would interact with
the charge transportation and induce new phenomena or operation principles. For
example, the Schottky barrier formed between ZnO and metal electrodes can
in situ rectify the potential output. The conductivity of a ZnO NW can be regulated by the appearance of piezoelectric potential. Understanding of how electron
distribution and semiconductor band structures are interacted with piezoelectric
potential would offer new insights into the capability of mechanical energy harvesting. Novel operation principles for harvesting mechanical energy, such as directly coupling mechanical energy with chemical energy might be possible.
In addition to the above scientific issues, the engineering challenges are mostly
lying on the piezoelectric nanomaterial fabrication and device integration. Designing a nanogenerator system that can be adapted to large-scale roll-to-roll
processing would substantially reduce the fabrication cost and eventually lead this
exciting nanogenerator concept toward a practical nanoscale power source.

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

168

X. Wang and J. Shi

5.5 Conclusions
This chapter reviews the development of nanogenerators from the fundamental
principles to theoretical predictions to practical devices. Compared to conventional piezoelectric material-based mechanical energy harvesters, using NWs
would potentially improve the energy conversion efficiency, enhance the sensitivity to low-level mechanical energy sources, and extend the device lifetime.
ZnO NW is the first nanomaterial that has been applied for nanogenerator development. Electrodynamic method predicted that a regular–sized ZnO NW can
produce a few hundred millivolts potential under nanoNewton level external
forces. However, high concentration of doping would substantially reduce the
output power of ZnO NWs. The flexoelectric effect, which is related to the inhomogeneous strain of the crystal lattice, might provide additional enhancement to
the piezoelectric potential at the nanometer scale; whereas, experimental results
are needed to support this prediction. Leading by the research on ZnO NWs,
NWs made from other piezoelectric materials, including BaTiO3, PZT, and
PVDF were also studied to reveal their mechanical energy conversation capability. Despite their higher piezoelectric coefficients, the output potential was found
at the similar level as that of ZnO (a few to tens of mV) due to their large dielectric constants. Different designs of nanogenerators were also implemented mostly
based on ZnO NW arrays. Integration of a large number of ZnO NWs was demonstrated as an effective pathway for improving the output power, where the voltage has been raised to ~2 V. The relatively high power is already sufficient to
support the operation of small electronic devices, such as LEDs, LCDs, and
NW-based sensors. The main challenge lies on the low energy density of current
designs, which require a centimeter-level size for providing nW level power. Addressing several fundamental scientific issues, including the nanometer-scale
flexoelectric effect and mechanical properties and the coupling effect between
semiconductor and piezoelectric properties would substantially enrich our knowledge on nanogenerator principles and in improving their performance. Combination of in-depth scientific understanding and advanced engineering fabrication
approaches would eventually lead the promising nanogenerator concept to a practical power source for the realization of self-powered nanoelectronic devices.
Acknowledgement. We thank the financial support from National Science Foundation under grant Nos. DMR-0905914 and CMMI-0926245, and UW-Madison graduate school.

References
[1] Shad, R., Eli, S.L., Jessy, B., Eric, C., Elizabeth, R., Elaine, L., Brian, O., Jan, M.R.,
Sundararajan, V., Paul, K.W.: Improving Power Output for Vibration-Based Energy
Scavengers. IEEE Pervasive Computing 4, 28–36 (2005)
[2] Roundy, S., Wright, P.K., Rabaey, J.: A study of low level vibrations as a power
source for wireless sensor nodes. Computer Communications 26, 1131–1144 (2003)
[3] Paradiso, J.A., Starner, T.: Energy scavenging for mobile and wireless electronics.
IEEE Pervasive Computing 4, 18–27 (2005)

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

5 Piezoelectric Nanogenerators for Self-powered Nanodevices

169

[4] Donelan, J.M., Li, Q., Naing, V., Hoffer, J.A., Weber, D.J., Kuo, A.D.: Biomechanical energy harvesting: Generating electricity during walking with minimal user effort.
Science 319, 807–810 (2008)
[5] Ottman, G.K., Hofmann, H.F., Bhatt, A.C., Lesieutre, G.A.: Adaptive piezoelectric
energy harvesting circuit for wireless remote power supply. IEEE Transactions on
Power Electronics 17, 669–676 (2002)
[6] Jonathan, G., Feenstra, J., Sodano, H.A., Farinholt, K.: Energy harvesting from a
backpack instrumented with piezoelectric shoulder straps. Smart Mater. Struct. 16,
1810 (2007)
[7] Priya, S.: Advances in energy harvesting using low profile piezoelectric transducers.
J. Electroceram. 19, 167–184 (2007)
[8] Chandrakasan, A.P., Verma, N., Daly, D.C.: Ultralow-Power Electronics for Biomedical Applications. Annu. Rev. Biomed. Eng. 10, 247–274 (2008)
[9] Sodano, H.A., Inman, D.J., Park, G.: A review of power harvesting from vibration using piezoelectric materials. The Shock and Vibration Digest 36, 197–205 (2004)
[10] Meninger, S., Mur-Miranda, J.O., Amirtharajah, R., Chandrakasan, A., Lang, J.H.:
Vibration-to-electric energy conversion. IEEE Transactions on Very Large Scale Integration (VLSI) Systems 9, 64–76 (2001)
[11] Williams, C.B., Yates, R.B.: Analysis of a micro-electric generator for microsystems.
Sensors and Actuators A: Physical 52, 8–11 (1996)
[12] Whitesides, G.M., Crabtree, G.W.: Don’t Forget Long-Term Fundamental Research
in Energy. Science 315, 796–798 (2007)
[13] Arunachalam, V.S., Fleischer, E.L.: The global energy landscape and materials innovation. MRS Bull. 33, 264–276 (2008)
[14] Wang, X.D., Song, J.H., Liu, J., Wang, Z.L.: Direct-current nanogenerator driven by
ultrasonic waves. Science 316, 102–105 (2007)
[15] Wang, Z.L.: Self-powered nanotech - Nanosize machines need still tinier power
plants. Scientific American 298, 82–87 (2008)
[16] Wang, Z.L.: Towards Self-Powered Nanosystems: From Nanogenerators to Nanopiezotronics. Adv. Funct. Mater. 18, 3553–3567 (2008)
[17] Yang, R., Qin, Y., Li, C., Zhu, G., Wang, Z.L.: Converting Biomechanical Energy into Electricity by a Muscle-Movement-Driven Nanogenerator. Nano Lett. 9,
1201–1205 (2009)
[18] Majdoub, M.S., Sharma, P., Cagin, T.: Enhanced size-dependent piezoelectricity and
elasticity in nanostructures due to the flexoelectric effect. Phys. Rev. B 77 (2008)
[19] Gao, Y., Wang, Z.L.: Electrostatic potential in a bent piezoelectric nanowire. The
fundamental theory of nanogenerator and nanopiezotronics. Nano Lett. 7, 2499–2505
(2007)
[20] Gao, Y., Wang, Z.L.: Equilibrium Potential of Free Charge Carriers in a Bent Piezoelectric Semiconductive Nanowire. Nano Lett. 9, 1103–1110 (2009)
[21] Sun, C., Shi, J., Wang, X.: Fundamental study of mechanical energy harvesting using
piezoelectric nanostructures. J. Appl. Phys. 108, 34309–34311 (2010)
[22] Hoffmann, S., Ostlund, F., Michler, J., Fan, H.J., Zacharias, M., Christiansen, S.H.,
Ballif, C.: Fracture strength and Young’s modulus of ZnO nanowires. Nanotechnology 18, 205503 (2007)
[23] Kogan, S.L.: Piezoelectric effect during inhomogeneous deformation and acoustic
scattering of carriers in crystals. Sov. Phys. Solid State 5, 2069–2070 (1964)
[24] Mashkevich, V.S., Tolpygo, K.B.: Electrical, optical and elastic properties of diamond type crystals. Sov. Phys. JETP 5, 435–439 (1957)

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

170

X. Wang and J. Shi

[25] Tolpygo, K.B.: Long wavelength oscillations of diamond-type crystals including long
range forces. Sov. Phys. Solid State 4, 1297–1305 (1963)
[26] Meyer, R.B.: Piezoelectric Effects in Liquid Crystals. Phys. Rev. Lett. 22, 918 (1969)
[27] Marvan, M., Havránek, A.: Flexoelectric effect in elastomers. Prog. Colloid Polym.
Sci. 78, 33–36 (1988)
[28] Lakes, R.: The role of gradient effects in the electricity of bone. IEEE Trans. Bio.
Engr. BME-27, 282–283 (1980)
[29] Bursian, E.V., Tranov, N.N.: Nonlocal piezoelectric effect. Sov. Phys. Solid State 16,
760–762 (1974)
[30] Maranganti, R., Sharma, N.D., Sharma, P.: Electromechanical coupling in nonpiezoelectric materials due to nanoscale nonlocal size effects: Green’s function solutions
and embedded inclusions. Phys. Rev. B 74, 14110 (2006)
[31] Bursian, E.V., Zaikovskii, O.I.: Changes in the curvature of a ferroelectric film due to
polarization. Sov. Phys. Solid State 10, 1121–1124 (1968)
[32] Tagantsev, A.K.: Piezoelectricity and flexoelectricity in crystalline dielectrics. Phys.
Rev. B 34, 5883 (1986)
[33] Tagantsev, A.K.: Theory of flexoelectric effect in crystals. Sov. Phys. JETP 61,
1246–1254 (1985)
[34] Tagantsev, A.K.: Electric polarization in crystals and its response to thermal and elastic perturbations. Phase Transitions 35, 119–203 (1991)
[35] Marvan, M., Havrdnek, A.: Static volume flexoelectric effect in a model of linear
chains. Solid State Commun. 101, 493–496 (1997)
[36] Ma, W., Cross, L.E.: Observation of the flexoelectric effect in relaxor
Pb(Mg1/3Nb2/3)O3 ceramics. Appl. Phys. Lett. 78, 2920–2921 (2001)
[37] Ma, W., Cross, L.E.: Large flexoelectric polarization in ceramic lead magnesium niobate. Appl. Phys. Lett. 79, 4420–4422 (2001)
[38] Ma, W., Cross, L.E.: Flexoelectric polarization of barium strontium titanate in the paraelectric state. Appl. Phys. Lett. 81, 3440–3442 (2002)
[39] Ma, W., Cross, L.E.: Strain-gradient-induced electric polarization in lead zirconate titanate ceramics. Appl. Phys. Lett. 82, 3293–3295 (2003)
[40] Ma, W., Cross, L.E.: Flexoelectric effect in ceramic lead zirconate titanate. Appl.
Phys. Lett. 86, 072903–072905 (2005)
[41] Ma, W., Cross, L.E.: Flexoelectricity of barium titanate. Appl. Phys. Lett. 88,
232902–232903 (2006)
[42] Bauera, C.L., Brantley, W.A.: Effect of charged dislocations on a.c. dielectric and
elastic properties. Mater. Sci. Eng., A 5, 295–297 (1970)
[43] Fousek, J., Cross, L.E., Litvin, D.B.: Possible piezoelectric composites based on the
flexoelectric effect. Mater. Lett. 39, 287–291 (1999)
[44] Maranganti, R., Sharma, P.: Atomistic determination of flexoelectric properties of
crystalline dielectrics. Phys. Rev. B 80, 054109 (2009)
[45] Majdoub, M.S., Sharma, P., Ccedil, Agbrevein, T.: Erratum: Enhanced sizedependent piezoelectricity and elasticity in nanostructures due to the flexoelectric effect. Phys. Rev. B 77, 125424 (2008); Phys. Rev. B 79, 119904 (2009)
[46] Majdoub, M.S., Sharma, P., Çağin, T.: Dramatic enhancement in energy harvesting
for a narrow range of dimensions in piezoelectric nanostructures. Phys. Rev. B 78,
121407 (2008)
[47] Shu, Y.C., Lien, I.C.: Analysis of power output for piezoelectric energy harvesting
systems. Smart Mater. Struct. 15, 1499–1512 (2006)

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

5 Piezoelectric Nanogenerators for Self-powered Nanodevices

171

[48] Nam, C.-Y., Jaroenapibal, P., Tham, D., Luzzi, D.E., Evoy, S., Fischer, J.E.: Diameter-Dependent Electromechanical Properties of GaN Nanowires. Nano Lett. 6,
153–158 (2006)
[49] He, R., Yang, P.: Giant piezoresistance effect in silicon nanowires. Nat. Nanotech. 1,
42–46 (2006)
[50] Wu, B., Heidelberg, A., Boland, J.J.: Mechanical properties of ultrahigh-strength gold
nanowires. Nat. Mater. 4, 525–529 (2005)
[51] Wen, B., Sader, J.E., Boland, J.J.: Mechanical Properties of ZnO Nanowires. Phys.
Rev. Lett. 101, 175502 (2008)
[52] Bai, X.D., Gao, P.X., Wang, Z.L., Wang, E.G.: Dual-mode mechanical resonance of
individual ZnO nanobelts. Appl. Phys. Lett. 82, 4806–4808 (2003)
[53] Poncharal, P., Wang, Z.L., Ugarte, D., de Heer, W.A.: Electrostatic Deflections and
Electromechanical Resonances of Carbon Nanotubes. Science 283, 1513–1516 (1999)
[54] Gao, R.P., Wang, Z.L., Bai, Z.G., de Heer, W.A., Dai, L.M., Gao, M.: Nanomechanics of individual carbon nanotubes from pyrolytically grown arrays. Phys. Rev.
Lett. 85, 622–625 (2000)
[55] Song, J.H., Wang, X.D., Riedo, E., Wang, Z.L.: Elastic property of vertically aligned
nanowires. Nano Lett. 5, 1954–1958 (2005)
[56] Hoffmann, S., Östlund, F., Michler, J., Fan, H.J., Zacharias, M., Christiansen, S.H.,
Ballif, C.: Fracture strength and Young’s modulus of ZnO nanowires. Nanotechnology 18, 205503 (2007)
[57] Yu, M.-F., Lourie, O., Dyer, M.J., Moloni, K., Kelly, T.F., Ruoff, R.S.: Strength and
Breaking Mechanism of Multiwalled Carbon Nanotubes Under Tensile Load.
Science 287, 637–640 (2000)
[58] Ni, H., Li, X.: Young’s modulus of ZnO nanobelts measured using atomic force microscopy and nanoindentation techniques. Nanotechnology 17, 3591 (2006)
[59] Chen, C.Q., Shi, Y., Zhang, Y.S., Zhu, J., Yan, Y.J.: Size Dependence of Young’s
Modulus in ZnO Nanowires. Phys. Rev. Lett. 96, 075505 (2006)
[60] Desai, A.V., Haque, M.A.: Mechanical properties of ZnO nanowires. Sensors and Actuators A: Physical 134, 169–176 (2007)
[61] Gordon, M.J., Baron, T., Dhalluin, F., Gentile, P., Ferret, P.: Size Effects in Mechanical Deformation and Fracture of Cantilevered Silicon Nanowires. Nano Lett. 9,
525–529 (2009)
[62] Gao, Z., Ding, Y., Lin, S., Hao, Y., Wang, Z.L.: Dynamic fatigue studies of ZnO nanowires by in-situ transmission electron microscopy. physica status solidi (RRL).
Rapid Research Letters 3, 260–262 (2009)
[63] Wang, Z.L., Song, J.H.: Piezoelectric nanogenerators based on zinc oxide nanowire
arrays. Science 312, 242–246 (2006)
[64] Song, J.H., Zhou, J., Wang, Z.L.: Piezoelectric and semiconducting coupled power
generating process of a single ZnO belt/wire. A technology for harvesting electricity
from the environment. Nano Lett. 6, 1656–1662 (2006)
[65] Wang, Z.Y., Hu, J., Suryavanshi, A.P., Yum, K., Yu, M.F.: Voltage generation from
individual BaTiO3 nanowires under periodic tensile mechanical load. Nano Lett. 7,
2966–2969 (2007)
[66] Chen, X., Xu, S., Yao, N., Xu, W., Shi, Y.: Potential measurement from a single lead
zirconate titanate nanofiber using a nanomanipulator. Appl. Phys. Lett. 94,
253113–253113 (2009)

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

172

X. Wang and J. Shi

[67] Chang, C., Tran, V.H., Wang, J., Fuh, Y.-K., Lin, L.: Direct-Write Piezoelectric Polymeric Nanogenerator with High Energy Conversion Efficiency. Nano Lett. 10,
726–731 (2010)
[68] Liu, J., Fei, P., Zhou, J., Tummala, R., Wang, Z.L.: Toward high output-power nanogenerator. Appl. Phys. Lett. 92 (2008)
[69] Xu, C., Wang, X.D., Wang, Z.L.: Nanowire Structured Hybrid Cell for Concurrently
Scavenging Solar and Mechanical Energies. J. Am. Chem. Soc. 131, 5866–5872
(2009)
[70] Wang, Z.L., Wang, X.D., Song, J.H., Liu, J., Gao, Y.F.: Pilezoelectric nanogenerators
for self-powered nanodevices. IEEE Pervasive Computing 7, 49–55 (2008)
[71] Qin, Y., Wang, X.D., Wang, Z.L.: Microfibre-nanowire hybrid structure for energy
scavenging. Nature 451, 809–813 (2008)
[72] Chen, X., Xu, S., Yao, N., Shi, Y.: 1.6 V Nanogenerator for Mechanical Energy Harvesting Using PZT Nanofibers. Nano Lett. 10, 2133–2137 (2010)
[73] Qi, Y., McAlpine, M.C.: Nanotechnology-enabled flexible and biocompatible energy
harvesting. Energy Environ. Sci. 3, 1275–1285 (2010)
[74] Qi, Y., Jafferis, N.T., Lyons, K., Lee, C.M., Ahmad, H., McAlpine, M.C.: Piezoelectric Ribbons Printed onto Rubber for Flexible Energy Conversion. Nano Lett. 10,
524–528 (2010)
[75] Zhu, G., Yang, R., Wang, S., Wang, Z.L.: Flexible High-Output Nanogenerator
Based on Lateral ZnO Nanowire Array. Nano Lett. 10, 3151–3155 (2010)
[76] Xu, S., Hansen, B.J., Wang, Z.L.: Piezoelectric-nanowire-enabled power source for
driving wireless microelectronics. Nat. Commun. 1, 93 (2010)
[77] Xu, S., Qin, Y., Xu, C., Wei, Y., Yang, R., Wang, Z.L.: Self-powered nanowire devices. Nat. Nanotech. 5, 366–373 (2010)

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

Chapter 6

Piezoelectric Phenomena in Biological Tissues
Ryszard Wojnar
Institute of Fundamental Technological Research, Polish Academy of Sciences, ul.
Pawinskiego 5B; 02-106 Warszawa, Poland
rwojnar@ippt.gov.pl

Abstract. Biological structures, at different organization levels (macromolecules,
tissues, etc.) present a typical spiral shape. Spirals do not have a center of symmetry and hence almost all biological matter possesses piezoelectricity properties.
Thus, the possibility to convert mechanical signals into electric ones, and viceversa, is not only ascribed to minerals or ceramics. In this chapter, after reminding
essential elements on piezoelectricity and its connection with material structure,
the piezoelectric properties of two typical macromolecular components, cellulose
(for plants) and collagen (for animals) are introduced, and their role in biological
tissues is described.

