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Preface

Piezoelectricity, from the Greek piezein, meaning to press (squeeze), and ilektron, meaning
amber, a material with electrostatic properties that were observed since ancient times, is a
process in which a material generates electric voltage in response to mechanical deforma‐
tion. Theophrastus (fourth century BC), in his treatise “On Stones,” observed that a mineral,
probably modern-day tourmaline, attracted straws and bits of wood. Subsequently, in 1880,
French scientists the Curie brothers described their qualitative observations of the piezoelec‐
tric behavior of certain crystals—mainly not only quartz but also tourmaline—in a letter to
Comptes Rendus de I'Academie des Sciences, the proceedings of the French Academy of
Science. The Curie brothers are credited with the discovery of piezoelectricity in the modern
age. The first commercial application of piezoelectricity came with WWI when Paul Lange‐
vin and his coworkers (1917) developed an ultrasonic submarine detector (sonar).

Historically, the timeline of piezoelectric materials follows the order, crystals (quartz), then
piezoceramics (BaTiO3), and later piezoelectric polymers (PVDF). The history of piezoelec‐
tric materials and applications also reads in parallel with the history of WWI and WWII,
from sonar to the requirement for a replacement for mica in capacitors due to fears of U-
boats threatening the supply from South America to the United States.

From those origins, piezoelectricity has expanded into a great variety of applications and a
great variety of materials. In inorganic materials, BaTiO3 has largely been replaced by PZT
(the most widely used and researched piezoceramic material), and there have been attempts
at replacing PZT with lead-free materials, namely perovskite [i.e., BiNaTiO3 (BNT), KNaN‐
bO3 (KNN), etc.], non-perovskite bismuth layer-structured ferroelectrics (BLSF), and non-
perovskite tungsten-bronze-type ferroelectrics.

In organic materials, the most commonly used and widely researched PVDF is being supple‐
mented by its copolymer with trifluoroethylene (TrFE), carbon black, or carbon nanotubes.
These additives are used to enhance the crystal orientation. Copolymers of PVDF with inor‐
ganic piezoelectric materials, such as BaTiO3 and PZT, also exist combining the properties of
both types of materials. Voided charged polymers, such as cellular polypropylene where the
voids can be filled either with ambient air or with selected gases like nitrogen, are used in
applications such as microphones.

This great variety of materials being researched, developed, or already in use can only mir‐
ror the great number of fields, where piezoelectric materials are used. Roughly, there are
three main areas: sensors, actuators, and energy-harvesting applications. An interesting ex‐
ample for sensors is the tactile sensor applications. Tactile sensors (sensors that measure
through contact or touch) can be used to measure temperature, shape, softness, pressure, or
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force. The case of tactile sensing is significant because the use of polymers over inorganic
materials is a one-way street due to the mechanical flexibility and softness needed.

Piezoelectric actuators can work in tandem with piezoelectric sensors and/or separately. For
example, piezoelectric actuators can provide tactile sensations that can be used either as a
means of feedback (e.g., tactile perceptions from a glove in a virtual reality application) or as
information (e.g., indicating the direction of safety and least temperature inside a firefight‐
er’s uniform by vibrating against the firefighter’s arms). Another example is the use of pie‐
zoelectric actuators in robotics and mechatronics. These actuators are used as positioners,
motors, and vibration dampers in applications such as optical devices, small-scale ultrasonic
motors, and active vibration controllers in space structures.

Energy-harvesting applications are concerned with the harvesting of “waste” energy from
the environment, and in the case of piezoelectric materials, energy produced through vibra‐
tions is the most common. A popular area regarding the possibility of harvesting energy as a
byproduct of some activity is the research into harvesting energy from the movement of the
human body, especially walking—with shoe inserts in the heel area being the most re‐
searched approach. This field fits quite well with the interest in wearable smart materials
and applications in a two-in-one strategy. A significant problem that has been relatively ne‐
glected up to now regarding vibration energy harvesters is the matching between the har‐
vester input impedance and the output load impedance. Usually, microelectromechanical
system (MEMS) designers of energy harvesters report the power at the optimal output load
or the output open-circuit voltage as output power.

This book “Piezoelectricity: Organic and Inorganic Materials and Applications” consists of
seven high-level chapters embracing the major application fields of the piezoelectric materials.

The first chapter “Nanocellulose as a Piezoelectric Material” examines the piezoelectric
properties of nanocellulose, a biobased nanomaterial. Nanocellulose is studied in the form
of film with very promising experimental results.

The second chapter “Application of Thin Piezoelectric Films in Diamond-Based Acoustoe‐
lectronic Devices” examines the behavior of thin piezoelectric films, especially in the GHz
frequency range. This chapter successfully combines theory with experimental results.

The third chapter “Hydrodynamic Loading on Vibrating Piezoelectric Micro Resonators”
discusses microresonators vibrating in fluid. This chapter investigates the different resonant
modes as well as the influences of fluid viscosity and compressibility in free space and close
to a surface.

The fourth chapter “Piezoelectric Melt-Spun Textile Fibers: Technological Overview” is an in-
depth technological review of the area of melt-spun piezoelectric textile fibers. The piezoelec‐
tric textile fibers are of high interest because of their potential use in wearable electronics.

The fifth chapter “Piezoelectric Vibration Energy Harvester Using Polyvinilidene Difluoride
Film Formed by Bar-Coating Method and Its Spray-Coating Method on Three-Dimensional
Surface” examines the fabrication process of a vibration energy harvester and presents the
related experimental results.

The sixth chapter “Piezoelectric Sensors Used for Daily Life Monitoring” presents a system
for the monitoring of daily human activities using sensors, especially piezoelectric ones.
This chapter evaluates the prototype system and presents promising results.

XII Preface

The seventh chapter “Piezoelectric Materials for Medical Applications” is an extended re‐
view of the behavior of organic piezoelectric tissues of the human body. It also examines the
use of piezoelectric materials in medical implants and equipment.

These seven chapters present modern aspects and advances in the field of piezoelectricity,
and the collective publication of them provides an integrated study for inspiring scientists in
the field. This book is an influential contribution in piezoelectricity.

Prof. Dr. Savvas Vassiliadis
University of West Attica

Athens, Greece

Dr. Dimitroula Matsouka
University of Bolton

Bolton, UK

Preface IX
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Nanocellulose as a Piezoelectric Material

Sampo Tuukkanen and Satu Rajala

Additional information is available at the end of the chapter

Abstract

Cellulose-based nanomaterials, which are generally known as nanocelluloses, are inter-
esting renewable biomaterials which have potential applications for example in material 
science, electronics and biomedical engineering and diagnostics. Cellulose has a strong 
ability to form lightweight, highly porous and entangled networks that make nanocel-
lulose suitable as substrate or membrane material. Recently, also studies related to piezo-
electric behavior of nanocellulose have been published. The piezoelectricity of wood was 
proposed already in 1955 by Eiichi Fukada, but only very slightly studied since then. 
Here, we show the experimental evidence of significant piezoelectric activity of different 
types of nanocellulose films. Wood-based cellulose nanofibril (CNF) and cellulose nano-
crystals (CNC) films, and bacterial nanocellulose (BC) films have been studied. The recent 
results suggest that nanocellulose is a potential bio-based piezoelectric sensor material.

Keywords: nanocellulose, bacterial cellulose, cellulose nanofibril, piezoelectric sensor, 
cellulose nanocrystal

1. Introduction

Cellulose, the most abundant biopolymer on earth, is generally obtained from plant sources. 
Cellulose-based nanomaterials, such as wood-based cellulosic nanofibrils (CNF) and cellulose 
nanocrystals (CNC) as well as bacterial cellulose (BC), are also known as nanocelluloses [1]. 
These interesting bio-based and renewable nanomaterials have potential applications in many 
different fields. Their nanoscale dimensions as well as a strong ability to form entangled porous 
networks make nanocelluloses suitable source materials for lightweight membranes, films and 
nanopapers. Importantly, these materials can be processed in aqueous media, which ensures 
low cost and high throughput manufacturing of functional devices for electronics [2–4], sens-
ing [5], and optics [6]. Further, combining of nanocelluloses with water-processable carbon 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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nanomaterials, such as carbon nanotubes or graphene, open routes to fabricate flexible and
disposable electronic devices, such as supercapacitors [7–9].

Figure 1 describes fabrication of CNF and CNC from wood cellulose fibers. In principal, 
wood-based nanocellulose is fabricated by cutting the wood cellulose fibers into smaller 
units until its dimensions become into nanoscale, referring to ‘top-down approach’. CNF can 
be obtained, for example, from birch wood by sulfate digestion and subsequent bleaching, 
followed by miniaturization processing through a Masuko grinder and homogenization by 
microfluidizer [10].