6.1 Structure Organization and Piezoelectricity
Phenomena such as birefringence, pyro- and piezoelectricity arise from the fact
that the crystals that compose materials are anisotropic. Among the 32 crystal
classes, 21 classes are non-centrosymmetric, that is, they do not present a center of
symmetry, and therefore they can exhibit piezoelectric phenomena. Many, if not
all, biological materials, have a spiral structure at different levels of organization
(macromolecules, tissues, etc.). Spirals do not have a center of symmetry, and
hence almost all biological matter, including DNA, various proteins (among them
collagen), wood and bone possess properties of piezoelectricity [1-4].

6.1.1 Living and Non-living Matter: Geometrical Structure
It is accepted since the time of Alexander Braun (1831), Carl Schimper (1831),
brothers Louis and Auguste Bravais (1837), and by the works of Simon Schwendener (1878, 1883), Georgii Wulff (1908) and Frederic Thomas Lewis (1931) that
the crystallization and the growth of living tissue are similar phenomena. The dislocations of gliding and climbing are the basis for such similarity. In twodimensional packing, this is realized by pentagons and heptagons (5-7) motion
among crystalline hexagons.
G. Ciofani & A. Menciassi (Eds.): Piezoelectric Nanomaterials for Biomedical Appl., NANOMED, pp. 173–185.
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Thus, the geometric principles of form development in nature are universal, and
appear both in living and non-living matter. Periodic pattern formation, expressed
so well in crystals, is also observed in living organisms, especially plants, which
resemble crystals in the composition of their body because of very regular arrangement of their lateral organs: leaves, flowers or flower parts. The reason for
this regularity is that the plant organs are iteratively produced. Like crystal units in
growing crystals, they are being continuously added to the developing body of the
plant during its growth [5-14].

6.1.2 Living and Non-living Matter: Physical Properties
Since long time a close similarity in properties of many different materials of biological origin, such as gelatin, muscle, silk and natural rubber, has been observed. Edgar
Wöhlisch (1926) highlighted the analogy between the contraction of animal tissues
following heating (in particular tendons) and the contraction of raw rubber [15].
Materials such as gels, glasses and rubbers, essentially amorphous, are isotropic in
their physical properties. But under deformation these materials lose their isotropy
and begin to be similar to crystals, in particular showing piezoelectric effects [15-18].

6.2 Biological Helices
Helices formation and dense packing of spherical objects are two closely related
phenomena. An important geometrical Figure is obtained by stacking regular tetrahedra along one direction. It is called the Boerdijk–Coxeter structure [19, 20].

Fig. 6.1 The Boerdijk–Coxeter structure, right and left [19].
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To build the Boerdijk–Coxeter structure, one should glue together tetrahedra,
with the conditions that no more than three tetrahedra share an edge, and that
edges with only one tetrahedron are more or less aligned. A chain of tetrahedra is
obtained, on which external edges form three helices (Figure 6.1). This chain is
not periodic, owing to an incommensurability between the distances separating
centers of neighboring tetrahedra, and the pitch of the three helices.
It is useful for visualization to present any helical structure resulting from close
packed units as a two-dimensional graph on a cylinder. All edges of the graph are
geodesic lines on the cylinder. When the cylinder is unfolded on a flat surface, this
surface is tiled with triangles (Figure 6.2).

Fig. 6.2 Construction of a cylindrical hexagonal lattice [20]. Three special choices are indicated: strips with widths 3, 5 and 8 of the elementary equilateral triangles, along the 3 different directions. The corresponding lines of lattice points become helices on the cylinder:
three helices of type {3}, five of type {5} and eight of type{8}, so called the case (3, 5, 8).

Figure 6.3 gives the representation of the phyllotactic helix. Meristems are classified by their location in the plant as apical (located at root and shoot tips), lateral
(in the vascular and cork cambia), and intercalary (at internodes, or stem regions
between the places at which leaves attach, and leaf bases). Lateral meristems,
found in all woody plants and in some herbaceous ones, consist of the vascular
cambium and the cork cambium. They produce secondary tissues from a ring of
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vascular cambium in stems and roots. The lateral meristems surround the stem of a
plant and cause it to grow laterally, (Figure 6.3). Nature exploits the same pattern
to place seeds on a seed-head, as to arrange petals around the edge of a flower, and
to place leaves round a stem.

Fig. 6.3 Spiral distribution of primordia around the cylindrical stem, after unfoldment on
the plane, as observed by brothers Bravais in 1837 [7]. The neighboring primordia differ by
Fibonacci numbers: 1 along the solid lines, 3 along the dashed lines.

A protein macromolecule can be considered as a stiff chain of amino acids. The
sequence of amino acids is called primary structure. Proteins fold tightly into a
complex and specific arrangement (tertiary structure) of regular structural elements. These regular units, which constitute the secondary structure of the protein,
are the α-helix, and the parallel or antiparallel β-strand. They can all be drawn on a
triangular lattice in order to emphasize their regularity.
The helical conformations of the tropocollagen are due to the facts that every third
amino acid of each chain is a glycine (Gly), and that the sequence is rich in proline
(Pro). Glycine is the amino acid with the smallest side group (H). A larger side
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group than Gly would be unable to contact the three chains. About half of the Pro
side groups are hydroxylated; the resulting hydroxyproline is referred to as Hyp.
Each chain is a periodic sequence of repeating units Gly-X-Y, where either X or Y
are, almost always, Pro or Hyp. The collagen is stabilized by hydrogen bonds between the backbone amide (N atom) of a Gly amino acid and the backbone carbonyl (C atom) of amino acid X (Figure 6.4).

Fig. 6.4 Tropocollagen represented on a triangular lattice [19]. There are three types of
edges corresponding to covalent bonds (thick, black diagonals of gray rectangles), hydrogen bonds (thin, black lines) and steric interactions (thick, gray lines). This patch folds into
a cylinder as in Figure 6.2.

6.3 Piezoelectric Structures
State of slightly deformed body is given by the strain tensor:
1
2

(6.1)

where u = u(x) denotes the displacement vector of a body point with a position
given by x. If the body is made of isotropic material, then for small strains the dielectric tensor is a linear function of the strain e:
(6.2)
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where ε(0) represents the dielectric tensor of undeformed body, while a1 and a2 are
constants. In electrodynamics of continuous media, it is shown that for a body
which is not pyro- or piezoelectric, the stress tensor T appearing in dielectric medium in the presence of the electric field E is given by:

Tij = Tij( 0) +

ε + a2 2
2ε 0 − a1
Ei E j − 0
E δ ij
.
8π
8π

(6.3)

Here Tik(0) is the stress tensor in absence of electric field (given by formulae of
∑
. As the terms with electric origin are in the
elasticity) and
second power of the electric field E, this phenomenon is called electrostriction of
the second order [21].

6.3.1 Piezoelectric Crystals
In certain classes of crystals, we can find the effect of electrostriction of the first
order. Here, the vector of dielectric polarization P is a linear function of the stress
tensor T. In the component description we have:
(6.4)
where dijk denotes the piezoelectric tensor (of third rank). This means that the mechanical stress gives rise to electric polarization. The phenomenon is called direct
piezoelectric effect. Conversely, if the external electric field produces mechanical
stress, the phenomenon is called inverse piezoelectric effect.
According to the Voigt’s convention, widely used in the practice, the pairs of
symmetrical subscripts are re-labeled in the following way: 11→ 1; 22→ 2; 33 →
3; 23→ 4; 13→ 5; 12→ 6. Then the stress is T11→ T1; T22→ T2; T33 → T3; T23→
T4; T13→ T5; T12→ T6. The stress tensor appears as a row (or a column) of 6 com,
ponents, and the piezoelectric tensor is written as two-dimensional matrix
where index I runs from 1 to 3 and index J runs from 1 to 6:
(6.5)
Thus, the piezoelectric tensor can be presented as a 3 6 matrix. The symmetry
of the material (texture) imposes a limitation on the number of independent coeffi.
cients

6.3.2 Piezoelectricty in Biomaterials
It has been discovered by Aleksei V. Shubnikov (1946) that the dry wood possess
piezoelectric properties. Afterwards, other detailed experiments were performed
by Valerii A. Bazhenov (1950), and by Eiichi Fukada and Iwao Yasuda (1957). It

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

6 Piezoelectric Phenomena in Biological Tissues

179

was shown that, in good approximation, the piezoelectricity appears only when the
shearing force acts on the oriented biomaterial fibers, and they slip one over the
other. Hence, it was deduced that if the symmetry axis is denoted by x3, the piezoelectric matrix is of the form

0 0
0 0
0 0

0

0
0
0

0
0

0
0
0

0

(6.6)

Later, Fukada and Yasuda proposed the following form of the matrix:

0
0

0
0

0
0
0

0

0
0
0

(6.7)

This is the matrix for crystals of hexagonal symmetry, appropriate for materials
with a linear texture and spontaneous polarization along the symmetry axis. This
matrix is used to describe materials as wood, tendon and bone [22-26].

6.4 Piezoelectricity in the Wood
Most biological tissues are built through polymeric fibers. Two of the most important fibers are cellulose and collagen. Cellulose is the structural component of the
cell walls of green plants. As a constituent of the plant cell wall, it is responsible
for the rigidity of the plant stems. An important question deals with the relation
between the arrangement of cellulose fibrils inside the cell wall and its mechanical
and piezoelectric properties, and the way in which the cellulose distribution is
controlled by the cell.

Fig. 6.5 A triple strand of cellulose showing the hydrogen bonds as dashed lines within and
between cellulose molecules.
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Fig. 6.6 Cross-section of plant stem. The cells in vascular tissue of the wood are long and
slender. Their form is similar to pipes, since their function is the conduction of water and
nutrients throughout the plant.

Bazhenov and Konstatinova performed bending tests, with specimens of size
50 50 (¼) mm.

Fig. 6.7 Specimen for the determination of piezoelectric effect in wood.
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Fig. 6.8 Change of piezoelectric effect with the angle between direction of fibers and direction of bending: a) Value and sign of the piezoelectric charge of a simple wood sample.
b) Value and sign of the piezoelectric charge of a composite of two plates with orthogonal
directions of fibers [23].

They found that the value of the piezoelectric constants of wood, -d14{=}d25, is
about one-twentieth of d11 of quartz. They also gave an experimental indication
that cellulose is responsible for the piezoelectricity in wood.

6.5 Piezoelectricity in the Bone
The properties of collagen and associated polymers are important to understand the
structure and functional mechanisms of biocomposites such as bone and cartilage at
the microscopic level. Tropocollagen (TC), the elementary macromolecule of collagen, has dimensions ca 14 × 2800 Å [27]. The tropocollagen subunits spontaneously self-assemble, with regularly staggered ends, into even larger arrays in the
extracellular spaces of tissues. In the fibrillar collagens, the TC molecules are staggered from each other by about 67 nm (a distance that is referred to as “D” and
changes depending upon the hydration state of the aggregate). Each D-period (or
D-spacing) contains approximately 4.4 TC molecules. Therefore, in each D-period
repeat of the microfibril, there is a part containing 5 molecules in cross-section –
called the “overlap” and a part containing only 4 molecules (Figure 6.9a).
Fukada and Yasuda (1957) showed that dry bone is piezoelectric, that is, mechanical stress produces polarization (direct effect) and application of an electric
field produces strain (converse effect). The piezoelectricity is due to collagen, as
the apatite crystals are centrosymmetric, and therefore non-piezoelectric [30-32].
The piezoelectric constants of bone and tendon are close to those of quartz [32].
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Fig. 6.9 Scheme of the structure of collagen microfibril and its intergrowth by hydroxylapatite plates. (a) Microfibrils have width of five collagen molecules which create a characteristic striation with a repeated distance of D = 668 Å, due to the end-to-end alignment of
the TC molecule. The D-period distance corresponds to one hole zone and one region of
short overlap: C – an overlap region; L –length of tropocollagen molecule, the length of TC
molecule L ≈ 4.4 × D; C – a hole zone. (b) Collagen microfibril in which the oriented hydroxilapatite nanocrystals P are intergrown. Nanocrystals P have approximate dimensions
30 × 50 × 2 nm [28].

Fig. 6.10 Examples of the osteon structure according to Walter Gebhardt [29], with different collagen fiber orientations in the osteon lamellae.

6.6 Exploitation of Biopiezoelectric Phenomena
A possible application of the above-discussed phenomena, as indicated by Bazhanov [22], consists in exploiting the piezoelectric effect for non-destructive
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evaluation of wood quality, and of the stress state of wood structures. The quality
evaluation would rely on the fact that the physical properties remarkably change
in proximity of weak points of wood. It is important to know structural changes
of wood during deformation to clarify its destruction mechanism.
Another application is the exploitation of wood as a piezoelectric material for
industrial purposes. Although the piezoelectric constant of wood is small, approximately 10-14 C/N, it has recently been found that wood can show high piezoelectricity when its natural cellulose, which is a major component of wood, is transformed into a conducting form, which is known as electro-active paper (EAPap), a
smart material that can be used as sensor and actuator [33, 34].
In the 1960s, it was supposed that the osteogenesis has an electrical reason, and
collagen piezoelectricity was invoked as a potential mechanism by which osteocytes could detect areas of greater stress [35, 36]. Anyhow, piezoelectricity was
found to have less importance in these phenomena when more compelling mechanisms, such as streaming potential, were identified [37].
Recently, Jill D. Pasteris et al. indicated that the apatite structure and collagen
properties (also the piezoelectricity) allow for the control of the mineral composition and functionality of bone [28]. Majid Minary-Jolandan and Min-Feng Yu [3839] demonstrated shear piezoelectricity in an isolated collagen fibril, using high
resolution lateral piezoresponse force microcopy (PFM). Subfibrillar structure of
individual collagen fibrils with a periodicity of 60–70 nm was revealed in PFM
map, indicating the direct contribution of collagen fibrils to the shear piezoelectricity of bone.
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Abstract. Piezoelectricity is one of the common ferroelectric material properties,
along with pyroelectricity, optical birefringence phenomena, etc. There has been
widespread observation of piezoelectric and ferroelectric phenomena in many
biological systems and molecules, and these are referred to as biopiezoelectricity
and bioferroelectricity. Investigations have been made of these properties in
biological and organic macromolecular systems on the nanoscale, by techniques
such as atomic force microscopy (AFM) and piezoresponse force microscopy
(PFM). This chapter presents a short overview of the main issues of
piezoelectricity and ferroelectricity, and their manifestation in organic and
biological objects, materials and molecular systems. As a showcase of novel
biopiezomaterials, the investigation of diphenylalanine (FF) peptide nanotubes
(PNTs) is described in more detail. FF PNTs present a unique class of selfassembled functional biomaterials, owing to a wide range of useful properties,
including nanostructural variability, mechanical rigidity and chemical stability.
The discovery of strong piezoactivity and polarization in aromatic dipeptides [ACS
Nano 4, 610, 2010] opened up a new perspective for their use as nanoactuators,
nanomotors and molecular machines as well for possible biomedical applications.

7.1 Introduction
Piezoelectricity is one of the common ferroelectric material properties [1-3], along
with pyroelectricity, optical birefringence phenomena, etc. Piezoelectricity in
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organic and biological objects was first observed and described by Fukada in the
1950’s [4] (initially in wood [4, 5], and later in bone tissue [6, 7]). Later, this
phenomenon was also named biopiezoelectricity. Piezoelectricity arises from the
electromechanical coupling in a given material [1-3]. This coupling is well known
in biology - it can be observed in voltage-controlled muscle movement, the
nervous system, ion transporters, etc. [8] - and it is at the heart of general
ferroelectric and bioferroelectric phenomena.
Piezoelectricity and pyroelectricity have now been widely observed in various
biological materials [8-21]. Lang et al. [16] were the first to report piezoelectricity
in calcification of the human pineal gland, demonstrating this phenomenon by
second harmonic generation (SHG) measurements, showing ferroelectric-related
phenomenon in biological systems. Athenstaedt [22] noted that ferroelectricity
may be common in biological cell components. Fröhlich [23] analyzed the effects
of the high electrical fields found in biological membranes on the dipolar
properties of the proteins dissolved in them. It is significant that his model predicts
the appearance of a ferroelectric or “quasi-ferroelectric” state. Following
Athenstaedt’s groundbreaking work, von Hippel predicted that “... relations may
exist between ferroelectricity, the formation of liquid crystals, and the generation
of electric impulses in nerves and muscles” [24]. Ferroelectricity is an example of
the general phenomenon in which a system can be switched between two states of
orientation by the application of a force [1-3, 8]. These phenomena are essential
for many organic, biological molecules, and all living systems in our asymmetric
universe. Such ferroelectric phenomena, essential for, and exhibited in, all living
entities, now are named bioferroelectricity [8, 9].
Many current prospective nanomaterials for nanoelectronics, nanomedicine and
biomedical applications, based on nanocrystals and liquid crystalline structures, as
well on complex molecular, organic and biological structures, have a common
feature: the dipole moment. This spontaneous dielectric dipole moment per unit
volume is called the polarisation, and many such materials are called ferroelectric.
This term shares a similarity with ferromagnetic, because the spontaneous
polarisation can be reoriented by an external electric field, in the same way that
magnetisation can be switched by magnetic field. This results in a hysteresis loop
in the electrical polarisation, with a remanent polarisation at a zero applied field,
and a reversible polarisation with an oppositely applied field in ferroelectrics.
Both single phase and composite materials exist that have multiple ferroic
switching properties (e.g. ferromagnetic and ferroelectric); these are called
multiferroic materials [1-3, 8], but single phase multiferroics are rare.
One of the common peculiarities of ferroelectrics is the non-linear behaviour of
the dielectric permittivity ε under an external electric field E, which distorts local
charge distributions, in accordance with the Curie-Weiss law [1]. The Curie-Weiss
law describes the relationship between magnetic or electric susceptibilities and
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temperature, but it breaks down in the region very close to phase transition
temperatures. This relationship is observed in the temperature behaviour of
piezoelectric constants, as well as in the description of all ferroelectric materials
[2], including ferroelectric liquid crystals [3], whose structures resemble certain
biological systems such as biological excitable membranes composed from lipid
bilayers and embedded protein structures (ion channels, receptors, etc.) [8]. Such
ferroelectric materials (dependent upon symmetry class, see section 2 below)
exhibit piezoelectricity (change of polarisation under an applied mechanical stress,
and inversely a mechanical deformation under an applied electrical field), and
pyroelectricity (temperature-dependent polarisation in certain anisotropic solids)
[1-3, 8, 9]. Piezoelectricity is reversible under an external electric field, and the
magnitude of the piezoelectric constant is dependent upon the spontaneous
polarisation, as well as being sensitive to phase transitions, temperature, pressure
and electrical and magnetic fields.
There are now many examples which show the wide range of the
biopiezoelectric and bioferroelectric phenomena, observed in various biological
and organic macromolecular systems at the nanoscale level [8-10]. These include
novel nanobiomaterials, which are very important for various applications (in
nanotechnology and biomedical fields), such as self-assembled diphenylalanine
(FF) peptide nanotubes (PNTs) [10]. In the following sections, we will briefly
discus and review the reported piezoelectric and ferroelectric properties of
biological objects. We will then look at the main features of newly discovered
strongly piezoelectric bionanomaterials based on FF PNTs, which could be highly
appropriate for biomedical applications.

7.2 Biopiezoelectricity and Bioferroelectricity
7.2.1 Piezoelectric Phenomena in Biological and Related Objects
Piezoelectricity is a phenomenon which can exist only in noncentrosymmetric
materials [1-3]. The main building blocks of life are proteins, and the majority of
protein crystals are noncentrosymmetric. Proteins are made of combinations of the
20 known amino acids, the majority of which also have noncentrosymmetric
crystal structures. In the works of Lemanov et al. [25, 26] it was demonstrated
that, as a consequence, these amino acids possess piezoelectric properties. He
revealed the temperature-dependent piezoelectric response of amino acid crystals,
and attributed it to enhanced damping of elastic vibrations in the crystals due to
rotation of the CH3 and NH3 groups [25, 26].
Biopiezoelectricity is exhibited in large-scale biological systems such as proteins,
biopolymers, polysaccharides, organelles and glands [4-26]. Some of the most
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studied biological materials possessing piezoelectricity are bones, and especially one
of bone’s components - collagen fibrils, which contribute to bone elasticity.
Collagen is an organic crystalline matrix of bone, composed of strongly aligned
polar organic protein molecules [12]. Piezoelectricity in bones and tendons was
discovered in 1957 by Fukada and Yasuda [6]. The shear piezoelectric coefficient of
tendons was estimated to be d14 = −2.0 pC/N. Reports on the observation of the
pyroelectric effect [13, 16-19] were the first evidence of the existence of
macroscopic spontaneous electrical polarisation in bones. Application of an ac
electrical field to cortical human bone made it possible to observe the reversal of the
spontaneous polarisation, by recording a dielectric hysteresis loop [27]. Dozens of
articles were subsequently devoted to this phenomenon in bones and collagen fibrils,
showing a similar degree of piezoelectricity (0.8 pC/N) in different parts of the bone.
Recently, the piezoelectric properties of bones [28] and collagen fibrils [29] have
been studied with nanoscale resolution. It has been proposed that the piezoelectric
effect plays an important physiological role in bone growth, remodelling and
fracture healing. Recently a strong piezoelectric effect was observed and
investigated in new bio-organic objects, such as bio-inspired self-assembled peptide
nanotubes (PNTs) [10, 30].
As was already mentioned above, piezoelectricity arises from the
electromechanical coupling in any given material [1-3]. We can assume that
biopiezoelectricity similarly arises from electromechanical coupling in bio-organic
molecular nanostructures.
The phenomenon is based upon the known general relation between the
piezoelectric constant dik, the electrostriction coefficient Qik, the permittivity of the
material ε, the permittivity of vacuum ε0, and the component of polarisation Pk of the
whole system [1-3, 31]. For a simple case, as a first approximation for only one
component of the coefficient Q11, the piezoelectric constant d33, dielectric permittivity
ε and spontaneous polarisation P, the relationship can be written as [32]:
d33 = 2Q11εε0P

(7.1)

On this basis, we can study piezoelectricity and related changes in the dipole
moments and polarisation of various systems. For example, interesting direct
observations of piezoelectric contrast using piezoresponse force microscope
(PFM) in biomaterials were made on bone samples by Halperin et al. [28] (see
Fig. 7.1). They determined the values of dielectric constant ε ~20 and then the
piezoelectric coefficients were evaluated for points 1-4 (Fig. 7.1a): 8.48 pC/N,
7.80 pC/N, 8.72 pC/N, and 7.66 pC/N, respectively.
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(d)

Fig. 7.1 Experimental observations of piezoelectric effect and dielectric permittivity
measurements on tibia bone samples (Reprinted with permission from [28]. Copyright 2004
American Chemical Society): (a) Transverse cut of tibia bone, piezoelectric coefficient was
measured in four marked points. (b) Piezoresponse image with nanoscale resolution
(marked as a square region on (a)). (c) Piezoelectric response measured in wet and dry tibia.
(d) Dielectric response measured in wet and dry tibia.

7.2.2 Ferroelectric Phenomena in Biological and Related Systems
The ferroelectric properties of several biological objects, materials and molecular
systems have been investigated [8-10, 32], one of the most notable being
biological membranes. Interesting studies were made by Beresnev et al. [33]
noting the close similarity between biological membranes and ferroelectric liquid
crystals, particularly the presence of a layered structure with tilted lipid and
protein molecules (e.g., chiral molecules of cholesterol). They proposed
ferroelectricity as the physical mechanism responsible for the propagation of
excitation in such biomembranes [33]. The proposal that the lipid bilayer of
biomembranes acts as a voltage sensor in excitable membranes was made by
Pikin et al. [34]. Later Leuchtag directly showed that this role was played by a
special self-organized ferroelectric-like mechanism in the voltage-sensitive ion
channels of the excitable biomembranes [8, 43]. Several ferroelectric-related
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phenomena have also been observed by Tasaki in biomaterials and biological
membranes. For example, linear electro-optic effects connected with polarisation
changes have been found in nerve fibres in a series of piezoelectric, light
scattering and birefringence measurements, under the excitation process of nerve
impulse propagation along axons [35, 36]. It was established that excitable
membranes and ion channels exhibit properties characteristic of ferroelectrics,
including critical temperatures, hysteresis, pyroelectricity and surface charges
[8, 9]. On this basis, Leuchtag proposed a functional role for ferroelectric phase
transitions in ion channels [8, 9, 43]. These days biological membranes are
described as complex composite ferroelectric systems [8], which consist of lipid
bilayers embedded with various proteins and other biomacromolecules and
molecular structures.
Ion channels are the macromolecular components of the membranes of nerve
and muscle cells responsible for impulse conduction. Embedded into the
phospholipid bilayer bounding the cell, these large glycoprotein molecules act as
voltage-dependent switches. In response to changes in the voltage across the
membrane, they undergo conformational transitions between two states (“close”
and “open”), in which they become permeable to specific sets of ions (e.g., Na+ or
K+) [8, 30]. This is very similar to the switching phenomena in ferroelectrics [1-3,
9]. The ferroelectric channel unit model, proposed by Leuchtag [8, 9, 43], was
later developed into the ferroelectric liquid crystal model [9, 37] for ion channels
of excitable biomembranes. The possibility of the involvement of ferroelectric
phenomena in biological membrane function was also suggested by several other
authors: Tokimoto et al. analyzed a ferroelectric model of nerve conduction as a
stable limit cycle and self-organized model [38, 39], Bystrov et al. applied the
Landau–Ginzburg equation to nonlinear waves in biomembranes with ferroelastic
as well as ferroelectric phases [40], and analysis by Gordon et al. of a ferroelectric
liquid crystal model described the action potential as a travelling kink-like
excitation [41].
The most systematic study of bioferroelectric phenomena was made by
Leuchtag [8, 9, 43]. His direct observation of ferroelectric phenomena in
biological membranes and ion channels was made by fitting the capacitance
measurements. This clearly showed that the temperature dependence of the
capacitance of squid axon membranes recorded by Palti and Adelman [42] obeys
the Curie–Weiss law [43] for ferroelectrics (see Fig. 7.2).

ε = CW / (T0 – T ) , T < TC

(7.2)

where CW is the Curie-Weiss constant, T0 is the Curie point and TC is the phase
transition point.
For membrane capacitance C (per unit area) containing ion channels as parallel
array
C = C0 + k / ( T0 – T ),

(7.3)

k = ε0 a CW / L,

(7.4)

where
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and a is defined as the area fraction occupied by the ion channels, L the membrane
thickness and ε0 ~ 8.854 pF/m is a permittivity of vacuum. From fitting data there
were determined values of T0 ~ 49.80 oC and CW ~800 K below TC and ~ 6400 K
above TC [43]. These data indicate that the ion channel transition falls within
Group II of order-disorder transitions [1 -3, 8]. The phase transitions in this group
are explained by a model of reversible or rotatable permanent dipoles, which in a
parallel orientation give rise to spontaneous polarisation below the Curie point, but
which lose that polarisation when the order is lost above the Curie point. A
crystalline ferroelectric, sodium nitrite, NaNO2, has a comparable Curie constant
of 5130 K, with a Curie point of 164°C [43].

(a)

(b)

Fig. 7.2 Dielectric anomaly of squid axon membrane fitted to the ferroelectric Curie-Weiss
law (Reprinted with permission from [43]. Elsevier Copyright 1995 Clearance Center):
(a) Least-squares linear regression fit of reverse capacitance versus temperature, derived
from the ferroelectric Curie-Weiss law (the points are from membrane capacitance versus
temperature data of Palti and Adelman [42], presented in [43]); (b) Membrane capacitance
versus temperature (the points are from Palti and Adelman [42]).

Liquid-crystal-like ferroelectric transitions controlled by temperature and
electric field were observed in the purple membrane of the bacterium
Halobacterium salinarium [44] (see Fig. 7.3). A dielectric spectroscopy study of
oriented purple membranes has shown that bacteriorhodopsin, which is an integral
membrane protein, possesses a significant electrical dipole moment and
demonstrates a liquid-crystal-like ferroelectric behaviour [3, 44].
These experiments were the direct confirmation of the theoretical model of
ferroelectric-like behaviour of ion channels in excitable biological membranes [8,
9, 37], which acted as electric switches between ferroelectric (closed, insulating)
and paraelectric (open, ion-conducting) states.
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(a)

(b)
Fig. 7.3 Observation of liquid-crystal-like ferroelectric behaviour in a biological membrane
(Reprinted with permission from [44]. Copyright 2001 American Chemical Society): (a)
Temperature dependence of the dielectric permittivity of the Bacteriorhodopsin (bR)
membrane in the low-frequency limit of time domain dielectric spectroscopy (TDDS)
measurements; (Δ) denotes heating of sample; (O) denotes cooling of sample. The
measurement accuracy of the dielectric permittivity was better than 3%. (b) Temperature
dependence of the inverse dielectric strength.

It must be emphasized that these phenomena connected with the Curie-Weiss
law are observed in all piezoelectric response experiments as well, e.g., in the
temperature dependence of piezoelectric modulus in the vicinity of phase
transition points [1-3, 8], as well its changes under electric field alteration [1-3, 8].
They are also observed at the nano-scale level in measurements of various
piezoelectric switching processes, including the local hysteresis loop, which is
now widely measured by the PFM technique in different organic and biomolecular
structures [10, 30], and this is discussed in more detail in section 7.3.
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Another important example of piezoelectric and ferroelectric properties and
behaviour in the interior of biological objects is to be found in the interior
structure of cells, in microtubules [45]. Microtubules of nerve cells are a stable
relative to their counterparts in the rest of the body, this stability allowing them to
participate in cellular signalling and transport processes. Each microtubule is a
cylindrical protein structure, and they are the major constituent part of the
cytoskeleton of all eukaryotic cells. They are hollow tubes, whose walls are
assembled from molecules of the globular protein tubulin [45], and have an
electric dipole moment that contributes to the overall polarity of the structure.
Microtubule dipolar lattices have been reported to exhibit piezoelectric properties
[12, 45] (assuming the Young's modulus of microtubules, E=1.4 GPa [46]), and
have a ferroelectric phase [47].
In recent articles [48, 49] by Tuszynski et al., the dielectric properties of
several biomolecules and biomolecular assemblies were discussed, especially
polymer ferroelectrics such as polyvinylidene fluoride (PVDF), as well as tubulin,
microtubules and voltage-gated ion channels. The emphasis in this paper was
placed on identifying the potential for the occurrence of bioferroelectricity, and its
role in biological functions, in particular self-assembly and control of mass and
charge transport. There is an urgent need now for experimental and theoretical
estimates of the value of the dielectric constant of tubulin, as a crucial quantity
defining the ferroelectric properties of microtubules, especially at the level of
individual nano-scale components forming biological structures. In addition, the
last is very important for biomedical applications, such as, e.g., the searching of
new medical anti-cancer drugs.