On the other hand, BC films are produced through oxidative fermentation of polysaccharides 
by certain bacteria such as Komagataeibacter xylinus, which can be considered as ‘bottom-up 
approach.’ In comparison with wood-based cellulose, bacterial cellulose (BC) holds interest-
ing properties such as biodegradability, high purity, water-holding capacity, and superior 
mechanical and structural properties. The free-standing films can be obtained from wood-
based nanocellulose (CNF and CNC) by solution casting methods [11], while the BC films are 
produced as such as free-standing films.

Figure 1. A schematic view of fabrication of nanocelluloses from wood cellulose fibers. The cellulose fibers are first cut 
up into microfibrils and finally after several processing steps into cellulose nanofibrils (CNF). Cellulose nanocrystals 
(CNCs) can be then obtained from CNF through acid hydrolysis. Nanocelluloses processing and structures are described 
in more detail in the literature [1].

Piezoelectricity - Organic and Inorganic Materials and Applications2

In this chapter, we present the basics of nanocellulose as a piezoelectric material. Both the 
wood-based nanocellulose and bacterial nanocellulose films have been studied, and their sen-
sitivities have been measured with a sophisticated sensitivity measurement setup. Finally, 
the results are presented, and the possibilities of nanocellulose as piezoelectric material are 
discussed.

2. Piezoelectricity of nanocellulose

The piezoelectricity of wood, that is, the change of electrical polarization in a material in
response to mechanical stress, has been known for decades [12, 13]. The piezoelectric effect is
highly enhanced if one considers the isolated crystalline building blocks of wood, CNCs [14, 15].
However, related issues have been covered in the scientific literature to a very limited extent,
and only few recent reports discuss the experimental evidence of CNC piezoelectricity [14, 16].

The piezoelectricity is a phenomenon, where pressing of a piezoelectric film by an external 
force causes a change in charge distribution in the film. This change in charge distribution 
generates a measurable voltage between two electrodes placed on the top and the bottom of 
the piezoelectric film. The piezoelectric coefficient dmn describes the charge density generated 
under a certain applied stress. The components of third-rank tensor with piezoelectric coef-
ficients dmn can be expressed using a 3 × 6 matrix, where m = 1, 2, 3 refers to the electrical axis 
and n = 1, 2, …, 6 to the mechanical axis [17]. The main axes 1, 2 and 3 correspond to length, 
width and thickness, whereas the shear around these axes is expressed by indexes 4, 5 and 6.

In the case of a single cellulose crystal, piezoelectric tensor dmn can be derived from the sym-
metry of a cellulose crystal lattice, formed by unit cells of cellulose molecules ([C6H10O5]n) [13]. 
The cellulose possesses a monoclinic symmetry with space group of C2 || x3 having a follow-
ing piezoelectric tensor:

dmn =

⎛

⎜
⎝

0 0 0
0 0 0

d31 d32 d33

d14 d15 0
d24 d25 0
0 0 d36

⎞

⎟
⎠
. (1)

It is important to notice that this tensor is valid only for a single cellulose crystal. However, 
for an assembly of randomly aligned crystals, such as in a CNF film, the overall piezoelectric 
response results from the combination of the different coefficients. For example, in the case 
of wood, the arrangement of fibers and accompanied cellulose crystals have been shown to 
exhibit significantly reduced effective piezoelectric tensor:
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nanomaterials, such as carbon nanotubes or graphene, open routes to fabricate flexible and 
disposable electronic devices, such as supercapacitors [7–9].

Figure 1 describes fabrication of CNF and CNC from wood cellulose fibers. In principal, 
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followed by miniaturization processing through a Masuko grinder and homogenization by 
microfluidizer [10].
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by certain bacteria such as Komagataeibacter xylinus, which can be considered as ‘bottom-up 
approach.’ In comparison with wood-based cellulose, bacterial cellulose (BC) holds interest-
ing properties such as biodegradability, high purity, water-holding capacity, and superior 
mechanical and structural properties. The free-standing films can be obtained from wood-
based nanocellulose (CNF and CNC) by solution casting methods [11], while the BC films are 
produced as such as free-standing films.

Figure 1. A schematic view of fabrication of nanocelluloses from wood cellulose fibers. The cellulose fibers are first cut 
up into microfibrils and finally after several processing steps into cellulose nanofibrils (CNF). Cellulose nanocrystals 
(CNCs) can be then obtained from CNF through acid hydrolysis. Nanocelluloses processing and structures are described 
in more detail in the literature [1].
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3. Piezoelectric nanocellulose sensors

3.1. Nanocellulose film characterization

The nanocellulose films can be characterized with versatile methods. In our previous 
approaches, the nanocellulose films are characterized, for instance, by scanning electron 
microscopy and photometric stereoimaging to obtain information on the structure and sur-
face topography of the films. In addition, dielectric properties such as relative permittivity 
and loss tangent, and ferroelectric hysteresis have been measured for CNF film [18]. Tensile 
stress tests have also been performed as well as crystallinity index measured for BC film [19].

The fabricated CNF films had a thickness of 45 ± 3 μm and density of 1.38 g/cm3 [18]. For the 
BC films, the thickness of films varied from 4.8 ± 0.8 to 10.3 ± 0.6 μm depending on the film 
type. Different BC film types were produced in order to improve BC production titer and 
tailored alterations into the BC films [19]. To do this, we engineered K. xylinus to overexpress 
partial and complete BC synthase operon that encodes BC production activity. The changes 
in cell growth, end metabolite, and BC production titers obtained from the engineered strains 
(named pA, pAB and pABCD) were compared with the wild-type K. xylinus (named WT).

Figure 2 shows examples of SEM cross-section and surface view images of (a-b) CNF and 
(c-d) BC films. For the CNF film, the cross-section image reveals a layered a porous structure 
similar to reported elsewhere [11]. The surface view of the film (Figure 2b) shows a random 

Figure 2. Scanning electron microscope cross-section and surface view images of typical (a, b) CNF [18] and (c, d) BC 
[19] films.
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orientation of the nanofibrils. For the BC film, also a layered structure was found; however, 
the cross-sectional view of the films reveals that a layered fiber was more distinguished on the 
top surface of the films when compared with the bottom surface structure.

As the piezoelectricity is closely related to ferroelectricity of a material, the CNF films have 
been also analyzed by using a ferroelectric tester to measure the ferroelectric hysteresis of 
the film [18]. The results of ferroelectric hysteresis measurements are shown in Figure 3. The 
capacitance (or linear component in the polarization data) is dominant in the measurements 
at electric fields from 5 to 15 V/μm (Figure 3a). This shows that the CNF film has no significant 
ferroelectric hysteresis at low or moderate electric fields. However, a nonlinear behavior in 
polarization is detected at electric fields between 40 and 50 V/μm (Figure 3b). This suggests 
that the CNF film has a certain level of ferroelectric properties at high electric fields. A rema-
nent polarization at 50 V/μm field was as small as 0.15 μC/cm2.

The ferroelectric hysteresis measurements showed that the CNF film can withstand relatively 
high electric fields, despite its porous microstructure [18]. Small remanent polarization can 
be observed with electric fields above 40 V/μm which indicates that nanocellulose acts like 
an incipient organic ferroelectric material under a very high electric field [20]. The high coer-
cive field in comparison with similar inorganic materials is a commonly known property of 
organic ferroelectric materials [20]. It should be remarked that at high electric fields, the elec-
trostriction possibly resulting from the using of sandwiched measurements electrodes may 
also contribute to the polarization, while ferroelectricity is expected to be the dominant effect.

Importantly, our results show that the CNF films investigated in this work need a high elec-
tric field for poling and exhibit characteristics of ferroelectricity only above 40 V/μm. In that 
case, the observed ferroelectric (or piezoelectric) effect of the CNF films is expected to result 
from the permanent dipole moment of CNCs which possess a certain level of (nonintentional) 
orientation of dipoles resulting from the film fabrication process. However, the orientation 
of CNCs is not apparent from SEM images (Figure 2) due to limited resolution. There are 
recent related observations where experimental evidence of giant permanent electric-dipole 
moment in CNCs is reported [16].

Figure 3. Polarization-voltage hysteresis curves for the CNF film at (a) 5–15 V/μm and (b) 40–50 V/μm electric fields at 
room temperature.
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In addition, the relative permittivity and dielectric loss tangent for the CNF film have been 
determined [18]. At a 1 kHz frequency, the obtained relative permittivity of the CNF film was 
about 3.47, whereas the dielectric loss (tan δ) was about 0.011. The capacitance of the CNF film 
varied from 78 to 73 pF at frequencies from 100 Hz to 1 MHz, respectively. The average values 
for relative permittivity and dielectric losses were 3.38 and 0.071, respectively.