7.2.3 Piezoresponse Force Microscopy (PFM) for the Study
of Bioferroelectrics on the Nanoscale
The most appropriate and useful methods of such nanoscale studies are atomic
force microscopy and piezoresponse force microscopy (AFM and PFM) [21, 5052]. Using these AFM techniques, the mechanical properties of single
microtubules were tested by lateral indentation with the tip of the AFM [53, 54].
The estimated value of Young’s modulus was between 0.04 and 1.2 GPa from
these bending experiments, but measurement with PFM has not yet have been
carried out. The biological importance of the piezoelectric effect in microtubules
remains to be assessed, but it should be noted that recent studies on microtubules
show the similar nature of microtubules and peptide nanotubes, both connected
with amyloid fibrils [55].
Understanding the relationship between physiologically generated electrical
fields and mechanical properties on the molecular, cellular and tissue levels has
become the main motivation for studying piezoelectricity in biological systems at
the nanometer scale. A very strong electromechanical response has been found in
human enamel and dentin, attributed to protein fibrils (presumably collagen)
embedded within a non-piezoelectric matrix. PFM made it possible to image the
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spiral shape and orientation of protein fibrils with a 5 nm spatial resolution. The
orientation of chitin molecular bundles in a butterfly’s wing has also been
demonstrated by this technique [56, 57].
For bioapplications in devices such as transducers and biosensors, or as
components of biomedical drug/delivery systems, nanomaterials must be
compatible with the surfaces of the biological objects involved, particularly
physical, mechanical and electrical parameters. Several such nanomaterials (the
ferroelectric polymer PVDF and its composites with lipids, amino acids,
diphenylalanine (FF) peptide nanotubes (PNTs)) have been studied by various
nanoscale methods. AFM, PFM, electrochemical strain microscopy (ESM), XRD,
etc., have been used to characterise local piezoresponse properties, nanoscale
structure and switching behaviour, corroborated with computational molecular
modelling [50]. These studies directly showed that ferroelectricity can exist at the
molecular and nanoscale, and consequently is an essential property of small
biological objects, such as molecular components of cells, and membranes such as
ion channels, microtubules, etc. We must further study these ferroelectric
switching phenomena in living molecular systems, and then exploit their nature
effectively for technical and biomedical applications.
In the following section we describe the results of our studies of FF PNTs,
focused on their possible biomedical applications.

7.3 Piezoelectric and Ferroelectric Properties of Self-assembled
Diphenylalanine Peptide Nanotubes (FF PNT)
Self-assembled diphenylalanine (FF) peptide nanotubes (PNTs) represent a novel
and unique class of self-assembled functional biomaterials, owing to the wide
range of their useful properties, including nanostructural variability, mechanical
rigidity and chemical stability. FF PNTs are promising objects for a vast array of
nanotechnology applications including biosensors, nanotemplates, ultracapacitors,
etc. The discovery of strong piezoelectric activity, temperature-dependent
spontaneous polarisation and phase transition [30] in these aromatic dipeptides
established them as nanomaterials with ferroelectric properties. This opened up a
new perspective for their use as nanoactuators, nanomotors and molecular
machines, as well as wide ranging novel applications for which a piezo- and
ferroelectric material would be essential [58]. Piezo-, pyro- and ferroelectric
properties of materials, especially self-assembled nanomaterials, have been at the
heart of many technological advances over the years in fields as far ranging as
electronics [59], sensors [60], biomedical imaging [62, 63] and data storage [64].

7.3.1 Organic Biomolecular Ferroelectric Materials and
Dipeptide Nanotubes
Organic ferroelectrics offer a potential cost advantage and flexible deposition and
control, as well as self-assembly features (especially self-assembling organic
nanotubes based on the linear and cyclic peptide architecture), all of which are not
available in inorganic ferroelectrics [64-75]. Many proteins and polysaccharides
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are actually piezoelectric due to the presence of polar bonds, and some
biomolecules with bias-induced conformational states can be thought as being
ferroelectric. They are inexpensive, and their structure can be easily modified
through chemistry, which makes them highly versatile. Peptide-based systems are
of particular importance from the biological point of view, as models for ion
channels, membranes, amyloid fibrils, etc. [76-79]. For this group of materials,
tube-like structures are easily formed by stacking aromatic rings through the
formation of hydrogen bonds between functional groups in the backbone structure,
and related to aromatic π−π interactions [80]. A common self-assembly process
for small aromatic dipeptides involves the assembly of diphenylalanine (FF),
NH2-Phe-Phe-COOH, monomers into peptide nanotubes (PNTs), and this was
studied in detail by Gorbitz [81-83] and the group of Gazit [78-80, 84, 85].
These PNTs had first been discovered from the determination of the smallest
recognition motif of the amyloid-β protein, associated with over 30 diseases,
mostly neurodegenerative ones such as Alzheimer’s, Huntington’s, Parkinson’s,
Creutzfeldt–Jacob and prions, but also sclerosis (Lou Gehrig’s disease) and type-II
diabetes [86]. They are made from amino acids, self-assembled in uniquely stable
tubes with hydrophilic hollows [67], having a high Young’s modulus and
chemical stability [85].
X-ray and electron diffraction studies have revealed that their room temperature
crystal structure is compatible with the space group P61 [81], allowing many
physical phenomena described by the odd-rank tensor, including optical second
harmonic generation, pyroelectricity, linear electro-optic effect and
piezoelectricity. Crucial for applications is the temperature dependence of
polarisation in FF PNTs, and the possible phase transformation under heating
above room temperature. It was shown [31] that FF PNTs are also strongly
piezoelectric, with the orientation of polarisation along the tube axis, and
demonstrated a temperature-dependent polarisation response [32], studied via
PFM [21, 51, 52] and the optical Second Harmonic Generation (SHG) method.
These measurements show a gradual decrease in polarisation with increasing
temperature, accompanied by an irreversible phase transition into another
crystalline phase at about 140–150ºC. The results are corroborated by the
molecular dynamic simulations, predicting an order–disorder phase transition into
a centrosymmetric (possibly, orthorhombic) phase with antiparallel polarisation
orientation in neighbouring FF rings. Partial piezoresponse hysteresis indicates
incomplete polarisation switching due to the high coercive field along the tube
axis in the virgin FF PNTs. However, the attempts to switch polarisation in this
material were unsuccessful due to geometry and high coercive voltage observed in
the nanoscale ferroelectric measurements, and also through molecular simulations
[30]. Below we present some results of these studies in more detail.

7.3.2 Diphenylalanine Peptide Nanotubes. Preparation
and Investigation
Self assembled FF PNTs were prepared as previously reported [69], their
composition and physical structure were confirmed by x-ray diffraction (XRD)
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and scanning electron microscopy (SEM), and their nanostructure and
piezoelectric properties were investigated by AFM/PFM techniques, as shown in
Fig. 7.4 [30, 50-52] for In-plane (IP) and Out-of-plane (OOP) piezoresponse
measurements. The computational molecular modelling of the FF PNTs’ physical
and electronic structure, their electrical properties and dynamic behavior under
electrical field and temperature alterations, were performed by molecular
modeling and molecular dynamic (MD) simulations, using HypeChem versions
7.52 and 8.0 [50, 87]. The short overview of the results is given in this section.

Fig. 7.4 Schematic of AFM/PFM experimental tools and some results (Reprinted with
permission from [30]. Copyright 2010 American Chemical Society): (a) Topography of asdeposited PNTs on Au-coated substrate (scan 25 x 25 μm2), (b) schematic of the nanoscale
in-plane (IP) measurements by PFM, (c) IP piezoresponse of two tubes (A and B) with
oppositely directed polarisations, (d) cross sections of the IP image across (1) and along (2)
the tube axis, demonstrating different sign and uniformity of polarisation, (e) OOP image of
the same tubes, and (d) cross section of (e) along line 1 Vac = 2.5 V, f = 5 kHz.
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Figure 7.5 shows the representative SEM and PFM images of the fabricated
PNT, assembled horizontally and vertically on metallized substrates as described
above. A variety of tubes of different lengths, diameters and orientations were
obtained. A strong piezoelectric contrast was seen on both horizontal (via lateral
PFM signal, inset to Figure 7.5(a)) and vertical tube assemblies (via vertical PFM,
inset to Figure 7.5(b)). These results confirm the already published data [30] on
horizontal tubes, where only the shear piezoelectric coefficient (d15≈60 pmV−1 on
sufficiently big tubes) could be measured. The estimate of the effective
longitudinal piezoelectric coefficient d33 in vertical tubes yields values in excess of
30 pmV−1, i.e. it exceeded that for LiNbO3 [88].

Ps

300nm

(a)

(b)
(a)

(b)
Fig. 7.5 Representative SEM images of horizontal (a) and vertical (b) peptide nanotube
array. Insets show corresponding PFM images. (Reproduced from [50] with permission by
IOP Publishers.)
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Figure 7.6(b) represents the variation of the average shear PFM contrast with
increasing temperature measured on horizontal tubes. The contrast gradually
decreases with temperature, demonstrating monotonic d15 dependence and ultimate
disappearance of piezoresponse at a temperature of ~150 ºC. It should be noted that
the contrast becomes irreversible if the sample is heated above 100 ºC, i.e. it is not
recovered after cooling down to room temperature and remains practically zero after
heating up to 140–150 ºC. This hints at the possible phase transformation to another
phase on heating, as no visible degradation of the topography was found.
Figure 7.6(a) shows the temperature dependence of second harmonic
generation (SHG) intensity measured on vertical tubes (both heating and cooling
runs), which are compared with the molecular dynamics (MD) calculations [50].
The results are, in general, consistent with the temperature-dependent PFM
contrast measurements. Eventually, the SHG signal decreases at ∼130 ºC
(irreversibly as shown by the cooling curve). It should be noted that these data are
consistent with recent studies of thermal stability of PNTs [89].
These measurements revealed that FF PNTs exhibit a phase transition between
two piezoelectric phases, as confirmed by the existence of piezoresponse both
below and above the transition in the temperature range 100-150 oC. Details of
this phase transition are now being investigated and will be reported in the future.
In general, the apparent decrease in the piezoelectric contrast and SHG intensity
(Figure 7.6) with temperature is a clear signature of an irreversible phase
transformation to a high-symmetry phase, as is often observed in molecular
crystals [90, 91]. The XRD patterns of the vertical PNTs were measured before
and after temperature annealing at 150 ºC for 1 hour. In virgin samples (grown at
room temperature), all observed peaks correspond to the expected hexagonal
structure already reported for FF PNTs (a=24.071 Ǻ, c=5.456 Ǻ, α=120°, space
group P61) [81]. The diffraction peaks for annealed PNTs are apparently different,
belonging to another crystalline phase. All diffraction peaks after annealing could
be explained based on the appearance of an orthorhombic structure with the unit
cell parameters: a=5.210 Ǻ, b=24.147 Ǻ, c=41.072 Ǻ.

Fig. 7.6 Temperature dependencies of SHG (a) and PFM signals (b) for FF PNTs. The data
points on SHG curves are compared with the MD calculations undertaken for parallel doublestacked FF in the hexagonal phase (triangles) and anti-parallel ones in the orthorhombic phase
(diamonds). (Reproduced from [50] with permission by IOP Publishers.)
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The possible phase transition between hexagonal and orthorhombic phases upon
annealing is illustrated in Figs. 7.7b and 7.7c, which show how the initial
hexagonal unit cell could be transformed into the orthorhombic one via a small
deformation of the FF rings. The mainframe of the FF PNT structure consists of the
FF rings (Fig. 7.7a), formed from six individual FF molecules (6FF), in accordance
with Görbitz [81]. Each ring possesses a dipole moment Ps along the tubular OZ
axis perpendicular to the ring plane, and forms the hexagonal structure [81] from
four rings (Fig. 7.7a, right). It is suggested that for the hexagonal structure all 6FF
rings (A, B, C, and D) have the same orientation as the individual Ps (Fig. 7.7b),
this being compatible with the total large dipole moment and strong piezoresponse
in PNTs grown at room temperature [31, 32]. Antiparallel orientation of Ps for the
neighbouring 6FF rings (A and C opposite to B and D) produces novel
orthorhombic structure with zero total polarisation (Fig. 7.7c) for annealed tubes.
To understand further the molecular structure of the FF PNTs, and the possible
mechanisms of their self-assembly and phase transitions, the molecular modelling
and molecular dynamic (MD) simulations were performed using HypeChem 7.52
and 8.0 [87]. The isolated ring with six dipeptides, as well the parallel stacking of
two rings (see Fig. 7.8), were studied by the geometry optimisation of the total
energy, and MD runs using molecular mechanics (MM) methods (BIO CHARM)
in combination with a first principle quantum approach (ab initio and PM3 semiempirical, in UHF approximation).

Fig. 7.7 (a) Schematic illustration of the self-assembly process of PNTs: from individual
diphenylalanine (FF) monomer molecules to six dipeptides (6FF) forming a ring and finally
to whole structure of peptide nanotubes. Models of the hexagonal (b) and orthorhombic (c)
structures of PNTs (detailed explanation is given in the text). Reproduced from [50] with
permission by IOP Publishers.
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(a)

(b)

(c)

Fig. 7.8 Molecular model of the FF ring and double-ring formation leading to the large
cooperative dipole moment in PNT structure (a), depending on the inter-ring (r) and intertube (R) distances schematically shown in (a) and (c). Calculated variation of inter-tube
condensation energy Econ with distance R (b) and comparison of minimum energy distances
for two different temperatures for parallel (hexagonal) and anti-parallel (orthorhombic)
structures of PNTs (inset). Here the yellow tube denotes schematic presentation for tubular
coil of main molecular unit NH2-…-COOH. Reproduced from [50] with permission by IOP
Publishers.

It was found that 6FF forms ordered rings (hexagonal structure, P61) with inner
and outer diameters of ~10.5 and 25 Å, respectively (Fig. 7.7a, middle picture),
connected by N-H...O hydrogen bonds with O-H lengths of ~1.65 Å and total N-O
lengths of ~ 2.7 Å. This is in full agreement with the results of Görbitz [81].

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

7 Piezoelectricity and Ferroelectricity in Biomaterials

203

Furthermore, we calculated the dipole moment as being ~1.3 Debye for a single 6FF
ring, directed along the OZ hexagonal axis, corresponding to a spontaneous
polarisation of P ≈ 0.24 µC/cm2. These data also corresponds to the reported values
for isolated FF units [81, 32] (Fig. 7.7a). Figure 7.8 represents the next model of
parallel double-stacked 6FF units. The optimisation for this model leads to an
increase of dipole moment from ~ 1.3 Debye up to Dt ~ 42 Debye (polarisation P ~
4.0 µC/cm2) and furthermore up to value Dt ~ 52 Debye and polarisation value
reaches Ps ~ 5 µC/cm2 [50]. These two FF rings (Fig. 7.8a) were connected by NH...O hydrogen bonds with O-H lengths of ~1.88 Å and total N-O lengths of ~ 2.9 Å.
On the basis of this model, we performed MD runs and simulations at different
temperatures. The result is fully consistent with the experimentally obtained SHG
and PFM data, i.e., the average dipole moment gradually decreases as a function
of temperature (cf. calculations with experimental data in Fig. 7.6a). The
polarisation is about 5 µC/cm2 at 25 ºC and decreases to the value ~2 µC/cm2 at
100 ºC. The results for a parallel stacked FF ring model correspond to the
hexagonal phase and the experimentally observed large dipole moment and high
piezoelectric coefficient in virgin structures, while the antiparallel orientation of
neighbouring tubes correspond to the orthorhombic phase with a very small total
dipole moment, as is shown in Fig. 7.6a. Moreover, this result made us believe
that the dipole ordering along OZ hexagonal axis for the hexagonal phase is due to
a cooperative dipole effect (as common to ferroelectric systems, while the
orthorhombic phase is similar to antiferroelectrics), and polarisation switching is
possible if a high-enough electric field is applied along this axis [30, 50].

7.3.3 Electric Field and Temperature Influence: Discussion
on Phase Transition Nature
Following the findings above, the measurement of the piezoresponse hysteresis on
virgin (not annealed) vertical PNTs was performed [50]. The preliminary
simulation data have led to the conclusion that the corresponding coercive field
would be very high, in the order of ~30 MV/cm, and have an asymmetric
character as a result of the strong internal bias field. This prediction is fully
consistent with the experimental result (Fig. 7.9), where a hysteretic-like
dependence of the effective d33 versus applied bias is obvious. However, the loop
reveals partial switching of the polarisation along the hexagonal axis with
superimposed linear behaviour that could be caused by the electrostatic
contribution to the piezoresponse (Maxwell stress) [31, 32]. Taking into account
some flexibility of the PNTs at the contact point, and apparent non-local
electrostatic interaction, this possibility cannot be ruled out. The results are in line
with recent piezoresponse measurements on PZT nanotubes, where a similar
character of the piezoresponse hysteresis was found [92]. This signifies that the
local measurements in such complex geometries can be overshadowed by the
spurious signals, irrespective of the nature of the material. The polarisation offset
observed in the hysteresis loops (see Fig. 7.9) could be due to the fact that the
available electric field is insufficient for switching, and only a small reverse
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domain (unstable with time) is formed under a maximum bias. This is confirmed
by the absence of any switched polarisation after the consequent PFM imaging.
Since the available electric field from the tip is quite low (in the first
approximation ~100-200 kV/cm under a bias of 10 V), this reduces the
opportunities for using vertical FF PNTs as media for high density data storage.
Unfortunately, higher biases destroy the tubes. Molecular simulations made under
an electrical field were in line with the experimental observation, and showed that
the antiparallel field of about 5 MV/cm is only able to decrease the polarisation
value by about 12% [50]. But the question is still open for another opportunity of
polarisation, switching perpendicularly to PNT axis direction, especially for
annealed PNT.
This question is our future work and the results to be published elsewhere soon.
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Fig. 7.9 Out-of-plane piezoresponse hysteresis taken on vertical PNTs. The piezoresponse
signal does not change sign even at a maximum bias, due to the high coercive field of the
hexagonal structure. Reproduced from [50] with permission by IOP Publishers.

Another important result of our simulations is the tentative explanation of
the observed hexagonal-orthorhombic irreversible transformation, because the
calculations show that the temperature increase leads to the strong changes in
the condensation energies, in particularly modifying inter-tube interaction. The
approach for the inter-tube interaction calculations with distances, and
determination of the condensation energies, is similar to that used by Nakanishi
et al. [93]. As a result, the inter-tube condensation energy is decreasing with
temperature rise and, at a temperature of about 150 oC, it becomes comparable
with the thermal energy kT (Fig. 7.8b). This ultimately leads to the dissociation of
the PNT tubes and reorganisation of their structure, so that the antiparallel
orientation of the rings becomes energetically favourable at high enough
temperatures. All in all, the predicted re-orientation of polar molecular dipole
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groups in neighbouring FF tubes leads to the compensation of the total
polarisation to almost zero value, accompanied with the symmetry change and
increase of the unit cell size. These results clearly show that for FF PNTs
prepared at room temperature, the parallel orientation of the polar moments related
to individual nanotubes is energetically favourable; while at T ≥ 150 oC the
preferred conformation is anti-parallel leading to a doubling of the unit cell. This
model is in line with the experimental XRD results, and the orthorhombic
structure shown in Fig. 7.7c. Upon cooling, this phase persists down to room
temperature, being metastable within an extended period of time. The calculated
transition temperature (see also on Fig. 7.6) is close to that observed by PFM and
SHG experiments [50]. AFM and SEM data [50] indicate a notable degradation of
the tube surface consistent with earlier reports [84].
It is already well known that FF peptides could form various supra-molecular
structures. One of the most studied conformations is a hexagonal molecular
nanotube structure, similar to that observed in liquid crystals (LC) [77, 94]. From
this point of view it is evident that the studied PNTs could be considered as an
analogue of a smectic C* (SmC*) phase, composed of six FF L-chiral molecules
arranged as a single 6FF stable ring (one smectic disc further forms discotic-like
columnar structure [90, 95]). Obviously, such a molecular LC is prone to
polymorphic transformations [91] that occur due to a very wide variation of the
peptide´s bond torsion angle [50, 81]. Some of these polymorphic phases could be
metastable, leading to possible irreversible phase transitions. It is worth noting
that structural polymorphism exists in the amyloid fibrils related to PNTs [96].
Similar transitions were observed in the temperature dependence of LC lipid
systems [97], and in DNAs that change from tubular hexagonal to orthorhombic
structure [98]. It is clear that our results resemble the well-known phase transition
in LC from ferroelectric-like SmC* to paraelectric SmA phase. The details of the
molecular simulations and calculations of the condensation energies are reserved
for future publication.

7.4 Conclusions
In conclusion, our measurements revealed an important feature of the polarisation
behaviour in self-assembled diphenylalanine peptide nanotubes (FF PNTs). As
confirmed by the PFM and SHG measurements, the polarisation gradually
decreases from room temperature to 140 ºC, and experiences irreversible phase
transformation to another (probably orthorhombic) crystalline phase with zero
polarisation. This phase persists upon cooling to room temperature. Partial
polarisation switching is observed by the application of a strong electric bias to the
PFM tip, but full switching is impossible due to the high coercive field. This result
is in line with the fact that ferroelectric-like behaviour is originated from hydrogen
bonds among the FF monomers, which break upon the temperature increase. This
transformation is extremely important in view of the foreseeable applications of
PNTs as sensors and actuators.
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The new data obtained on piezoelectric and ferroelectric properties in the
diphenylalanine peptide nanotubes are well correlated with several reports on the
ferroelectric and piezoelectric properties in other organic and biological
macromolecular structures (such as ion channels [8, 9, 30, 39-41], amino acids
[25, 26], microtubules and tubulin [45-50, 53, 54], collagen [28], chitin [56],
proteins and so on [10, 21, 52, 57]), and surely complement our understanding of
these biopiezoelectric and bioferroelectric phenomena in living systems. Once we
understand the role of ferroelectricity and piezoelectricity in nature, it would lead
us not only to the progress in scientific knowledge, but also to the ability of
designing new systems which copy nature or are inspired by it [8-10]. The results
reported here are only our initial experiments with directly measured
piezoresponse data, and first approximation for idealized molecular models. These
initial simulations were performed on a reduced model, with some parts of the
PNT removed (a 2-ring model of tube), owing to restriction of computer memory
resources, etc. Probably, as a matter of fact, this annealing phase with oppositelyoriented and mutually compensated dipoles could be considered as an
antiferroelectric phase, similar to some examples of biologically ordered
molecular structures, such as in lipids [99]. Another interesting problem is
measuring the actual switching properties of the piezoresponse and polarisation at
the nanoscale level, and observation of the full hysteresis loop. All these questions
require further investigation.
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Abstract. In this Chapter, recent results about studies of interactions between
piezoelectric nanoparticles and living systems will be discussed. As extremely
innovative materials, great importance is devoted to the investigations of their stabilisation in physiological environments and to their biocompatibility. Applications
as drug carriers and nanovectors will be thereafter described, and special attention
will be dedicated to tissue engineering applications. Finally, preliminary results
achieved by our group on “wireless” cell stimulation will be approached.

8.1 Introduction
Nanotechnology refers to the research and technology development at atomic, molecular and macromolecular scales, which leads to the controlled manipulation and
study of structures and devices with length scales in the range of 1-100 nm [1].
In the latest two decades, the research on nanotechnology has grown explosively with over 300,000 publications in the field of nanosciences according to ISI
Web of Science. Among these spectacular developments, a new emerging field
that combines nanotechnology and biotechnology - nanobiotechnology - is receiving a growing attention [2].
Nanostructured materials own unique properties which are of great interest for
their potential applications as biomaterials, such as the large “surface-area to volume” ratio. Since life itself, fundamentally, is a collection of nanoscale processes
occurring within cells [3], it is unavoidable and necessary to understand the impacts of the presence of nanomaterials inside the cells when one explores advantages and promises of nanomaterials for biomedical applications.
In fact, it has been demonstrated that nanomaterials can interact both positively
and negatively with different biological systems. Carbon nanotubes (CNTs), for
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example, promote osteoblast adhesion but inhibit adhesion of fibroblasts, chondrocytes, smooth muscle cells and macrophages. Moreover, osteoblast adhesion
and mineralisation are increased on surfaces with nanostructured topographies of
both titanium dioxide and zinc oxide (ZnO), while adhesion and viability of fibroblasts and endothelial cells decrease on ZnO nanorods [4].
Considering cell-specific response is particularly important when a new nanomaterial is tested: several independent biocompatibility assays should be carried
out on different cell lines and eventually in vivo, in order to assess without any
doubt its safety before any clinical translation.
In this Chapter, we summarize the recent findings about the studies of interactions between piezoelectric nanoparticles and living systems, with particular attention on ceramic nanomaterials. Applications in tissue engineering will be also approached, and first investigations performed by our group on cellular stimulation
mediated by piezoelectric nanotubes will be briefly reported.

8.2 Interactions of Piezoelectric Nanoparticles with Biological
Materials
Depending upon their constitutive material, some nanoparticle (NP) systems may
exhibit piezoelectricity, which is the ability to generate electric energy when mechanically stressed. This feature is very interesting and particularly promising if applied to electrically excitable cells, such as muscle cells [5] and nervous cells [6].
However, in order to employ NPs in clinical applications, accurate studies about
their cytocompatibility using different cell lines and subsequently about their in vivo
compatibility (biocompatibility) are necessary. Among piezoelectric NPs investigated in the literature, biological researches have been mostly performed on ZnO
NPs, while some recent studies have stressed also other piezoelectric biomaterials,
such as barium titanate NPs (BTNPs) and boron nitride nanotubes (BNNTs).

8.2.1 Dispersion of Nanoparticulate Systems
The first step to accomplish for the efficient administration of NPs to biological
systems, needed by well performed cytocompatibility investigations, is the preliminary obtainment of a homogeneous aqueous dispersion of NP systems. In cases of
insoluble and often hydrophobic NPs, such as BNNTs and BTNPs, this is achievable using biocompatible detergent-like agents, such as amphiphilic or positively
charged biomolecules. Such a process, due to the micro/nanoscale size of the particulate and the presence of immiscible phases (solid/liquid) in a relatively stable
equilibrium, leads to the obtainment of a “colloidal dispersion” referred also, but
less properly, as “solubilization” of NPs. The underlying principle is that the surfactant molecules adsorb on the surface of the particle by virtue of their amphiphilic nature. In particular, hydrophobic parts of surfactant molecules place on the
outer surface of NPs thus decreasing the Van der Waals forces between the particles and stabilizing them in aqueous media.
The stability degree and the particle size distribution in the colloid dispersion can
be measured with Z potential and submicron particle size analyzers, respectively.
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Plain BNNTs in aqueous media are reported to form large clusters which interfere
with cellular up-take processes. To overcome this limitation, dispersion strategies of
BNNTs have been proposed with a wide range of surfactants: i) positively charged
polymers, e.g., glycol chitosan (GC), poly-L-lysine (PLL) and polyethyleneimine
(PEI), which may wrap single NPs with a polymeric coating, while enabling their
water-dispersion. However, cytocompatiblity of polymer-coated BNNTs was highly
dependent on the biocompatibility of the polymer used, being PEI<PLL<GC. The
right choice of the surfactant is thus a key factor when identifying dispersant agents
for biological applications of colloidal systems; ii) amphipathic dendrimers, which
were found to efficiently interact with the BNNT surface and to enable specific
binding to receptors in solution, thus resulting in colloidal dispersions stable for
weeks [7]; iii) detergents, e.g., Tween 20 [8]; and iv) solvents [9].
Surfactants for BTNPs were investigated by Ciofani et al. [10]. Analogously to
GC-BNNTs, colloidal dispersions of GC-BTNPs were stable for many days, and
even if some visible clusters appeared along the weeks, they resulted completely dissolvable after mild sonication. Doxorubicin (Dox) was additionally proposed, with a
dual role of surfactant and pharmacologically active fluorescent agent for BTNPs.
Dox–BTNP dispersions resulted less stable than those in GC due to the reduced hydrophobic interactions stabilising NPs in water, and showed a bimodal size distribution due to the presence of both well dispersed and micro-aggregated NPs.
Finally, ZnO NPs dispersed in mere phosphate buffer saline (PBS pH 7.2) have
been reported to form considerable particle aggregation, resulting in the formation
of flocks of variable sizes ranging in hundred-thousand nanometers in diameter
[11]. Due to aggregation, distributions of particle size resulted very wide, and
sonication became fundamental to avoid flocculation. Deng et al. also discussed
the role exerted by proteins and growth factors absorbed by ZnO NPs in enhancing their water-dispersion. To overcome clustering, some authors have proposed
new methods involving the use of non-biocompatible reagents which are subsequently removed, such as a new synthesis method to create directly monodispersed ZnO NPs, consisting in the hydrolysis of zinc acetate in diethilenic glycol (DEG). The toxic DEG is removed by centrifuging and washing several times
in ethanol. Although this dispersion method seems very efficient, protocols based
on non-toxic materials are preferred for cellular studies [12].
Differently, Taccola et al. have tested the use of many cytocompatible agents to
obtain individually dispersed ZnO NPs, such as: polyethylene glycols (PEG 8K and
14K), PEI, polyvinyl alcohol (PVA), Pluronic, sodium dodecyl sulfate (SDS), Arabic gum (AG), glycine (GLY), horse serum (HS) and bovine serum albumin (BSA).
Among these, AG produced the best stable and highly concentrated dispersion (100
μg/ml), although NP size resulted notably enhanced (from 160 nm of dried NPs, to
220-280 nm of AG-coated NPs) due to the steric bulk of the AG [13].