3.2. Sensor assembly

The sensors are typically assembled by sandwiching the nanocellulose film between two elec-
trodes. In our approaches, the electrodes for the sensors were fabricated on 125-μm-thick 
polyethylene terephthalate (PET) substrate by e-beam evaporation. Typically, 100 nm thick 
layer of copper was evaporated through a shadow mask to provide electrode pattern. The 
nanocellulose film was then sandwiched between two electrodes, as illustrated in Figure 4.  
The connection to the measurement electronics was provided with crimp connectors 
(Nicomatic Crimpflex).

3.3. Piezoelectric sensitivity

The piezoelectric sensitivity measurement setup presented here has been previously used to 
evaluate piezoelectric response of a piezoelectric polymer film (polyvinylidene fluoride, PVDF)-
based plantar pressure sensor [21, 22], PVDF sensors with solution-processed electrodes [23, 24], 

Figure 4. (a) Photographs of a fabricated self-standing CNF film and its bending robustness (an insert). (b, c) Schematic 
side view and (d) a photograph of assembled sensor.
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ferroelectret film-based sensors [25] and nanocellulose sensors [18, 19, 26–28]. This section briefly 
describes the setup.

The Brüel & Kjaer Mini-Shaker (Type 4810) used in the setup generates a dynamic excita-
tion force. A sinusoidal input signal for the shaker was provided from a function generator 
(Tektronix AFG3101). A high sensitive dynamic force sensor (PCB Piezotronics, model num-
ber 209C02) was used as a reference sensor to measure the dynamic excitation force applied 
to the piezoelectric sensor sample under test. The dynamic force sensor was connected to a 
sensor signal conditioner (PCB Piezotronics, Model 442B06) with a low-noise coaxial cable. A 
load cell (Measurement Specialties Inc., model number ELFS-T3E-20 L) was used as a refer-
ence sensor to measure the static force applied to the sample by the shaker’s piston. A preten-
sion, which is producing static force, is required to hold the sample in place and to prevent 
the piston jumping off from contact during the measurement. A static force of approximately 
3 N is typically used in the measurement setup.

The sensor sensitivity measured with the setup is closely related to the longitudinal piezoelec-
tric coefficient d33. The longitudinal d33 coefficient describes the electric polarization generated 
in the same direction as the stress is applied [29]. Thus, to measure the sensor sensitivity in 
normal force direction, the sensor was placed horizontally on the metal plate. The charge 
developed by the sensor was measured with a custom-made combination of a charge ampli-
fier and a 16-bit AD-converter. Figure 5a illustrates the sensor sensitivity measurement setup.

A dynamic force of approximately 1.3 N (peak-to-peak), measured with the reference 
dynamic force sensor, was typically applied on the sample in the sensitivity measurements. 
This dynamic force was obtained by applying a dynamic, sinusoidal 2 Hz input signal of 
1000 mV (peak-to-peak) to the shaker. To increase statistics, the sensitivity was measured 
from nine different positions on the sample, as shown in Figure 5b. The same positions were 
excited from both sides of the sample, resulting in a total of 18 excitations per sensor. Finally, 
the sensitivity was obtained by dividing the charge generated by the sensor with the force 
obtained with the dynamic force sensor. The unit of sensitivity is thus pC/N.

Figure 5. (a) Piezoelectric sensitivity measurement setup and (b) excitation positions for the sensitivity distribution 
measurements.
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The same setup can also be used to measure the nonlinearity and hysteresis of the sensors. 
The sensor nonlinearity is determined by increasing the amplitude of the dynamic excitation 
force from approximately 0.1–5 N (peak-to-peak, frequency 2 Hz) and measuring the charge 
generated by the sensor. The sensor hysteresis error is defined as the deviation of the sensor 
output charge at a specified point of the excitation force when this point is approached from 
opposite directions (increasing or decreasing dynamic force) [30]. The excitation force range 
used was approximately from 0.7 to 2.8 N (peak-to-peak, frequency 2 Hz).

Table 1 summarizes the results of piezoelectric sensitivity measurements, shown as average 
values, obtained for the nanocellulose sensors and compared with reference PVDF sensors. 
The nonlinearity is defined as the maximum difference between the measured values and the 
fitted first degree polynomial, and the hysteresis as the maximum difference between the val-
ues measured when the excitation force was increased and decreased. The nonlinearity and 
hysteresis for CNF and reference PVDF sensors are further illustrated in Figure 6. Figure 7 
illustrates the BC and reference PVDF sensor charges as a function of increasing applied force, 
from which the nonlinearity presented in Table 1 for BC can be obtained.

Figure 6. (a) Nonlinearity and (b) hysteresis curves measured for the CNF and reference PVDF sensors.

Sensitivity (pC/N) Nonlinearity (pC/N) Hysteresis error (pC/N)

CNF [18] 4.7 ± 0.9 0.9 ± 0.5 0.9

CNF [27] 2.2 ± 1.5 — —

CNC [27] 7.3 ± 2.5 — —

BC WT [19] 16.8 ± 3.9 0.4 ± 0.1 —

BC pA [19] 7.3 ± 1.6 — —

BC pAB [19] 5.0 ± 1.9 — —

BC pABCD [19] 8.2 ± 5.5 — —

PVDF [18] 27.5 ± 2.6 6.5 ± 3.8 0.9

Table 1. Summary of results for the sensor sensitivity, nonlinearity and hysteresis error measurements [18, 19, 27].
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4. Discussion

The SEM images of CNF and BC films revealed a layered structure, resembling that of a ferro-
electret material, ElectroMechanical Film (EMFi), widely used in sensor applications [25]. As 
shown in Figure 2, both nanocellulose films have rather smooth surface having a randomly 
oriented fibrous structure. The density of CNF film (1.38 g/cm3) is similar to other polymer 
films, 178 g/cm3 for PVDF [31] and 0.33 g/cm3 for EMFi [25].

The sensitivity of wood-based CNF film is around 2–5 pC/N [18, 27]. The sensitivity values 
measured for CNF sensors slightly vary, but the difference can be mainly explained by the dif-
ferent areas of the sensor films and different electrode materials used. The sensor structure was 
obtained by sandwiching the CNF film between the copper electrodes (deposited PET film), 
which may also affect the measured sensitivity values. This is related to the fact that a contact 
between the sensing material (CNF film) and the electrodes is not as good as in the case of elec-
trodes fabricated directly on the sensing film surface. In comparison, less variation in sensitiv-
ity values was observed when electrodes were either screen printed or evaporated directly on 
PVDF film [23] when compared to PVDF sensors sandwiched between the PET-Cu electrodes.

The CNC sensors showed 2–4 times larger sensitivities than the CNF sensors ((7.3 ± 2.5) pC/N 
versus ((2.2 ± 1.5) pC/N) [27]. This result was expected since the CNC film consists of solely 
crystalline cellulose building blocks, whereas CNF contains both crystalline CNCs (cellulose 
II) domains and amorphous cellulose domains. However, the higher aspect ratio and the 
stronger ability for entanglement in the case of CNF in comparison with CNC whiskers may 
offer more versatile options over bare CNC as long as the synthesis of self-standing films and 
nanopapers is profitable. Despite the intuitively expected purely random alignment of CNCs 
inside the CNF films, the CNF films may exhibit piezoelectric nature due to the film fabrica-
tion process driven non-intentional alignment of CNCs [18].

The sensitivity of BC film varied from (5.0 ± 1.9) pC/N to (16.8 ± 3.9) pC/N, depending on 
the film type (see Table 1) [19]. Overall, the sensitivity values obtained in our approaches for 

Figure 7. Piezoelectric responses of (a) BC film (produced by WT K. xylinus) and (b) commercial PVDF (fabricated using 
sandwiched PET-Cu electrodes as contacts) sensors under increased mechanical load.
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Nanocellulose as a Piezoelectric Material
http://dx.doi.org/10.5772/intechopen.77025

9



wood-based and bacterial nanocellulose are comparable with values reported by others. For 
instance, Mahadeva et al. reported successful fabrication of hybrid paper from barium tita-
nate nanoparticles and wood cellulose fiber and demonstrated piezoelectric coefficient val-
ues of d33 = 4.8 pC/N [32]. When compared to commercial piezoelectric materials, quartz has 
rather low but stable piezoelectricity (d33 coefficient of around 2 pC/N) and among the poled 
polymers PVDF exhibits the highest piezoelectricity (d33 coefficient of around 25 pC/N) [33]. 
However, by improving the nanocellulose film fabrication process, also higher sensitivities 
for nanocellulose may be obtained. For instance, it has been suggested that regenerated CNC 
(cellulose II) has the apparent piezoelectric coefficient in the range 35–60 pC/N [15].