8.2.2 ZnO-Based Nanosystems
ZnO has been used in a great number of applications for its unique optical, semiconducting, piezoelectric and magnetic properties, including sunscreens, biosensors,
food additives, pigments and electronic materials. As an example of biomedical employ, ZnO nanorods are used on high electron mobility transistor because of their
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sensitivity for glucose detection. Recently, the fabrication of electric biosensors
based on functionalised ZnO nanorod surfaces have been proposed for highly sensitive detection of biological molecules, since they can easily detect streptavidin binding down to a concentration of 25 nM, which is more sensitive than one-dimensional
nanostructured electrical biosensors [14]. This seems to result from the clean interface between the ZnO nanorod surface and the biological or chemical species.
The field effect transistor (FET) device proposed by Kim and colleagues with a
micrometer-scale hole at the centre of the ZnO conducting channel was able to increase the device sensitivity through a reduction of leakage current from the aqueous solution. However, the strong adsorption of molecules at the ZnO surface is
reported to affect the electrical properties of ZnO-based devices, depending upon
surface-mediated phenomena [14].
In the biomedical field, ZnO NPs are widely known for their antibacterial activity [15-17]. There are several scientific reports confirming the efficacy of ZnO
NP-based systems as prophylactic agents against bacterial infections.
Zaveri and colleagues have investigated the ZnO cytotoxicity evaluating macrophage response to ZnO nanorods in comparison to ZnO sputtered surfaces in order
to discriminate the effects due to surface topography from among those due to the
material. Their goal was to obtain a surface able to direct the foreign body response
by modulating the macrophage adhesion. The obtained results indicate that ZnO
nanorods do inhibit macrophage adhesion at early timepoints (3 h), but induce necrotic cell death at longer timepoints (16 h). It has been demonstrated that altered
cell adhesion and viability can be also obtained culturing macrophages on sputtered
ZnO substrates which do not show the nanotopographical features of ZnO nanorods. This is due to the intrinsic cytotoxicity of the material which originates from
the high concentration of Zn ions released by ZnO substrates (measured by Inductively Coupled Plasma-Mass spectroscopy) in the culture media. Indeed, macrophage viability was found to be independent on the direct contact between cells and
substrates, while it resulted drastically affected by ZnO dissolution products [4].
Many other studies have highlighted ZnO NP cytotoxicity. For example, human
aortic endothelial cells showed 50% mortality when ZnO NPs were incubated for
4 h at a concentration of 50 ppm [18]. Analogously, mortality rate of mouse neuroblastoma cells was similar when cells were treated with 50 nm ZnO NPs at a
dose of 100 ppm [19]. Mesothelioma cells MSTO-211H and rodent 3T3 fibroblasts died after 72 h incubation with 19 nm ZnO NPs at a concentration of 15 ppm
[20] and cytotoxic effects were also evidenced on human dermal fibroblasts
treated for 4 h with ZnO nanopowder (50-70 nm diameter) [21]. Lin et al. have
demonstrated that ZnO NPs with diameters ranging in 70-420 nm notably decreased cellular vitality and caused oxidative damage on DNA in dose- and timedependent manners [22]. Furthermore, proliferation of mouse fibroblasts, human
cervical cancer cells L929 and HeLa cells was drastically reduced after incubation
with ZnO NPs, that also induced significant cell mortality [23].
Differently from the data reported above, there are some studies pointing out a
reduced toxicity of ZnO NPs and their positive effects on specific biological systems. For example, it has been observed that ZnO NPs at a concentration lower
than 5 nM had a slightly toxic effect on human T lymphocytes [24]. Moreover,
Hanley et al. have reported that ZnO NPs can induce toxicity in a cell-specific and
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proliferation-dependent manner, thus identifying their potential clinical applications in cancer therapy [25]. In particular, they demonstrated that ZnO NPs exhibit
a selective cytotoxicity towards highly replicating cancerous T lymphocytes (28–
35× compared to normal T lymphocytes). A recent report has shown that ZnO NPs
exert a cytotoxic effect on human glioma cells but not on normal human astrocytes
[12]. In a similar fashion, ZnO NPs were also reported to induce cell death in
breast and prostate cancer cell lines, but exhibiting no major cytotoxic effects on
their normal cell counterparts.
Some studies on the nervous system have shown that NPs cause degenerative
events [26-27] and that ZnO compounds have neurotoxic effects on mouse neuroepithelial cells, probably due to Zn2+ ions derived from their dissolution [28-29].
Recently, it has been observed that neural stem cells treated with ZnO NPs at a
dose lower than 6 ppm after 24 h of incubation showed no significant cytotoxic effects; instead, these effects were evidenced using a double concentration for the
same experimental time and were characterised by the presence of apoptotic cells
with altered morphology, condensed chromatin, blebbing and organelle damage or
destruction at a significantly high percentage.
Summarising, these cytotoxic phenomena seem to be dependent on both the
ZnO NP size and the Zn2+ ions concentration reached at intracellular level [11].
Apoptotic or necrotic mechanisms ZnO-induced are not yet fully understood but it
has been noticed that mitochondrial activity is inhibited at different levels by Zn2+
ions [30]. Furthermore, ZnO dissolution appears to occur inside cellular endosomes leading to the obtainment of reactive oxygen species (ROS)-induced oxidative cell damage and cell death [31].
After such a wide set of in vitro observations, addressing selective cytoxicity of
these nanosystems, in vivo studies on ZnO NPs have been also performed to verify
possible toxic effects on single organs and metabolism, as well on systemic toxicity.
Zheng and colleagues performed studies on the systemic toxicity on ZnO NPs
in mice: here, in all body organs abnormal cells and morpho-structural damages
with inflammatory infiltrates were detected. Moreover, transmission electron microscopy (TEM) outlined neural axon loss, vacuolar degeneration and cytoplasmic
vacuolisation in mice brain neuronal cells [23].
The mechanisms of toxicity appear to involve the generation of reactive oxygen
species (ROS), produced by cancerous cells at higher levels than by normal cells.
A model of ZnO NP cytotoxicity has been recently proposed in [13]. Essentially,
the process has been reported to involve three steps: i) NP internalisation via receptor mediated endocytosis (RME); ii) hydrolysis of ZnO NPs in Zn2+ ions
within the lysosomes and iii) release of Zn2+ inside the cytosol. The threshold
value of intracellular ZnO NPs [Zn2+] capable to induce cell death has been found
to be 0.40 ± 0.02 mM. However, ZnO NPs resulted to be cytotoxic also for rapidly
proliferating normal cells, such as the mesenchymal stem cells. In order to target
cancerous cells only, further studies are thus needed, probably involving the NP
functionalisation with ligands able to render them even more selective.
Finally, to create transplantable diagnostic devices that self-sustain by using
host body energy, ZnO nanowire (NW) cytotoxicity has been evaluated on HeLa
and L-929 cells, showing these NPs are cytocompatible with both the cell lines at
a concentration lower than 100 μg/ml [32].
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8.2.3 Barium Titanate Nanoparticles
BTNPs are another class of piezoelectric NP systems which possess interesting
features for biological applications. So far, biotech-related investigations on
BTNPs have been performed focusing upon two main aspects: intracellular nanovectors [10, 33] and bioconjugated nanocrystals for microscopy probes [34].
To accomplish the first purpose, colloidal dispersions of BTNPs were obtained
using PLL, GC and doxoribicine, the latter being also the target drug delivery molecule for the nanosystem.
PLL-coated BTNPs were tested on rat cardiomyocyte cell lines (H9C2),
reporting a massive cellular uptake of BTNPs at a concentration of 5 μg/ml. The
internalisation was also studied by confocal laser scanning microscopy using PLLBTNPs stained with fluorescent Bovine Serum Albumin (FITC-BSA). Moreover,
the binding of FITC-BSA to PLL-BTNPs was found to greatly increase the protein
up-take, suggesting a possible exploitation of these NPs as nanocarriers. Cell viability was investigated with the MTT test, which is based on the ability of the
metabolically active cells to reduce the MTT reagent in formazan salts, and demonstrated that PLL-BTNPs were well tolerated by cells up to 5 μg/ml.
Additionally, induction of cell necrosis and apoptosis was evaluated with propidim iodide/annexin V assay. This test is based on the ability of annexin V to
recognize phosphatidilserine molecules that are exposed on the external side of the
plasmatic membrane of apoptotic cells, staining them in green, and on the property
of propidium iodide to intercalate necrotic cell DNA thus staining dead cells in
red. Apoptotic phenomena were not revealed in cells incubated with PLL-BTNPs
at a concentration of 5 μg/ml, while a moderate decrease of cellular proliferation
and an increase of apoptotic cells were observed at 10 μg/ml; cell necrosis was
further observed using a concentration of 20 μg/ml. However, the dose limiting
factor of the nanosystem seemed to be mostly in charge of PLL rather than
BTNPs. The differentiation of H9C2 cells into myotube structures was additionally investigated to evaluate any possible effects of PLL-BTNPs on the functional
capability of these cells; after 3 days of culture, myotubes qualitatively similar to
those of control cells were obtained suggesting that PLL-BTNPs did not influence
the H9C2 differentiation [33].
Ciofani and colleagues [10] have reported an in vitro study about BTNP complexation either with GC or doxorubicin, a chemotherapic drug acting as a DNAintercalating molecule and thus interfering with gene transcription [35]. While GC
was substantially used to improve the nanosystem cytocompatibility, doxorubicin
was complexed to the NPs to improve drug efficacy. Indeed, as most of chemotherapeutics, doxorubicin has shown a number of harmful collateral effects affecting
liver and heart, including a mielosuppressive activity [36-38]. Interestingly, doxorubicin is auto-fluorescent, so its storage in tissues and organs can be easily verified
[39]. Different approaches have been proposed to reduce doxorubicin-induced adverse events, such as the employment of liposomial systems as drug carriers, but no
safe solutions for patients have been identified so far [40-41]. This study, performed
on mouse neuroblastoma cells SH-SY5Y, also included a preliminary evaluation of
BTNP cytocompatibility, using GC-coated BTNPs. MTT assay on cells treated with
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100 μg/ml GC-BTNPs evidenced a good cellular metabolic activity with a slight decrease of cellular vitality. These data were confirmed by LIVE/DEAD test, which is
based on the capability of live cells to transform a non fluorescent substrate (calcein
AM) into a green fluorescent one (calcein) due to the esterase enzyme activity. On
the contrary, damaged cell membranes allow EthD-1 to flow into the cells that become red stained. Annexin V assay demonstrated the absence of significant apoptotic events, in accordance to the previously described tests. Moreover, it has been observed that GC–BTNPs did not induce oxidative stress after 48 h of incubation not
even at the highest tested concentration.

25 µm

25 µm

b

a

1 µm

c
Fig. 8.1 SH-SY5Y culture incubated for 24 h with 1.5 µg/ml of doxorubicin (a) and culture
treated for the same period with the same concentration of doxorubicin, but complexed with
the BTNPs (Dox-BTNPs 15 µg/ml, b); TEM imaging on Dox-BTNPs treated cells (c). Reproduced from [10], copyright to the Authors.

In a second phase of the study, it has been demonstrated that vitality of cells
treated with the complex formed by doxorubicin (500 ng/ml) and BTNPs (5
μg/ml) (Dox–BTNPs) decreased with not significant difference with respect to
that of cells treated with free doxorubicin at the same concentration. Using the
highest doxorubicin concentration (i.e. 1.5 μg/ml) no change in proliferation was
observed; however, using Dox-BTNPs, drug efficiency resulted greatly enhanced
causing a dramatic decrease in cell vitality. The demonstration that the obtained
toxic effect is caused by doxorubicin up-take derived both from the ascertained
BTNPs cytocompatibility and from the analysis of the chemoterapic intracellular
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accumulation of Dox-BTNPs, as revealed via fluorescence microscopy. These experiments also confirmed the hypothesized role of BTNPs as nanocarriers for protein transport. Indeed, TEM analysis performed on cells incubated 24 h with a
medium containing 1.5 μg/ml Dox–BTNPs, confirmed a strong internalisation of
Dox–BTNPs into the cytoplasm (Figure 8.1). The increased up-take of drug
through its conjugation to BTNPs suggests that a reduced dose of the chemotherapic could be administered, while maintaining the desired treatment efficacy and
contemporaneously decreasing the collateral effects of doxorubicin.
The second application of barium titanate nanosystems is focused on the bioconjugation of barium titanate nanocrystals with immunoglobulin G (IgG) antibody for imaging probes [34].
In recent years, a number of biomarkers have been developed aimed at tracing
specific biomolecules within a biological system. One method to achieve this goal
relies on the design of flexible wavelength biomarkers able to generate a markedly
enhanced contrast between signal and background. Hsieh and colleagues have developed BaTiO3 nanocrystals of 60 nm and 110 nm in diameter and proposed
them as Second Harmonic Generation (SHG) biomarkers, i.e., “Second Harmonic
Radiation IMaging Probes (SHRIMPs)”. In general, SHG active nanocrystals are
considered attractive imaging probes in nonlinear microscopy because of their coherent, non-bleaching and non-blinking signals with a broad flexibility in the
choice of excitation wavelength. However, their employ as biomarkers is subordinated to the effective preparation of a chemical interface for molecule-specific
labeling. In this study, IgG antibodies were covalently conjugated with barium titanate nanocrystals showing a high specificity. In particular, after being functionalised with amine groups, the surface of BaTiO3 nanocrystals was conjugated with
the IgG antibody. The obtained secondary antibody SHRIMPs could thus label the
specific primary antibody and therefore be applied to detect molecules of interest.
In particular, three different types of primary antibodies were tested in this study:
Mouse anti-Human IgG (CD144), Goat anti-Human IgG, and Rabbit anti-Human
IgG. The secondary antibody was an anti-Mouse IgG. Highly specific labelling of
the SHRIMPs (> 95%) was observed on the primary antibody microarray. Moreover, authors demonstrated that SHRIMPs acted as efficient biomarkers for in vitro cell imaging by targeting the SHRIMPs to specific biological cell membrane
proteins, such as the human leukocyte antigen (HLA), which is expressed by HeLa
cells. The obtainment of high efficiency surface functionalisation and bioconjugation of SHRIMPs renders BT nanocrystals interesting biomarkers for SHG imaging probes.

8.2.4 Boron Nitride Nanotube Systems
An interesting subset of NPs is represented by nanotubes (NTs). NTs are hollow
cylindrical nanostuctures obtained by nanosheet rolling up at specific (i.e., chiral)
angles. In the latest decade, most studies about the interactions between NTs and
biological systems have been mainly focused on CNTs. Biomedical applications of
CNTs have been largely proposed in research studies, ranging from biosensors,
DNA chips, nanovectors, to nanocomposites and others, showing both attractive
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therapeutic opportunities and important use-limitations, such as considerable toxicity [42]. Differently, BNNTs have catalysed attention only in the very latest years.
For this reason, cytocompatibility studies are very recent, and in vivo compatibility
is still an object of investigation [43]. Ciofani and colleagues have pioneered the
studies about interactions between BNNTs and living cells, highlighting negligible
cytotoxic effects after administering BNNT-loaded culture medium (CM) to different cell types for several days. Moreover, in the last three years a growing number
of studies on BNNTs have been reported, which mostly agree on the encouraging
results about BNNT cytocompatibility, although surfactant type and tube-ratio remain underestimated key factors of cytotoxicity. Chen and colleagues in 2009 assessed the superior cytocompatibility of BNNTs with respect to CNTs [7]. In this
comparative study, human embryonic kidney cells (HEK 293) were cultured for 4
days with multiwalled NTs: BNNTs (outer diameter 20-30 nm, length 10 μm)
versus commercially available multiwalled CNTs (diameters and lengths similar to
BNNTs), in both cases using a concentration 100 μg/ml in the CM, obtained employing amphipathic dendrimers for preliminary NT solubilisation. Authors also
gave preliminary data about occurrence of BNNT internalisation.
The first extensive study about BNNT cytocompatibility was performed by Ciofani et al. on a mouse myoblast cell line (C2C12) which was treated with PLLcoated BNNTs at different concentrations and culture times [5]. In this study, it
has been observed that PLL-BNNTs incubated with the cultures at a concentration
of 10 μg/ml up to 72 h reduced neither the cell vitality nor the proliferation rate.
With those parameters, the LIVE/DEAD and annexin V assays confirmed the absence of dead and apoptotic cells, respectively. Conversely, at higher concentrations, a great number of apoptotic and necrotic cells was observed even at shorter
time-points. However, these cytotoxic phenomena were found to be fully dependant on the surfactant (PLL) and not to the BNNTs, as shown by the outcomes of
the control samples treated only with PLL at the same concentration of the PLLBNNT treated cultures. In this study, the internalisation of PLL-BNNTs was demonstrated by TEM analysis and confocal laser scanning microscopy. TEM analysis
identified the BNNTs as electron dense materials mainly located inside cytoplasm
vacuoles. In order to clarify the cell internalisation mechanism of PLL-BNNTs,
ATPasic pumps were blocked by incubating cells with NaN3 before adding PLLBNNTs. These experiments have shown a slight internalization of PLL-BNNTs
which, conversely, were accumulated upon the cell membranes, demonstrating
that the internalisation mechanism of PLL-BNNTs is energy-dependent. Furthermore, the effect of PLL-BNNT on C2C12 differentiation into myotubes was studied. Cells were differentiated both in presence and absence of PLL-BNNTs and
then cell proliferation, cellularity and total protein quantification were evaluated.
The obtained results highlighted that PLL-BNNTs influenced neither the proliferative capacity nor the protein synthesis of cells. Moreover, myotube shape and density of treated cells were perfectly comparable to controls. Finally, the authors investigated the synthesis and distribution of myogenic differentiation markers, such
as MyoD and Connexin 43 (Cx43). MyoD is an early transcription factor in the
myogenic differentiation process [44-45], while Cx43 proteins are involved in gap
junctions formation, which are protein channels regulating intercellular transport
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of small molecules including inorganic ions, small metabolites and second messengers [46]. Both MyoD and Cx43 markers resulted expressed in all the samples
without differences both at mRNA and protein level, suggesting that the presence
of PLL-BNNTs did not significantly interfere with myogenic differentiation.
To further characterise the effects of BNNTs on biological systems using a dispersion agent with increased cytocompatibility (i.e., not limiting), Ciofani and colleagues have subsequently employed GC-BNNTs and tested them on SH-SY5Y
cells [47]. This study was aimed at providing a systematic characterisation of
BNNT cytotoxicity, supported by a set of biochemical assays. At a GC-BNNT
concentration of 20 μg/ml, even though GC-BNNT treated cells reached confluence at the same time of control samples and showed morphology similar to control cells, MTT test seemed to evidence a reduced cell viability
In order to verify if MTT data were false negatives, the metabolic test WST-1,
based on cell reduction of 2-(4-iodophenyl)-3-(4-nitophenyl)-5-(2,4-disulfophenyl)2H-tetrazoilium monosodium salt, and the quantification of double-stranded DNA
were performed. These assays revealed that cell vitality, metabolism, proliferation
and density were similar both in GC-BNNT treated cultures and in controls, at GCBNNT concentrations much higher than 20 μg/ml. Such data were confirmed by investigations on both apoptosis and oxidative stress molecules that were detected at a
low percentage using GC-BNNTs up to a concentration of 100 μg/ml. Similarily to
findings on CNTs, false negatives using the MTT test were discovered to affect
measurements of cell viability in presence of BNNTs [48]. Since this phenomenon
does not occur using other metabolic assys (e.g., WST-1), the interference should be
dependent upon the specific interactions of BNNTs with the reduction products of
MTT, without affecting the enzymatic reaction per se [49].

8.3 Tissue Engineering
Two-dimensional (2D) and three-dimensional (3D) scaffolds serve as temporary
substrates in order to support and guide tissue formation in various in vitro and in
vivo tissue-regeneration settings [50]. Living cells and tissues are non-linear and
highly complex systems, and their regeneration has to be driven taking into account many scaffold design variables, such as mass transport, mechanics, electrical conductivity, surface chemistry and topology. During tissue development, cells
constantly decode and release different biochemical factors in their surroundings.
In response, cells make decisions on how to divide, differentiate, migrate, degrade/produce extracellular matrix (ECM) and orient themselves. Distinct cell
types may exhibit radically different sensitivities to different stimuli, that determine their development or function [51]. Mechanical load and deformation are
particularly important for tissues like bone and cartilage, while electrical fields
and currents are of paramount importance for muscle and neural tissue.
Piezoelectric materials are characterised by two effects: the direct piezoelectric
effect (generation of electricity through applied pressure), and the indirect piezoelectric effect (deformation of the material in response to an applied electric field). Both
effects can act as determinant cue for the regeneration of different tissues, responsive to different physical stimuli. This encouraged, in the last decade, the fabrication
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of 2D and 3D scaffolds made of piezoelectric ceramics, piezoelectric polymers or
composites (i.e., polymers with embedded piezoelectric particles), and their use for
regeneration studies of mechanical stress-sensitive and electric field-sensitive cells
and tissues, as well as for making devices able to sense cell activity [52].

8.3.1 Bone Tissue Engineering
Bone is a composite material made of minerals, various organic macromolecules
(mainly collagen), cells and liquids, forming a continuous, highly orientated network
responsible of its unique mechanical properties. In adults, bone physiology and function is maintained by means of an ongoing remodeling, by cycles of bone resorption
and formation driven by dynamic mechanical loading [53]. At its basis, this process
(empirically explained by Wolff’s law) could rely on piezoelectric and streaming
electrical potentials that may act as signals of mechanotransduction [54].
Piezoelectric ceramics have been largely used for bone regeneration studies,
both in vitro and in vivo [55]. In vitro results showed an improved adhesion of human osteoblast-like cells on poly(vinylidene-trifluoroethylene)/barium titanate
[P(VDF-TrFE)-BaTiO3], in comparison to a non-piezoelectric polymeric control
[56]. In the piezoelectric material, alkaline phosphatase (ALP) activity and matrix
mineralisation were also higher than those of controls. Hydroxyapatite-barium titanate (HABT) composites (10:90 v/v) were also tested in both poled and unpoled
forms [57]. Osteoblast-like cell attachment resulted higher on poled HABT, and its
compatibility was demonstrated. Doped titania ceramics (TiO2/BaTiO3) were also
tested, obtaining similar results [58], but all these studies were aimed at assessing
the compatibility of the material, rather than at quantifying the influence of its piezoelectricity on cell lines. To this purpose, in vivo conditions are highly suitable, as
a natural load is continuously applied to the implanted material, thus exerting its
piezoelectric characteristics. Several experiments were carried out, implanting piezoelectric BaTiO3, polyvinylidene fluoride (PVDF), HABT, and [P(VDF-TrFE)BaTiO3] inside canine femora, as well as inside rat and rabbit tibiae [59-62]. Results clearly showed that the piezoelectric nature of the poled and mechanically
loaded materials contributed to the improvement of biological responses.
Finally, 3D complex polymeric piezoelectric scaffolds for bone tissue engineering have been recently fabricated using poly(3-hydroxybutyrate)-poly(lactic acid)
[63]. Microfibres (~ 2.5 µm in diameter) were prepared via electrospinning using
poly(lactic acid); subsequently, the electrospun meshes were coated with poly
(3-hydroxybutyrate) by means of surface-initiated polymerisation. A granular film
having a surface roughness of 200-500 nm, higher cristallinity and increased mechanical properties with respect to PLA fibers alone was obtained. Results showed
that the scaffold characteristics facilitated osteoblast-like cell (Soas-2) attachment.
A recent investigation of Lahiri and coworkers focused on the use of BNNTs as
reinforcement agents in polycaprolacton (PCL) scaffolds for tissue engineering to
suit possible orthopedic applications [64]. This paper also highlighted the high cytocompatibility of the BNNT-PCL composites, investigating lactate dehydrogenase release for both osteoblasts and macrophages. Cytocompatibility was tested
with the LIVE/DEAD assay, being reported with a 30% increase in living cells
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with respect to pristine PCL. A hypothesised reason for this is that the addition of
BNNTs may have exerted a stimulatory activity on osteoblast proliferation due to
a change in the scaffold surface roughness and pore diameters. Here, authors evaluated the expression of the transcription factor Runx 2, which plays a fundamental role in osteoblast differentiation. Either a four-fold or a seven-fold increased
level in Runx2 expression by osteoblasts was observed when they were cultured
on BNNT-PCL, with respect to plain PCL films.

8.3.2 Cartilage Tissue Engineering
Articular cartilage is an avascular, aneural, highly hydrated tissue, which is mainly
composed by type II collagen and proteoglycans. The goal of tissue engineering is
to create a tissue substitute able to restore the biomechanical functionality of a
defect site. This is extremely difficult, because the high loading conditions of articulating joints often cause the collapse of undeveloped constructs. The native cartilage environment assembles a myriad of factors affecting tissue development; the
use of several combined and concurrent stimuli in vitro may enhance chondrogenesis, as long as the applied stimuli mimic those necessary to the native
environment. Growth factors can be strictly controlled in vitro, and their influence
on articular cartilage development has been extensively studied [65]. Mechanical
forces, such as compression, hydrostatic pressure and shear stress have been demonstrated to exert a strong influence on chondrocyte growth and cartilage ECM
development in bioreactors [66], but also electromagnetic fields have shown a
considerable effect on tissue development. Pulsed electromagnetic field therapy,
in fact, stimulates proteoglycan synthesis and chondrocyte formation [67]. PVDF
piezoelectric membranes have been used as supporting layers for in vitro cultured
chondrocyte sheets [68]. By means of alternating layers of PVDF and chondrocytes, a cartilage-like tissue was fabricated, and the expression of SOX 9, collagen
II, integrin α10 and fibronectin genes in such structure resulted significantly increased in comparison to those in conventional monolayer culture and in single
sheets of chondrocytes.
Although only a few reports are available in the literature so far, we can envision the use of piezoelectric materials to enhance chondrocyte growth, as well as
differentiation of mesenchymal stem cells into chondrocytes and, in general, cartilage tissue formation and maturation. Exploiting the two piezoelectric effects
(direct and indirect), related to mechanical stresses and electrical stimuli, and
combining them with chemical growth factors, it might be possible to partially resemble the native cartilage environment for an optimal tissue growth.

8.3.3 Muscle Tissue Engineering
Both cardiac and skeletal muscle tissues require and are affected by different stimuli during their development. It is well-known that chemical, mechanical and
topographical cues strongly affect muscle cell adhesion, and consequently their
proliferation and differentiation in mature contractile structures [69-71]. Although
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biochemical stimuli and surface structure and properties of the scaffolds are important in the initial differentiation process, additional biophysical stimuli have proven
to be crucial in the maturation towards functional tissues with native-like properties
[72]. One of these stimuli is the mechanical stress. There are evidences that the application of static mechanical stretch to myoblasts in vitro results in a facilitated
alignment and fusion of myotubes, as well as in hypertrophy of the contractile
myotubes [73]. Furthermore, cyclic strain is known to activate quiescent satellite
cells [74] and to increase myoblast proliferation [75]. Neuronal activity is a stimulus proven to be pivotal in the development of mature muscle fibers, which can be
mimicked by applying appropriate electrical stimuli to in vitro cultures [76].
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Fig. 8.2 Cell proliferation investigation on porous PLGA/BTNPs scaffolds: (a) viability/cytotoxicity testing, (b) 3D-rendering of the structures, and (c) DNA concentration
quantification (* p < 0.05). Reproduced from [77], copyright by Springer.
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BNNTs have been tested with C2C12 murine skeletal muscle cells. As previously shown, results indicated that BNNTs are highly internalised by C2C12
cells, without affecting their viability and their differentiation into myotubes. The
exploitation of the piezoelectricity of the internalised nanotubes can be envisioned
as the basis for clinical electrostimulation therapies or for novel tissue engineering
strategies for the skeletal muscle [5].
Poly(lactic-co-glycolic acid) (PLGA) scaffolds doped with BaTiO3 piezoelectric NPs, for example, have been tested with H9C2 murine cardiac muscle cells
[77]. The obtained results show that BT-doped scaffolds are not only capable to
guarantee proliferation and differentiation of cardiomyoblasts, but also to enhance
both phenomena (Figure 8.2).
The improved proliferation and differentiation of H9C2 cells on the doped
scaffolds resulted independent on the mechanical properties of the substrates, suggesting a favorable influence of the surface roughness on the serum protein absorption, and a positive effect due to the piezoelectric nature of barium titanate.
Further studies analyzing the effect of applied mechanical or electrical stimuli
to piezoelectric scaffolds could provide new evidences and open possibilities for
tissue engineering of skeletal and cardiac muscles. To this purpose, piezoelectric
electrospun matrices have been recently proposed, combining the piezoelectric
properties of polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE) with the
possibility to have nanostructured, aligned and three-dimensional substrates suitable for muscle regeneration [78].

8.3.4 Neural Tissue Engineering
Nerve regeneration is a complex biological phenomenon. Nerve injuries can affect
both peripheral nervous system (PNS) and central nervous system (CNS). In the
second case, lesions are much more difficult to heal, as CNS axons do not regenerate appreciably in their native environment. This phenomenon is due to several
glycoproteins present in the native extracellular environment of the CNS, which
result inhibitory for regeneration, and due to astrocyte proliferation after the lesion, that produces a glial scar that further prevent axonal regeneration.
Current clinical approaches for treating nerve injuries are based on the direct
end-to-end surgical reconnection of the damaged nerve ends or, if the nerve defect
is too large, on the use of an autologous nerve graft, harvested from another site in
the body, typically the sural or saphenous nerve [79]. This approach has a key
drawback, due to the fact that tissue must be removed from the patient. This leads
the novel research strategies to focus their efforts on the development of scaffolds
to be used to physically guide regeneration of nerves across lesions and prevent
glial scar formation.
Materials for nerve repair applications are classified into natural-based materials and synthetic (both degradable and non-degradable) materials [80]. Piezoelectric scaffolds are synthetic devices that can actively stimulate nerve regeneration. Electrical charges play a central role in stimulating the neural cells
differentiation: neurite extensions is thus significantly enhanced on piezoelectric
materials (able to generate a surface charge with small deformations) and on electrically conducting polymers.

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

8 Applications of Piezoelectricity in Nanomedicine

227

Mouse neuroblastoma (Nb2a) cells have been cultured on both piezoelectric
and non-piezoelectric PVDF substrates with covalently modified surfaces containing hydroxyl (OH) and amine (NH2) groups [81]. In this study, a mechanical stress
caused by vibrations of the incubator shelf produced a voltage output on the piezoelectric material. Results showed that cells cultured on the piezoelectric substrates were characterised by a greater level of differentiation than cells cultured
on the corresponding non-piezoelectric substrates with a longer extension of neurites, independently on the surface chemistry. It has been envisioned that an electrical stimulus may be incorporated into a scaffold by selecting a material that is
piezoelectric, and applying appropriate stimuli in order to deform the scaffold (for
example ultrasound applied close to the area of the implanted scaffold to provide a
transcutaneous stimulus) [82].
Piezoelectric nerve guidance channels made of PVDF have been tested in vivo
on mice with transected sciatic nerve [83]. After four and twelve weeks of implantation, poled and unpoled PVDF channels were compared, and nerve regeneration
was evaluated. In all tested animals, the nerves regenerated in the piezoelectric
channels contained a higher number of myelinated axons than those regenerated in
the non-piezoelectric channels at both time periods. These results were achieved
without any external stimulus, only exploiting the positive effect of the presence
of a piezoelectric material, without modulating its mechanical or electrical activity. The advantages related to the use of piezoelectric scaffolds for neural tissue
engineering are not only dependent on the enhanced neural cell and tissue regeneration on such materials, but they are also related, in some cases, to a decreased
glial cell adhesion and proliferation.
It is actually well-known that when a biomaterial is implanted in the body, immune responses may result in the proliferation of cells that serve to wall-off the
material from the rest of the body. In the CNS, astroglial cells proliferate and produce an ECM protein-rich glial scar that tends to isolate an implant. If the implant
is a neural electrode or a biomaterial whose aim is to enhance regeneration, its
functionality is compromised by the proliferation of these undesirable cells.
Zinc oxide (ZnO) NP/polyurethane (PU) composites have been tested in vitro to
assess their influence on the activity of astroglial cells [84]. Interestingly, results
showed a reduced ability of astrocytes to adhere and proliferate on ZnO NP/ PU
composites with higher NP concentrations, opening the possibility to use this kind of
materials for the minimisation of the glial scar, in order to achieve successful neural
tissue engineering. Indeed, the nanoscaled ZnO resembles the size of the major
components of the neural ECM and owns antibacterial properties while the piezoelectric features could trigger electrical charges upon mechanical deformation of the
material. Anyway, in order to propose new scaffolds for tissue regeneration, it is necessary to investigate the cellular immune response. To this purpose, astrocyte activity has to be carefully evaluated. In the work of Seil and colleagues, polyurethane
(PU) scaffolds with embedded ZnO NPs were fabricated and cell-biomaterial interaction phenomena were studied including astroglial cell density on its surface.
Composites were prepared with a range of ZnO/PU weight ratios and their surface morphology and chemistry were detected by Scanning Electron Microscopy
(SEM) and X-ray photoelectron spectroscopy, respectively. Surface energy
of these composites was evaluated with a drop shape analysis by measuring the
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contact angles of three different liquids at three locations on each sample. Astrocyte adhesion and proliferation were evaluated via fluorescence microscopy for
Calcein-AM stained cells.
The results obtained have shown the enhancement of the surface energy and of
nanoroughness in ceramic/polymer composites with increasing concentration of
ZnO NPs. Moreover, astrocyte adhesion and proliferation decreased on these
composites; this is an important feature which confers these materials the ability to
reduce the neural immune response, thus suggesting their possible use as nerve
guidance channel components. Nevertheless, the piezoelectric activity of these
materials has to be explored along with the protein adsorption and the neural cell
activity on these composites [84].
Electrospun fibrous piezoelectric PVDF-TrFE scaffolds have been recently fabricated [85], hypothesising that aligned fibers and piezoelectricity would provide
both physical cues (via contact guidance) and local electrical activity, promoting
neuronal differentiation and neurite extension. Human neural progenitor cells
(hNPCs) have been cultured on the piezoelectric scaffolds, resulting in a strongly
enhanced expression of beta-III tubulin, in comparison to hNPCs cultured on laminin-coated polystyrene controls, thus demonstrating the potential of nanofibrous
piezoelectric scaffolds for nervous tissue repair.

8.4 Effects of Indirect Stimulation of Piezoelectric Nanoparticles
Nanotechnology will have, in the close future, a huge impact on the treatment of
diseases at the level of the CNS. In neurology, nanotechnology owns the potential
to substantially contribute to novel approaches for treating traumatic, degenerative
and neoplastic disorders that are clinically difficult to manage.
In the recent literature, an exponentially increasing interest in interfacing nanostructured material or nanoparticles with the electrical-active nerve tissue can be
found. CNTs, for example, have been applied in several areas of nerve tissue engineering to probe and augment cell functions, to label and track sub-cellular components, and to study the growth and organisation of neural networks. Recent reports
show that nanotubes can sustain and promote neuronal electrical activity in networks
of cultured cells, but the ways in which they affect cellular function are still poorly
understood. As example, Cellot et al. [86] showed, using single-cell electrophysiology techniques, electron microscopy analysis and theoretical modeling, that nanotubes improve the responsiveness of neurons by forming tight contacts with the cell
membranes. Very interestingly, this report shows that nanotubes can support and
promote neuronal electrical activity in networks of cultured cells, by favoring electrical shortcuts between the proximal and distal compartments of the neuron.
Electrical stimulation as an artificial stimulus of neural structures has found a
wide use in clinical practice and laboratory studies. There are multiple strategies
reported in the literature and in the clinical use that attempt to specifically localise
the activation of nervous structures. Efforts have included both invasive and noninvasive approaches, as well as combined technologies [87-88]. Such systems typically involve the placement/attachment of an electrode to the target organ/tissue
(by surgery or interventional radiology) and a wired connection to the electronic
(battery powered) device, which delivers the appropriate electric impulses [89-90].
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Despite some technological refinements, the basic configuration of all such systems for electro-stimulation therapies has two inherent disadvantages: i) contact
problems at the electrode/tissue interface and ii) complications due to the percutaneous access for the external stimulator.
In our laboratories, we are working on a new technology based on an indirect, noninvasive electrical stimulation of tissues/organs mediated by piezoelectric nanoparticles,
like BNNTs, and ultrasounds (US); in particular our preliminary results demonstrated
that this method could successfully stimulate neuronal-like cell cultures in vitro [6].
As we previously introduced, recent investigations have confirmed that BNNTs
have excellent piezoelectric properties. Ab initio calculations of the spontaneous
polarisation and piezoelectric properties of BNNTs have demonstrated that they
function as excellent piezoelectric systems with response values larger than those
of piezoelectric polymers, and comparable to those exhibited by wurtzite semiconductors [91]. Recently, Bai et al. have experimentally verified a deformationdriven electrical transport and the first evidence of a piezoelectric behaviour in
multi-walled BNNTs [92]. The insulating character of an individual BNNT can be
modified with tube squeezing between two gold contacts inside a TEM. A notable
current of several tens of nA is then able to flow through the tube. Such transport
has been confirmed to be reversible, and disappears almost completely after tube
reloading. These observations underpin the very high potential of BNNTs as efficient novel nanoscale transducers.
Aim of our study is the exploitation of BNNTs as nanovectors to carry electrical/mechanical signals on demand within a cellular system. Electrical stimuli
can be conveyed to a tissue or cell culture after BNNT internalisation, using an
outer “wireless” mechanical source (i.e., US) by virtue of BNNT piezoelectric
behaviour (Figure 8.3).

Fig. 8.3 “Wireless” electrical stimulation of cells: every cell internalising piezoelectric
nanoparticles (e.g., BNNTs) is subject to inner electric stimulation as a consequence of external ultrasound irradiation. Reproduced from [6] with permission by ACS.
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As a proof of concept of our approach, preliminary experiments were carried
out on PC12 neuronal-like cells, a cell line that exhibits neuronal phenotype upon
treatment with neuronal growth factor (NGF).
Up to nine days of culture, differentiating status (percentage of differentiated
cells in the culture), number of neuronal processes per cell, and neurite length
were monitored in cultures incubated with 0, 5 and 10 µg/ml of BNNTs, both stimulated and non-stimulated with ultrasounds. Figure 8.4 shows representative micrographs performed on all the groups at the endpoint.