The level of crystallinity in cellulose films is considered to have a significant effect on the 
apparent level of piezoelectricity. Thus, we have measured the crystallinity indices (CI) of 
BC films using X-ray diffractometer (XRD) [19]. The CI of BC films varied depending on the 
used bacterial strains (film type) from 88.6 to 97.5%. Similar crystallinity indices were recently 
reported for wood-based cellulose [32]. The similarity in the XRD profiles reflects the pres-
ence of native cellulose I type nanocrystals in bacterial cellulose [34] as well as in plant-based 
cellulose from wood [32, 35] cotton. The alterations that we observed in piezoelectric sensi-
tivities of CNF films and different BC film types cannot be understood solely based on XRD 
analysis and there are other factors involved, such as film thickness, film surface roughness, 
as well as elastic modulus and deformations in the films under applied force.

It should be noted that the nanocellulose films presented in this chapter were not optimized 
as a piezoelectric material and were not polarized or oriented. However, it cannot be ruled out 
that the film fabrication processes, including filtering and hot-pressing for CNF and fermenta-
tion process for BC, may have caused some alignment of the cellulose nanofibrils inside the 
thick film. The piezoelectric sensitivities shown here are expected to significantly increase after 
polarization of the films. In the poling process, an electric field is applied over the processed 
film for a certain period of time in order to generate piezoelectric properties. The poling (or 
another type of orientation) of the nanocellulose film is expected to lead into alignment of the 
crystalline regions inside the film, further leading to a remarkable increase in the piezoelectric 
effect due to the large dipole momentum of the crystalline components [14, 16]. The initial 
results of orientation of water processed CNF films, using DC voltage, suggest the potential 
of remarkably higher sensitivity values [18]. In addition, initial tests with BC films showed 
that polarization using DC voltage can enhance the piezoelectric sensitivity of the BC sensors. 
However, polarization of dry film is difficult due to the entangled and stiff structure of the 
film, and thus, further fabrication process development is required in order to increase the 
piezoelectric sensitivity of nanocellulose films.

Even though both nanocellulose materials, both wood-based and bacterial nanocellulose, 
exhibit evident piezoelectric properties, also fundamental differences between these materi-
als exist. First, the fabrication processes of the films are fundamentally different: the wood-
based nanocellulose is fabricated from wood cellulose by cutting the fibers into nanoscale 
units, which can be considered as ‘top-down approach’, whereas the bacterial cellulose is 
grown through the oxidative fermentation by bacteria which can be considered as ‘bottom-
up approach’. Wood-based cellulose has certain limitations, such as multistep mechanical 
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processing to small dimensional constituents resulting in relatively low tensile strength and 
low flexibility of cellulose films. The most significant restriction in bacterial cellulose produc-
tion is the slow and relatively expensive fabrication process.

5. Conclusions

In this chapter, we have summarized the recent results obtained with nanocellulose films and 
compared them with reference piezoelectric polymer film. Both wood-based CNF and CNC 
films and BC films were discussed here, and the main focus was in the piezoelectricity of these 
materials. In addition, the results related to microstructure, and dielectric and mechanical 
properties were discussed.

To conclude, the nanocellulose is an interesting renewable bio-based nanomaterial with 
potential applications in different fields, such as cell culturing medium, bio-plastic films, high 
surface-area membranes, or reinforcement material in composites. The more recent appli-
cation for nanocellulose is its use as bio-based piezoelectric active material. Even though 
promising results related to the piezoelectricity of the nanocellulose have already been dem-
onstrated, further work to improve the piezoelectric performance of the nanocellulose films 
is still needed. There are different ways to improve the piezoelectric performance of nanocel-
lulose films by controlled orientation of crystalline areas of nanocellulose films, which will 
make it suitable for sensors, actuators and energy harvesting applications.
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Abstract
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1. Introduction

Thin piezoelectric films (TPF) are the important components of many electronic sandwich
devices due to its compatibility with the planar technology and comparatively low cost.
Combination of effective TPF with non-piezoelectric substrate possessing the good acoustic
properties allows obtaining the new micro devices especially in UHF bands. The matter is that
the known single-crystalline piezoelectric materials as quartz, lithium niobate, tantalate,
langasite, and langatate do not own a set of useful properties such as high electromechanical
coupling, thermostable cuts, and good acoustic properties joined within a given crystal. Addi-
tionally, an enhancement of operational frequencies up to several GHz for bulk acoustic wave
(BAW) resonators requires the thinning of crystal plates to the thickness close to several
microns which seems really impossible because a lot of defects will be arisen. So, producing
the best quality piezoelectric films compatible with any substrate materials is one of the main
tasks of modern piezoelectric technology.

Since the end of the twentieth century, the zinc oxide (ZnO) and aluminum nitride (AlN)
polycrystalline films with the wurtzite structure were widely used in such acoustoelectronic
devices as composite resonators, filters, duplexers, etc. [1, 2]. It seems that the aluminum nitride
has a more preferable combination of required qualities due to high dielectric properties as well
as good temperature stability up to 1000 �C. First, in 2009 the authors [3] have found an
enhancement of piezoelectric response in aluminum-scandium nitride (ASN) Al1-xScxN solid
solution. Therefore, aluminum-scandium nitride should be derived as prospective piezoelectric
material for acoustoelectronic devices including sensors and energy harvesters. But the electro-
mechanical properties of aluminum-scandium nitride are strongly depended on the scandium
content, and as a result, its application in acoustoelectronic devices is discussible now.

High-overtone bulk acoustic resonator (HBAR) differs from conventional piezoelectric resona-
tors due to their small size and high-quality factor Q at microwave operational frequencies [1].
A lot of materials have been successfully used to prepare the HBAR substrates: crystalline
quartz, fused silica, silicon [4], sapphire [4, 5], and yttrium aluminum garnet (YAG) [6]. But the
highest frequencies of the acoustic overtone excitation did not exceed 10 GHz. Recently, a
distinctive progress in the achievement of record resonance frequencies up to 20 GHz has been
emphasized by the development of HBAR based on piezoelectric layered structure (PLS)
involving the single-crystalline diamond substrate and AlN thin-film piezoelectric transducer
(TFPT) [7].

Naturally, thin piezoelectric films are widely used as the important elements in acoustoe-
lectronic devices on surface acoustic waves (SAW), such as SAWdelay lines, resonators, filters,
and sensors. For example, in Ref. [8] the one-port SAW resonator, based on the layered
structure AlN/polycrystalline diamond/Si and excited on the resonant frequency ~1.35 GHz,
has been described. SAW filter at the frequency band ~6.3 GHz based on the structure SiO2/
AlN/polycrystalline diamond has been developed by authors [9].

A main aim of this paper was defined by the necessity in describing the modern trends in
application of thin piezoelectric films as active elements in microwave acoustoelectronic
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composite devices, including the choice and development of the new effective piezoelectric
materials compatible with single-crystalline diamond substrates.

2. Theory of the thin-film loading influence on the acoustic parameters
of diamond-based piezoelectric layered structure

An effective application of multilayered piezoelectric structure as a prototype of specialized
acoustoelectronic sensor device should be based on the theory of the influence of an external
loading on its acoustic parameters.

Propagation of the small amplitude acoustic waves of a piezoelectric crystal could be described
basically by the equations of electrostatics and the equations of state of a piezoelectric medium
written in coordinate form [10]:

r0
€Ui ¼ τij, j; Dm,m ¼ 0;

τij ¼ CE
ijklηkl � emijEm; Dm ¼ εηmnEn þ emijηij,

(1)

where r0 is the density of a crystal, Ui is the vector of dynamic elastic displacements, τij is the
tensor of thermodynamic stresses, Dm is the vector of electrical induction, ηkl is the tensor of

small deformations, CE
ijkl, emij, and εηmn are second-order elastic, piezoelectric, and clamped

dielectric constants, respectively. The comma after the subscript denotes a spatial derivative,
and coordinate Latin indices vary from 1 to 3. Here and further, the rule of summation over
repeated indices will be used. For elastic displacements and the electric potential in the form of
small-amplitude plane monochromatic waves, the system of equations was written in the form
of the well-known Green-Christoffel equations, which must be solved for each layered
medium to be used:

Γik � r0ω
2δik

� �
αi ¼ 0; i, k ¼ 1…4; δ44 ¼ 0;

Γik ¼ Cijkmkjkm; Γ4j ¼ Γj4 ¼ eijkkikk; Γ44 ¼ �εηnmknkm
(2)

where k
!¼ ω

V n! is the wave vector; n! is the unit vector of wave propagation; ω and V are the
angular frequency and phase velocity of an elastic wave, respectively; αi is the component of
eigenvectors of elastic displacement; and α4 is the amplitude of the wave of quasistatic electri-
cal potential connected with an elastic wave. Solving of Green-Christoffel equations taken in a
general form, Eq. (2) allows to define the parameters of propagation both the bulk and surface
acoustic waves in piezoelectric layered structure.