[BNNT]

w/o US

w US

0
µg/ml

5
µg/ml

10
µg/ml

Fig. 8.4 Images of calcein-labeled PC12 cells after nine days of treatments (with and without BNNT incubation; with and without US stimulation). Reproduced from [6] with permission by ACS.
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No significant differences in terms of cellular differentiation could be detected
among the groups: all the cultures reached > 95% of differentiation with no differences compared to the control (p > 0.05). Interestingly, the number of neuronal
processes per differentiated cell became significantly higher in the cultures that
underwent both BNNT-incubation and ultrasound stimulation: on average, about
five processes were found in the BNNT-US stimulated cultures with respect to the
typical four processes of the control groups (p < 0.05). No significant differences
were found between the two different BNNT concentrations investigated.
However, a dramatic increment of the developed neurites was the most remarkable outcome ascribable to the combined stimulation. After 72 h of treatment, the
average neurite length in the BNNT-US groups was clearly higher than that of the
control cultures, and this increment rose by about 30% at the end of the ninth day.
In order to try to clarify the mechanisms underlying the evident effects of the
combined stimulation BNNT+US, two tests were carried out with different differentiation inhibitors.
Blockage of the NGF specific receptor TrkA was performed treating the cells
with K252a: in this case the differentiation was very low in all the experimental
groups (about 5-10%), but increased significantly in the BNNT+US treatment (about
25% of differentiated cells, p < 0.05); moreover, the neurite length was significantly
higher in the double-stimulated group (about 20 µm with respect to the 8 µm of the
other groups, p < 0.01). In any case, we should once again point out that the differentiation state in all the cultures treated with the K252a inhibitor was extremely
low, thus demonstrating that the TrkA receptor plays a key role even in the presence
of the stimulation with BNNTs and ultrasounds. However, the slight but significant
enhancement of differentiation even in the presence of the inhibitor suggests that the
stimulation could activate signaling molecules of the differentiation pathway, located downstream to the TrkA receptor. Moreover, the higher differentiative capability of the stimulated samples, observed with or without TrkA inhibitor, could
suggest a synergic effect with NGF on the neural differentiation pathway.
In order to evaluate the role of calcium influx, some experiments were repeated
using lanthanum ions (LaCl3), which are known to be non-specific calcium ion
channel blockers [93]. In this case, a well-sustained differentiation was observed
in all the experimental groups with, again, an increment of neurite length in the
case of double stimulation (about 15 %, p < 0.05), but significantly reduced with
respect to the results achieved in absence of LaCl3.
These results suggest that calcium influx plays a substantial role in the case of
BNNT+US stimulation, thus enforcing the hypothesis of indirect electrical stimulation due to the piezoelectric properties of BNNTs, being calcium ions required
for the electrically-induced development of PC12 neurites [94].
Several in vitro and in vivo studies have shown that electrical stimulation plays
an important role in neurite extension and the regeneration of transected nerve
ends [95-97]. We have shown as the combination of a non-invasive, wireless stimulation with US in the presence of piezoelectric nanoparticles incubated with
cells, is able to elicit the same phenomena derived from a “classical” electric stimulation, i.e., a markedly pronounced outgrowth of neuronal processes in PC12
cultures. This was achieved with a mechanical stimulation of BNNTs that, by virtue of their polarisability, are able to covey electrical stimuli to the cells.
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Fig. 8.5 Effects of stimulation on mineralisation was confirmed by cytochemistry (in
black). A nodular morphology typical of mature osteoblasts is observed only in the
HOBs+BNNTs+US samples. Scale bar 50 μm. Adapted from [98], data to be published.

Other experiments are ongoing in order to validate the proposed approach: we
have carried out, for example, analogous stimulation experiments on primary human osteoblasts (HOBs).
Expression of several osteoblast-typical genes was investigated by reverse transcriptase polymer chain reaction (RT-PCR) in stimulated cultures of HOBs, including early differentiation [Runx2, Collagen I, Alkaline ALP, and Osteopontin
(OPN)] and specific late [Osteocalcin (OCN)] genes. RT-PCR highlighted specific
effects on osteoblastic differentiation for both single and combined treatments.
Most interestingly, actual synthesis of OCN, which is a highly specific osteoblastic protein, was quantified resulting enhanced by single US (slightly) and BNNT
(highly) treatments; moreover, OCN production in (BNNT+US)-treated cells was
found to be synergistically influenced. Finally, cytochemical analysis with von
Kossa staining revealed the highest synthesis of calcium deposits in the samples
subjected to the combined treatment (Figure 8.5). Calcium matrix deposition occurs as the last differentiation stage in mature osteoblasts [98].
Concluding, although extensive and quantitative investigations will be needed
after these preliminary results, we are confident in the tremendous impact that this
technology could have in the biological and clinical practices.
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8.5 Conclusions and Perspectives
Medicine is constantly evolving, and new technologies are continuously incorporated into the diagnosis and treatment of patients. Various nanomachines and other
nano-objects that are currently under investigation in medical research and diagnostics will soon find applications in the medical practice.
As concluding remarks, we would like to stress the urgent need to exploit the
rapid advances in nanomaterials for biomedical applications. The merging of different disciplines such as bioengineering, materials science, chemistry, physics,
biology as well as medicine, will be essential for the successful exploration of the
applications of nanomaterials at cellular level, and for effective and realistic applications in the clinical practice.
In this Chapter, we highlighted the potential of piezoelectric materials in nanomedicine, with particular emphasis on ceramic NPs; we showed as preliminary results indicate substantial compatibility with biological systems of the proposed
platforms, that own a promising capability to modulate the activity of several cells
and tissues, and that could represent in the near future a smart solution to combine
topographical, chemical and physical cues into a single platform, for a successful
regeneration of different kinds of tissues.
From among the already mentioned applications in regenerative medicine, the
concept of a “wireless” stimulation mediated by piezoelectric materials could find
several applications in life sciences wherever electrical stimulation is needed, e.g.,
deep brain stimulation [99], gastric stimulation for gastroparesis [100], cardiac
pacing for various cardiac arythmias [101], skeletal muscle stimulation in various
neuropathies [102], etc.
Our results clearly demonstrate an efficient indirect electrical stimulation,
opening exciting perspectives in many research and clinical fields.
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Abstract. This chapter represents the conclusive part of the book. We present the
most recent researches on piezoelectric materials for nanomedicine applications
and non-invasive wireless stimulation of tissues and cells. Particular attention is
devoted to the ongoing research in our laboratories. Concluding remarks and perspectives are also reported.

9.1 Introduction
Stimulation of excitable tissue is an important mode of clinical therapy. Electrical
stimulation is used therapeutically for a diverse range of conditions such as cardiac arrhythmia, chronic pain, Parkinson’s disease, and urinary incontinence [1].
Traditional methods of stimulation use wires to carry current to the electrodes.
Percutaneous wires are undesirable due to risk of infection, thus it is common
place for therapeutic stimulation to be administered via an implanted electronics
package. Notwithstanding, wires are still needed to connect the module to the
electrodes at the stimulation site. Wires used in implantable stimulators have a
number of drawbacks including a higher degree of difficulty and invasiveness during surgery, a risk of infection, a substrate for growth of scar tissue, potential for
lead breakage due to flexure or impact, and irritation or damage to tissues due to
inherent differences in mechanical properties [2-3].
The possibility to achieve an indirect electric stimulation, by means of piezoelectric materials, is therefore of outstanding interest for all the biomedical
research.

9.2 Ongoing Research and Future Directions
As widely reported in Chapter 8, neuronal stimulation would greatly benefit from
a wireless, non-invasive stimulation technique. In particular, in the field of neuronal interfaces, this approach appears to be appealing for both stimulation and
powering of implanted devices.
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Recently, Larson and Towe [4] presented first results of a wireless neural
stimulator composed by just three discrete components (Figure 9.1). The capsule,
containing lead zirconate titanate, was 8 mm long and was designed to be directly
clasped upon a peripheral nerve. Power was supplied by low-intensity 1 MHz
ultrasound transmitted into the body by an external source. The tested prototype
resulted able to generate currents in excess of 1 mA. In vivo experiments demonstrated the efficiency of the stimulator when insonated with pulse intensities of
10–150 mW/cm2 in exciting motor axons, inducing predictable contractions of the
lower leg muscles.

Fig. 9.1 Apparatus for acute in vivo testing of wireless nerve cuff. The stimulator was implanted upon the sciatic nerve near the femur. Ultrasounds were passed through a tissue
phantom as well as native tissue. Leg force was recorded as an indicator of stimulator function. Reproduced from [4] with permission by IEEE.

It appears therefore plausible that very small piezoelectric elements could be
used as stimulators or as power source even in vivo, thus the necessity to investigate interactions of cells and tissues with piezoelectric nanostructures. The possibility to directly access to cellular activities through interfacing nanomaterials
represents a promising option for many sensing, manipulation, and probing applications. A nanoscale material with high aspect ratio features (for instance:
nanowires and nanotubes) may be the ideal candidate to the purpose of interacting
with the submicrometer cellular components.
Besides results already presented in Chapter 8, we would like to mention our
recent findings about mammalian cells proliferation and differentiation over ZnO
nanowire arrays. ZnO nanowires are about an order of magnitude smaller in diameter than mammalian cells, and comparable to the sizes of various intracellular
components, making them readily accessible to the interiors of living cells, which
may facilitate operations of stimulation and sensing.

www.Iran-mavad.com
ﻣﺮﺟﻊ ﺩﺍﻧﺸﺠﻮﻳﺎﻥ ﻭ ﻣﻬﻨﺪﺳﻴﻦ ﻣﻮﺍﺩ

9 Piezoelectricity in Nanomedicine: Future Directions and Perspectives

241

Fig. 9.2 SEM imaging of differentiating PC12 cells on ZnO nanowire arrays.

Both neuronal-like PC12 cells and myoblastic H9c2 cells showed high viability
and normal proliferation capability on the nanowire arrays. Differentiation occurred in both cell lines, but while PC12 cells display a well-developed neurite
network (Figure 9.2), H9c2 cells show a poor development of regular myotubes,
this is most probably due to the high stiffness of the substrate or due to the surface
topology. These preliminary results encourage further studies of ZnO nanowire array interaction with biological environments, and pave the way to several applications ranging from tissue engineering to non-invasive electrical stimulation [5].
Of course, biocompatibility is a key issue when dealing with innovative nanomaterials. In vivo compatibility testing is therefore mandatory before any realistic
clinical application. Very recently, our group started a systematic investigation of
systemic toxicity of boron nitride nanotubes (BNNTs), a class of piezoelectric
nanomaterials widely described in Chapter 8 [6]. A pilot study was carried out on
rabbits treated with high doses (1 mg/kg) of glycol-chitosan-coated BNNTs administrated intravenously (Figure 9.3). Upon injection, and throughout the entire
study, no unusual behavior or differences between treated and non-treated animals
were observed, including sweating, excitement, trembling, and head nodding. No
significant changes in body temperature were moreover observed up to 72 h since
the injection.
Typical blood values (white cell number, red cell number, platelet number, etc.)
were not significantly different between control and experimental groups. Blood
biochemical parameters that reflect both the renal (urea and creatinine) and the
hepatic (alkaline phosphatase, γ-glutamyl transferase, aspartate transferase and
alanine amino transferase) functions were also satisfactory: no substantial differences have been appreciated between the two groups at each time-point analysis.
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Fig. 9.3 In vivo pilot study of BNNT biocompatibility.

This study demonstrates the first in vivo toxicity evaluation of boron nitride
nanotubes following intravenous injection and, even if carried out on a small
number of subjects, the absence of negative effects on blood parameters, as well
as liver and kidney functions, is highly promising and encourages further biomedical applications of BNNTs as nanotransducers [7].

Fig. 9.4 Fusion index (a) and relative expression of actin and MYH1 genes (b) for C2C12
co-cultured with human dermal fibroblasts on flat (F) or micro-grooved (µG) gels, with and
without the addition of BNNTs in the culture medium together with daily ultrasound stimulations. Adapted from [8], data to be published.

Ability of BNNTs to elicit cell responses through piezoelectric phenomena was
in fact confirmed by our recent findings on complex in vitro systems. Exciting results have been obtained by using BNNT-mediated stimulation on a co-culture of
human dermal fibroblasts and murine skeletal muscle C2C12 on flexible flat or
micro-grooved polyacrylamide gels [8]. The fibroblasts were used as feeder layer
for the differentiation of skeletal myotubes, and the co-culture was treated for several days with low-serum culture medium supplemented with 10 µg/ml BNNTs,
replaced every day, and stimulated every day for a few seconds with ultrasounds.
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C2C12 differentiation was dramatically affected by this protocol, with a significant increment both in fusion index and in some key-genes expression (such as
those ones encoding actin and myosin proteins), in comparison with samples
cultured in the same conditions but without the addition of BNNTs and without ultrasound stimulation (Figure 9.4). These results suggested that BNNT-mediated
ultrasound stimulation can have a strong influence on electrical-responsive cell
differentiation pathways, even playing a role in the complex interactions existing
among cells in a co-culture system.

9.3 Concluding Remarks
The history and origin of electrostimulation, also commonly referred to as electrotherapy, is unique: electrotherapy originates as early as 400 BC from contact with
the torpedo fish, which can produce electric shocks between 100 and 150 V.
Taken live and placed on a painful area of the body, the torpedo fish produced a
series of electric shocks that reduced and controlled pain.
In the mid-1700s, the capacity to store electricity became reality. As a result,
physicians had more control over where, when, and how much current could be
applied for therapeutic use. The advancement of the battery in the 1800s further
developed electrotherapy, and in the latter half of the nineteenth century most
physicians in America possessed at least one electrical stimulator. However, as
with any new medical technology, electrotherapy was not readily accepted. This
skepticism resulted in a decline of interest in electrotherapy toward the end of the
nineteenth century. In 1965 electrotherapy regained its popularity when the gate
control theory of pain was introduced [9].
The possibility to achieve an indirect stimulation inside cells, thanks to piezoelectric nanostructures, is therefore extremely exciting and opens a wide spectrum
of applications in the clinical practice.
Nanomaterials are materials with basic structural units, grains, particles, fibers,
or other constituent components smaller than 100 nm in at least one dimension,
and they include nanoparticles, nanoclusters, nanocrystals, nanotubes, nanofibers,
nanowires, nanorods, nanofilms, etc. [10]. The intrigue of nanotechnology relies
on the ability to control material properties by assembling such materials at the
nanoscale, allowing for the construction of new devices with peculiar properties.
In fact, after decreasing material size into the nanoscale, there is a dramatic increase in surface area and surface roughness to volume ratios, thus leading toward
superior physiochemical (i.e., mechanical, electrical, optical, catalytic, magnetic,
etc.) properties.
However, the introduction of new inorganic materials in biomedical research is
often followed by a huge debate about their biosafety and their interactions with
living matter. Let us consider, for example, the case of carbon nanotubes: even
many years after they were proposed as bio-nanovectors and as drug delivery systems, many contrasting results and opinions could be still found in the literature
about their cytocompatibility.
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The necessity for much more biological testing on innovative nanomaterials,
eventually in vivo, before a final statement on their safety is evident and mandatory for their actual exploitation in the biomedical field. The classical questions
about their final fate inside the cells, about their bioaccumulation, excretion, and
so on, should be absolutely approached in the close future.
Conductive and piezoelectric materials have already been shown to enhance
cell function without any external electrical stimulation [11]. A study investigating
the piezoelectric properties of a piezoelectric polyvinylidene fluoride (PVDF)
polymer measured a 1200 Hz oscillating voltage with a peak of 2.5 mV [12].
Voltage output was due to the mechanical stress caused by vibrations of the incubator shelf on which the measurements were taken. This piezoelectric response
enhanced neural cell (Nb2a) differentiation and neurite outgrowth compared to
non-piezoelectric controls. The next generation of biomaterials should include
combinations of electric and piezoelectric stimulation. To date, a few studies have
combined nanomaterials with such known stimulatory electrical cues. An electrical stimulus may be incorporated into a nanomaterial scaffold by selecting a material that is piezoelectric. Ceramics, such as zinc oxide (ZnO), BNNT, BaTiO3, etc.
have piezoelectric properties and have been fabricated into a variety of nanostructures. The piezoelectric properties of the ZnO nanoparticles in composites may be
enhanced compared to their conventional material counterparts due to the large
surface to volume ratio inherent to nanoparticles [13]. Atoms in nanoscale ZnO
structures are able to assume different positions, due to the free boundary, which
may enhance the piezoelectric effect. A significant piezoelectric response may
provide the electrical stimulatory cues necessary to promote cell function. Ultrasound could potentially be applied near the area of the implanted scaffold to provide a transcutaneous stimulus. Previous studies have shown that piezoelectric
materials implanted beneath 3 cm of skin and soft tissue produced an electrical response when stimulated via external ultrasounds [14].
Concluding, nanoscale conductive and piezoelectric materials have the actual
potential to offer beneficial environments for cell and tissue stimulation. The
nanoscale dimensions of a piezoelectric material may further enhance the piezoelectric response due to the increased surface to volume ratio of the particles, and
help the creation of a substrate that mimics the natural nanoroughness of tissues.
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