Let the X3 axis of operational coordinate system be directed along the outer normal to the
surface of the layer, and the X1 axis coincides with the wave propagation direction (Figure 1).
In a multilayer piezoelectric structure, describing the propagation of the elastic waves, it is
necessary to write down the special boundary conditions, which, depending on the number m
of layers, take a form:
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Here, h1, …, hm are the layer thicknesses. Substituting into boundary conditions (3) the
required solutions as a linear combinations of the partial waves

U mð Þ
i ¼

X
n

C mð Þ
n α nð Þ

i exp i k1x1 þ k3 nð Þx3 � ωt
� �h i

,

Φ mð Þ ¼
X
n

C mð Þ
4 α nð Þ

4 exp i k1x1 þ k3 nð Þx3 � ωt
� �h i

,
(4)

one can obtain a matrix of boundary conditions, and the vanishing of its determinant allows
obtaining the equations for determining the parameters of elastic wave propagation. In Eq. (4)
a superscript n is associated with nth partial wave. By varying the boundary conditions
(Eq. (3)), one can specify all the types of PLS elastic waves. For example, the first equation in
Eq. (3) is related to the Rayleigh-type SAW propagation. The first and last equations together
describe the propagation of Lamb-type elastic waves in a piezoelectric plate with a thickness h,
i.e., in this case Eq. (3) at m = 1. taking the form

Figure 1. Arrangement of a piezoelectric layered structure: (1) top electrode, (2) piezoelectric film, (3) bottom electrode,
(4) substrate, and (5) the layer to be investigated.
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At the assumption that the lower layer is sufficiently thick (semi-infinite), i.e., the thickness of a
layer should be much greater than the length of the elastic wave, in which case the last
equation in Eq. (3) cannot be taken into account, i.e., the presence of a free lower boundary

will be ignored. It is also necessary to require that the condition Im k3 mð Þ
� �

< 0 ensuring the

attenuation of the elastic wave into the depth of a substrate should be satisfied. Thus, the
boundary conditions (Eq. (3)) describing the elastic wave propagation in the “layer-substrate”
structure will have the form.
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(6)

Here, the digital superscripts 1 and 2 denote the layer and the substrate, respectively; α sð Þ
k and

bm are the amplitude and weight coefficients of the mth partial wave (m = 1, …, 4) in a

substrate; and α nð Þ
k and an are the amplitude and weight coefficients of the nth partial wave

(n = 1, …, 8) in a piezoelectric layer.

In modern acoustoelectronics, accurate information about the mechanical parameters of thin
layers of new materials and thin mono- and polycrystalline films used to create microwave
acoustic resonators, filters, and sensors should be of great importance. Previously proposed
and used in a number of experiments, the original method of resonance acoustic microwave
spectroscopy has opened a possibility of measuring these parameters [11]. The essence of such
method was based on the investigated film that was included into a content of an acoustic
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Here, the digital superscripts 1 and 2 denote the layer and the substrate, respectively; α sð Þ
k and

bm are the amplitude and weight coefficients of the mth partial wave (m = 1, …, 4) in a

substrate; and α nð Þ
k and an are the amplitude and weight coefficients of the nth partial wave

(n = 1, …, 8) in a piezoelectric layer.

In modern acoustoelectronics, accurate information about the mechanical parameters of thin
layers of new materials and thin mono- and polycrystalline films used to create microwave
acoustic resonators, filters, and sensors should be of great importance. Previously proposed
and used in a number of experiments, the original method of resonance acoustic microwave
spectroscopy has opened a possibility of measuring these parameters [11]. The essence of such
method was based on the investigated film that was included into a content of an acoustic
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composite microwave resonator changing its acoustic parameters (Figure 1). Connection with
the external electrical circuit was carried out by the TFPT. In the case of thin films, the last one
should be deposited on a sufficiently thick substrate made of a material with low acoustic
losses. Information on the attenuation coefficient and sound velocity in the film were found
from the comparison of the measured total losses and the positions of the resonant peaks
without the film and after its deposition.

To solve the problems of acoustic microwave spectroscopy, it is necessary to introduce a
system of boundary conditions for the PLS according to Figure 1. For elastic displacements in
the form of a plane sinusoidal wave, one can be written as

U Sð Þ ¼ a Sð Þexp �ik Sð Þx3
� �

þ b Sð Þexp ik Sð Þx3
� �

, (7)

where the subscript S denotes the medium used in calculations; a(S) and b(S) are the amplitudes
of the incident and reflected elastic waves in the Sth layer, respectively; and k is the modulus of
the wave vector in a layer.

Assuming that the electrodes were consisted of isotropic metals, the piezoelectric layer had the
crystalline symmetry as 6 mm, the substrate was taken as a cubic dielectric crystal, and the
layer to be investigated was isotropic, the boundary conditions have been formulated as
follows:

(1) Stress tensor should have the zero normal components at the interface “top electrode-
vacuum” in the form

τ 1ð Þ
3j ¼ 0

���
x3¼d3

¼ �a 1ð Þk 1ð ÞC 1ð Þexp �ik 1ð Þd3
� �
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� �

¼ 0, (8)

where k(1) is the wave vector at the top electrode layer, С(1) = С11 is the elastic modulus of the
top electrode film 1, and d3 is the point on the interface “top electrode-vacuum.”Here and after
the superscript designates the PLS layer’s number.

(2) Normal components of the stress tensor and displacement vectors should be equal to
appropriate values taken at the interface “top electrode-piezoelectric film” as follows:
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(9)

In Eq. (9) the following notations are introduced: P* is a complex conjugated value; С(2) = С33,
e = e33, and k(2) are the elastic modulus, the piezoelectric constant, and the wave vector in
piezoelectric film 2, respectively; d2 is the point on the interface “top electrode-piezoelectric
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film”; U(2) and U(1) are the elastic displacement vectors in piezoelectric layer and top electrode,
respectively; V0 is the potential difference between the electrodes; h2 is the thickness of piezo-
electric layer.

(3) Normal components of the stress tensor and displacement vectors should be equal to
appropriate values taken at the interface “piezoelectric film-bottom electrode” as follows:
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3j
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h2
,

a 3ð Þ þ b 3ð Þ � a 2ð Þ � b 2ð Þ ¼ 0:

(10)

In Eq. (10) the following notations are introduced: С(3) = С11, U
(3), and k(3) are the elastic

modulus, the elastic displacement, and the wave vector in the bottom electrode 3, respectively.

(4) Normal components of the stress tensor and displacement vectors should be equal to
appropriate values taken at the interface “bottom electrode-substrate” as follows:
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In Eq. (11) the following notations are introduced: С(4) = С11, U
(4), and k(4) are the elastic

modulus, the elastic displacement, and the wave vector in the substrate 4, respectively, and d1
is the point on the interface “bottom electrode-substrate.”

(5) Normal components of the stress tensor and displacement vectors should be equal to
appropriate values taken at the interface “substrate-the layer to be investigated” as follows:
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3j ¼ τ 5ð Þ
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(12)

In Eq. (12) the following notations are introduced: С(5) = С11, U
(5), and k(5) are the elastic

modulus, the elastic displacement, and the wave vector in the layer 5, respectively, and d4 is
the point on the interface “substrate-the layer to be investigated.”

(6) Normal components of the stress tensor should be equal to appropriate values taken at the
“the layer to be investigated-vacuum” as follows:
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In Eq. (9) the following notations are introduced: P* is a complex conjugated value; С(2) = С33,
e = e33, and k(2) are the elastic modulus, the piezoelectric constant, and the wave vector in
piezoelectric film 2, respectively; d2 is the point on the interface “top electrode-piezoelectric
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film”; U(2) and U(1) are the elastic displacement vectors in piezoelectric layer and top electrode,
respectively; V0 is the potential difference between the electrodes; h2 is the thickness of piezo-
electric layer.

(3) Normal components of the stress tensor and displacement vectors should be equal to
appropriate values taken at the interface “piezoelectric film-bottom electrode” as follows:
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(3), and k(3) are the elastic
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In Eq. (11) the following notations are introduced: С(4) = С11, U
(4), and k(4) are the elastic

modulus, the elastic displacement, and the wave vector in the substrate 4, respectively, and d1
is the point on the interface “bottom electrode-substrate.”

(5) Normal components of the stress tensor and displacement vectors should be equal to
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In Eq. (12) the following notations are introduced: С(5) = С11, U
(5), and k(5) are the elastic

modulus, the elastic displacement, and the wave vector in the layer 5, respectively, and d4 is
the point on the interface “substrate-the layer to be investigated.”

(6) Normal components of the stress tensor should be equal to appropriate values taken at the
“the layer to be investigated-vacuum” as follows:
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τ 5ð Þ
3j ¼ 0

���
x3¼d5

,

a 5ð Þk 5ð ÞC 5ð Þexp ik 5ð Þd5
� �

� b 5ð Þk 5ð ÞC 5ð Þexp �ik 5ð Þd5
� �

¼ 0,
(13)

where d5 is the point on the interface “the layer to be investigated-vacuum.”

Boundary conditions (Eq. (8)–(13)) form a system of equations as 10�10 dimensions, the
solution of which makes it possible to determine the amplitudes of the elastic waves in all the
layers and the PLS frequency characteristics. Note that the part of the boundary condition
matrix as 7�7 dimensions allows to obtain the so-called form factor of HBAR including into
calculation a traveling acoustic wave only, i.e., without taking into account the lower boundary
of the crystalline substrate (12) and (13). Additionally, when Eq. (12) was taken into account, as
a result appropriate boundary condition matrix as 8�8 dimensions can be formed, and the
HBAR’s form factor can be calculated including the influence of a bottom boundary of a
substrate.

In order to study the influence of the fifth layer on the PLS acoustic parameters, a required own
software “Modeling of the processes of resonant acoustic spectroscopy in multilayered struc-
tures” based on the above theory has been developed [12]. An estimation of the influence of
metal film deposition as a fifth layer on the change of the overtone resonant frequency of
diamond-based PLS “Al/(001) AlN/Mo/(001) diamond/Al (Mo)” is presented in Figure 2. In
calculations the thickness of Al or Mo films was varied within 0–1300 nm. As one can see, the
metal deposition leads to the decrease of resonant frequency with the thickness increasing both
the metals. But on the curve associated with Al influence, the sharp variation of resonant
frequency in the vicinity of 400–600 nm takes place on the contrary with the linearly

Figure 2. Change in an overtone resonant frequency of diamond-based PLS by metal film deposition. In calculation the
PLS “Al/(001) AlN/Mo/(001) diamond/Al (Mo)”was used with thicknesses (in microns) of the films and substrate as “0.14/
1.125/0.16/501/0–1.2,” respectively.
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proportional dependence of resonant frequency on the thickness of Mo film. This can be
explained by the quite different acoustic impedances Z = rV of Al and Mo as 17 and 63 (in
106 kg/s�m2), respectively. As a result, the elastic waves falling from the substrate on the
diamond-Al or diamond-Mo boundaries should be mainly reflected or should pass through
the boundary freely, respectively. But because the quarter-wave, thickness in the Al layer is
approximately equal to 450 nm at 3.26 GHz; in this case the Al film should become an
antireflective one, which leads to a sharp increase in the effective thickness of the substrate
and, correspondingly, to a stepwise decrease in the resonant frequency. On the other hand, a
monotonic increase in the Mo film thickness leads only to a smooth increase in the effective
thickness of the substrate and, correspondingly, to a linearly proportional decrease of the
resonant frequency.

3. 3D simulation of acoustic wave propagation in multilayered
piezoelectric structure

Earlier [13, 14], we have successfully applied the 2D FEM simulation in order to obtain a quite
complex pattern of dispersive dependences of phase velocities of plate Lamb waves observing
visualization of the fields of elastic displacements belonging to a lot of acoustic modes with a
number of eigenfrequencies. Besides of Lamb waves, the BAW and SAW modes of Rayleigh
type were found. But the statement of the task in 2D approximation did not allow obtaining
the results on the SH modes.

In the 3D FEM simulation as a model, the PLS “Al/(001) AlN/Mo/(001) diamond” has been
investigated by the software COMSOLMultiphysics. Boundary conditions on the top and bottom
surfaces of a model sample were chosen as the free ones, and on all the vertical surfaces as the
symmetrical ones. Width�length�thickness (in microns) of diamond substrate and AlN film
were 1000�1000�392 and 400�400�0.624, respectively. Thicknesses (in nm) of Al and Mo films
were taken as 164 and 169, respectively. All the dimensions of a model sample were close to
appropriate ones in the experimental sample. In Figure 3, the results on the second overtone of
longitudinal bulk acoustic wave in the PLS investigated are presented as 2D and 3D images. Note

Figure 3. Elastic displacement fields (Z-component) within a model PLS in 2D (a) and 3D (b) approximation for longitu-
dinal bulk acoustic wave propagating along Z-axis.
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proportional dependence of resonant frequency on the thickness of Mo film. This can be
explained by the quite different acoustic impedances Z = rV of Al and Mo as 17 and 63 (in
106 kg/s�m2), respectively. As a result, the elastic waves falling from the substrate on the
diamond-Al or diamond-Mo boundaries should be mainly reflected or should pass through
the boundary freely, respectively. But because the quarter-wave, thickness in the Al layer is
approximately equal to 450 nm at 3.26 GHz; in this case the Al film should become an
antireflective one, which leads to a sharp increase in the effective thickness of the substrate
and, correspondingly, to a stepwise decrease in the resonant frequency. On the other hand, a
monotonic increase in the Mo film thickness leads only to a smooth increase in the effective
thickness of the substrate and, correspondingly, to a linearly proportional decrease of the
resonant frequency.

3. 3D simulation of acoustic wave propagation in multilayered
piezoelectric structure

Earlier [13, 14], we have successfully applied the 2D FEM simulation in order to obtain a quite
complex pattern of dispersive dependences of phase velocities of plate Lamb waves observing
visualization of the fields of elastic displacements belonging to a lot of acoustic modes with a
number of eigenfrequencies. Besides of Lamb waves, the BAW and SAW modes of Rayleigh
type were found. But the statement of the task in 2D approximation did not allow obtaining
the results on the SH modes.

In the 3D FEM simulation as a model, the PLS “Al/(001) AlN/Mo/(001) diamond” has been
investigated by the software COMSOLMultiphysics. Boundary conditions on the top and bottom
surfaces of a model sample were chosen as the free ones, and on all the vertical surfaces as the
symmetrical ones. Width�length�thickness (in microns) of diamond substrate and AlN film
were 1000�1000�392 and 400�400�0.624, respectively. Thicknesses (in nm) of Al and Mo films
were taken as 164 and 169, respectively. All the dimensions of a model sample were close to
appropriate ones in the experimental sample. In Figure 3, the results on the second overtone of
longitudinal bulk acoustic wave in the PLS investigated are presented as 2D and 3D images. Note

Figure 3. Elastic displacement fields (Z-component) within a model PLS in 2D (a) and 3D (b) approximation for longitu-
dinal bulk acoustic wave propagating along Z-axis.
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that the calculated data on resonant frequency (in MHz) as 44.72 obtained in 2D approximation
(Figure 3a) are in close accordance with the similar as 44.75 (Figure 3b) in 3D approximation.

In Figure 4, an example of the data on the elastic displacement patterns arising for the SH-type
waves in the PLS “Al/(001) AlN/Mo/(001) diamond” is presented in 3D image. SH waves are
dispersive and deeply penetrating into a substrate. As a consequence, SH wave velocities should
be strongly depended on the operational frequency. Such dependences for a number of first

Figure 4. Elastic displacement fields (Y-component) within a model PLS in 3D approximation for SH0 (a), SH1 (b), and
SH2 (c) dispersive modes. Arrows should be associated with the vectors of a local elastic displacement.

Figure 5. Dependences of SH-type wave velocities on the frequency for the SH0, SH1, and SH2 dispersive branches in the
PLS “Al/(001) AlN/Mo/(001) diamond” in comparison with theory data.
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dispersive brancheswithin the frequency band 10–50MHzare presented in Figure 5 in comparison
with theory data. As one can see, a good agreement between themodel and theorywas obtained.

In Figure 6 an example of the elastic displacement patterns arising for the Rayleigh-type waves
in the PLS “Al/(001) AlN/Mo/(001) diamond” is presented in 2D and 3D image. As one can
calculate, the SAW wave lengths in a diamond were both equal to 200 microns in 2D and 3D
approximation, and the SAW phase velocities were equal to 10,922 and 11,014 m/s, respec-
tively. One can speak about a reasonable agreement between the results of two models.

4. Aluminum nitride and aluminum-scandium nitride film preparation:
sample characterization

In our microwave experiments, a lot of devices under test (DUT) operating the BAW or SAW
propagation in PLS were required (Figure 7). As one can see, it was necessary to fabricate the

Figure 6. Z-components of elastic displacement fields within a model PLS “Al/(001) AlN/Mo/(001) diamond” in 2D (a)
and 3D (b) approximation for Rayleigh-type surface wave propagating along X-axis.
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Figure 4. Elastic displacement fields (Y-component) within a model PLS in 3D approximation for SH0 (a), SH1 (b), and
SH2 (c) dispersive modes. Arrows should be associated with the vectors of a local elastic displacement.

Figure 5. Dependences of SH-type wave velocities on the frequency for the SH0, SH1, and SH2 dispersive branches in the
PLS “Al/(001) AlN/Mo/(001) diamond” in comparison with theory data.
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multilayered piezoelectric structures involving the TFPT and diamond substrate (Figure 7a) or
IDT/AlN (ASN) piezoelectric film on diamond substrate (Figure 7b). Here, IDT is an
interdigital transducer conventionally applied in a number of SAW devices to SAW exciting
and detection.

The IIa type synthetic diamond single crystals grown by HPHT method at the Technological
Institute for Superhard and Novel Carbon Materials were used as substrates for producing in
all the DUTs investigated. Such crystals have the good dielectric properties and a low content
of nitrogen impurity. All the substrates with the orientation of the main surfaces (100), (110),
and (111) were double side polished up to roughness Ra within 0.2–2 nm on 10 � 10 μm2 area
controlled by AFM method. As a result of the mechanical grinding and polishing, roughness
and a buried damage layer (BDL) underneath the crystalline surface should take place. In
order to control the BDL depth, we applied the method of electron backscatter diffraction
(EBSD) and Kikuchi line (KL) observation [15]. Appearance of clear KL is closely correlated
with the BDL absence. As a summary, one can highlight the unique peculiarity of single-
crystalline diamond: multiple EBSD experiments involving the faces with different treatment
degrees, as well as natural faces of as-grown crystal, have produced practically the same clear
KL patterns. So, the BDL depth of the diamond substrate can be estimated as several atomic
layers. This fact was first discovered by us and drastically singles out crystalline diamond from
the set of any other conventionally applications in acoustoelectronic device materials. As a
result, the BDL can only have a weak influence on the UHF acoustic properties of diamond.

Metal electrodes, aluminum nitride or aluminum-scandium nitride piezoelectric films, were
deposited by magnetron sputtering equipment AJA ORION 8. Process of aluminum-scandium
nitride synthesis in comparison with that for AlN was differed by the application of additional
Sc target, so the Al and Sc targets were in work simultaneously. One can see from the available
experimental data [16] that a significant increase in piezoelectric module d33 (more than in four
times) in solid solution Al1-xScxN has took place with increasing scandium concentration. On
the other hand, pure scandium nitride (ScN) should belong to a cubic symmetry with the
centrosymmetrical space group Fm3m and the rock salt structure (rs), which leads to an
absence of piezoelectricity. It was shown [16] that the hexagonal piezoelectric structure of
wurtzite type (wz) has been stably existed within 0 ≤ x ≤ 0.43 only. Coexistence of wz and rs
phases should be observed at 0.43 ≤ x ≤ 0.55, while the rs structure was preferably observed
when 0.55 < x ≤ 1.0. So, a required Sc concentration leading to the maximal piezoelectric
properties in the solid solution Al1-xScxN should be exactly equal to x = 0.43. But in practice
an exact equality could be hardly obtained. In the aim of our experiment, the content of gas
mixture N2/Ar as well as other synthesis parameters was chosen to obtain the Al0.8Sc0.2N
composition. One can see by the X-ray diffraction pattern for the test sample ASN/Mo/glass
(Figure 8) that the ASN film has the preferred orientation (00�2) and the full width at half
maximum for this reflection is 0.24�. This shows a good quality texture of axial type along the
sixfold axis of the wurtzite-type structure. The X-ray diffraction measurements were
performed by Empyrean PANalytical equipment.

A preferred choice of Mo as a bottom electrode was explained by a good accordance between
acoustical impedances of diamond substrate and Mo. Aluminum chosen as a material of top
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electrode can be described as the metal with good conductance and low density. The last
property is useful because the deposition of top electrode should be influenced on PLS prop-
erties as less as possible. Electrode structures with a specified topology were deposited using
photolithography process by the Heidelberg μPG 101 equipment. Explosive photolithography
process was necessary to form a specified AlN or ASN film topology. Increasing an accuracy of
IDTmanufacturing and other electrode structures was connected with an understanding of the
physical and chemical features of photolithography process in application to the small-sized
substrates. Since the deposition of Al electrodes in the PLS investigated was performed on the
surface of AlN or ASN piezoelectric films, it should be taken into account that their surfaces
had a distinctive relief defined by triangular pyramid tops of crystallites, so that the roughness
of such surfaces can be about 20–30 nm. Deposited Al films should overlap these irregularities.
The thickness of deposed metal films was varied within 150–200 nm for the top electrode and
150–200 nm for the bottom one.

5. Microwave investigation tools and measurement methods

Method of low-temperature (LT) microwave studies of PLS acoustic properties was developed on
the vector network analyzer E5071C-2 K5 (300 kHz–20 GHz), the probe station M150, the
automated low-temperature system for measuring material properties QuantumDesign Physical
PropertyMeasurement System EverCool II (4–400 K), and the nonstandard LTadapter (Figure 9).

To carry out the microwave measurements with HBARs as experimental samples, due to a
weak level of the useful signal against the noise, and to obtain the correct quantitative value of
the impedance, it must calibrate the whole measuring circuit consisting of a probe, a micro-
wave cable, and a vector network analyzer. Typically, this procedure is performed near the

Figure 8. The X-ray diffraction pattern for the test sample ASN/Mo/glass.
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room temperature at the probe station using a special calibration plate. However, for cryogenic
temperatures, the use of a probe station was impossible. We have developed the LTmeasuring

adapter that made possible to measure the complex reflection coefficient bS11 fð Þ of microwave
signal obtained by HBAR conjugated with the possibility of calibration procedure starting
from cryogenic temperatures up to 400 K.

Since all measurements were carried out using a reflected signal, a single-port connection scheme
with open-short-load calibration options was selected for measurement and calibration. The
calibration elements corresponding to these options were located on the operational disk made
of corundum ceramics with contact pads from Au/Pt/Ti produced by the photolithography
method. Connection of a measured sample to the contact pads on the operational disk was done
by adhering with a silver paste SPI 5001-AB Silver Paint, resistant to both low and high temper-
atures. At the same time, twomeasured samples could be placed on the operational disk. Control
measurements on the same sample, carried out at room temperature by M150 probe station or
using a low-temperature measuring adapter, were in a good agreement.

The method for measuring the sound phase velocity in a substrate was based on the determi-
nation of the HBAR’s eigenfrequencies taking into account the frequency and temperature

dependences of the complex reflection coefficient bS11 fð Þ in the composite resonator. Then, the

complex impedance bZ11 fð Þ of the measuring circuit along with the sample was calculated with
the help of vector analyzer software in accordance with the relation:

bZ11 fð Þ ¼ Z0
1þ bS11 fð Þ
1� bS11

fð Þ, (14)

where Z0 is the input impedance of the microwave circuit equal to 50 Ω. The full impedance
bZ11 fð Þ included the quantity bZ11t of the microwave cable together with the contacts and

HBAR’s “pure” impedance bZ11e as

bZ11 fð Þ ¼ bZ11t fð Þ þ bZ11e fð Þ: (15)

Required impedance bZ11e fð Þ was determined by Eq. (15) where the value bZ11t was experimen-
tally determined at the frequency outside the resonance one of the given overtones. Taking the

Figure 9. Block diagram of low-temperature microwave measurements: (1) vector network analyzer E5071С, (2) cryo-
genic control and temperature stabilization system Quantum Design PPMS EverCool II, and (3) LT measuring adapter.
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bZ11e fð Þ values by the vector analyzer software, the frequency dependence of HBAR’s loaded

quality factor Q(f) was calculated at a � 3 dB level about the maximum of the RebZ11e module,

as well as the values of RebZ11e, ImbZ11e, the phase angle φ(f), the group delay time τ(f), and the
Smith diagram. All these parameters quite fully allowed to evaluate HBAR’s resonant pro-
cesses both in a qualitatively and quantitatively sense in the frequency range from 0.6 up to
20 GHz together with a temperature change within 4–400 K.

To determine an absolute value of the BAW phase velocity in the substrate, two different
methods were used. Common to both methods was that the antiresonance frequencies fa,n,

determined about the maxima of RebZ11e module, were measured in the vicinity of an odd half-
wave resonance of the thin-film piezoelectric transducer, for example, designated as fp,k. The
reason was that the near such frequency, within the substrate thickness approximately an
integer (n�1) of half-waves, should be fitted at HBAR’s excitation on antiresonance points fa,n.
In this case, the HBAR’s quality factor tends to a maximum value. The phase velocity in the
substrate V in accordance with the first approach can be calculated by the formula

V ¼ 2df a,n
n� k

, (16)

whered is the substrate’s thickness and k = 1, 3, 5,… is thenumber of theTFPThalf-wave resonance.
But an accuracy of the determination of the phase velocity was strongly depended on the correct
definition of an overtone number n in the vicinity of the frequency fp,k. In the real experiment, itwas
far from always possible to track all antiresonances, especially in the low-frequency band and
bands with high ultrasonic attenuation. In the HBARs investigated, the value of n could reach the
values of 200–300 ormore, which alsomade difficult an accurate determination of n.

The second method determining the phase velocity in a substrate was based on the relation
obtained taking into account the results (Ref. [17]) about the relation for Δf(N) of the upper
limit of the spacing between parallel resonant frequencies (SPRF):

V ffi 2dΔf Nð Þ 1þ rAlNhAlN þ rAlhAl þ rMohMo

rDiam

� �
, (17)

where the corresponding density and thickness of layers or substrate should be inserted in
accordance with the order in the “Al/(001) AlN/Mo/(100) diamond” PLS (see Figure 7a). In
practice, a quantity Δf(N) = fa,n + 1�fa,n should be chosen in the frequency band called N-region
where the maximal Qn magnitude for nth acoustic overtone of HBAR was measured.

6. Microwave acoustic properties of diamond-based HBARs and SAW
resonators utilizing aluminum nitride and aluminum-scandium nitride
piezoelectric films

Detailed study of microwave acoustic properties of diamond-based HBARs realized by alumi-
num nitride and aluminum-scandium nitride piezoelectric films has been fulfilled by a set of
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samples 1, 2, and 3 (Table 1). For example, in Figure 10 one can see the view of the HBAR’s
sample 3 based on PLS “Al/(001) ASN/Mo/(100) diamond.” On the diamond substrate, two
independent HBARs designated as 1a and 1b and differing the effective resonant areas as
20,000 and 5000 square microns, respectively, are located. Topology of the top and bottom
electrodes was especially developed to be convenient for an investigation of temperature
dependences of HBAR’s acoustic parameters within a wide range from 4 up to 400 K.

Results on microwave quality factor Q and effective electromechanical coupling coefficient
(EMCC) of diamond-based HBARs (samples 1 and 3) are presented in Figures 11 and 12. As
one can see from Figures 11a or 12a, the frequency dependence of HBAR’s quality factor Q

Sample Piezoelectric layered structure Thickness (in microns) of

Diamond substrate Piezoelectric film Top electrode Bottom
electrode

1 Al/(001) AlN/Mo/(100) diamond 299 1.04 0.200 0.150

2 Al/(001) ASN/Mo/(100) diamond 488 1.125 0.140 0.160

3 Al/(001) ASN/Mo/(100) diamond 501 1.125 0.140 0.160

4 Al/(001) AlN/Mo/(100) diamond 180 2.790 0.107 0.135

5 Al/(001) AlN/Mo/(111) diamond 497 2.790 0.107 0.135

6 Al/(001) AlN/Mo/(110) diamond 1274 2.790 0.107 0.135

7 Al/(001) AlN/Mo/(100) diamond 482 0.970 0.105 0.176

8 Al/(001) AlN/Mo/(100) diamond 1107 0.970 0.105 0.176

9 Al IDT/(001) AlN/(001)[110] diamond
SAW resonator, d = 10 microns

516 2.790 0.114 —

Table 1. DUT samples based on AlN and ASN piezoelectric layered structures.

Figure 10. The view of the HBAR’s sample 3 based on PLS “Al/(001) ASN/Mo/(100) diamond”.
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demonstrates a typical behavior observed in piezoelectric layered structures, and such pecu-
liarities as maximal and minimal Q magnitudes at the several frequency bands can be
explained by the coinciding of an operational frequency and TFPT eigenfrequencies. Briefly
speaking, maximal and minimal Q magnitudes are obtained when the quantities kλ/2 or kλ/4
are approximately equal to the TFPT thickness, respectively, and k = 1, 3, 5, …, and λ is the
acoustic wave length. For more details see the paper [18].

In order to calculate the square of EMCC, k2eff, n, at a given frequency ωp,n of parallel resonance of
nth acoustic overtone, first the loss resistance Rn was calculated from experimentally obtained
impedance Z11e by the relation Rn = ReZ11e. Taking into account the Qn factor measured for nth
acoustic overtone, one can obtain the square of EMCC by the equation taken from Ref. [6]:

k2eff,n ¼ ωp,nC0Rn

Qn
, (18)

where C0 is the TFPT static capacitance.

Figure 12. Frequency dependencies of quality factor (a) and the square of the EMCC (b) obtained for sample 3 (PLS Al/
(001) ASN/Mo/(100) diamond).

Figure 11. Frequency dependencies of quality factor (a) and the square of EMCC (b) obtained for sample 1 (PLS Al/(001)
AlN/Mo/(100) diamond).
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nth acoustic overtone, first the loss resistance Rn was calculated from experimentally obtained
impedance Z11e by the relation Rn = ReZ11e. Taking into account the Qn factor measured for nth
acoustic overtone, one can obtain the square of EMCC by the equation taken from Ref. [6]:

k2eff,n ¼ ωp,nC0Rn

Qn
, (18)

where C0 is the TFPT static capacitance.

Figure 12. Frequency dependencies of quality factor (a) and the square of the EMCC (b) obtained for sample 3 (PLS Al/
(001) ASN/Mo/(100) diamond).

Figure 11. Frequency dependencies of quality factor (a) and the square of EMCC (b) obtained for sample 1 (PLS Al/(001)
AlN/Mo/(100) diamond).
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Then, close to the frequency of the first half-wave resonance of TFPT called N-region according
to [16], the value of n(N) for an acoustic overtone with maximal Qn factor was determined, and
the calculation of k2eff,n Nð Þ was carried out using the formula.

k2eff, n Nð Þ ¼ ωp,n Nð ÞC0Rn Nð Þ
Qn Nð Þ

: (19)

It is interesting to compare the AlN and ASN piezoelectric properties taking into account such
electromechanical coupling coefficient as the kt quantity which is defined for the thickness-
extensional mode of a conventional piezoelectric resonator and can be calculated taking into
account the piezoelectric, elastic, and dielectric properties of a piezoelectric material:

k2t ¼
e33

CE
33ε

S
33

, (20)

where e33, CE
33, and εS33 are the piezoelectric, dielectric, and elastic constants, respectively. The

second and last ones should be measured at the constant electric field and at the constant strain
conditions, respectively.

Following to [16], the relation between k2t and k2eff,n Nð Þ can be written in the form.

k2t Nð Þ ffi rAlNhAlN rAlNhAlN þ rAlhAl þ rMohMo þ rDiamhDiamð Þ
rAlNhAlN þ rAlhAl þ 0:5rMohMoð Þ2 k2eff ,n Nð Þ (21)

where the corresponding density and thickness of layers or substrate are the same as in
Eq. (21). Data on k2t values obtained for the samples 1–3 were summarized in Table 2. For of
true comparison of results, the samples with the close dimensions and shape of TFPT have to
be chosen. So, the samples 1 and 2 based on ASN piezoelectric film were obtained in the same
process. Then, the overtones with close resonant frequencies have been selected. Note that
studied HBARs based on PLSs differing the material of piezoelectric films and substrate
thickness demonstrate the close magnitudes of quality factor Q ~ 11,000–12,000 which corre-
sponds to comparatively high-quality parameter Q�f ~ 4.2�1013 Hz at 3500 MHz.

As a main result, one can emphasize that the application of aluminum-scandium nitride as
piezoelectric material leads to a drastic increase of both the effective k2eff, n and k2t EMCCs up to
2.5 times. Other things being equal, the ASN-based acoustoelectronic devices will have the
prospective advantages.

Sample PLS Frequency (MHz) k2eff,n Nð Þ, 10�5 k2t , 10
�3 kt (%)

1 Al/(001) AlN/Mo/(100) diamond 3550 0.82 1.34 3.7

2 Al/(001) ASN/Mo/(100) diamond 3500 3.0 8.85 9.4

3 Al/(001) ASN/Mo/(100) diamond 3500 2.81 7.82 8.8

Table 2. Data on EMCCs of the HBAR samples investigated.
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Figure 13. Frequency dependencies of SAW phase velocities (a) and the square of the EMCC (b) calculated for sample 9
(PLS “Al IDT/(001) AlN/(001)[110] diamond”). Curves designated as R0, R1, R2, … and SH0, SH1, SH2, … should be
associated with Rayleigh or surface horizontal-type waves, respectively.

Figure 14. Amplitude and frequency characteristics of DUT sample 9 based on PLS “Al IDT/(001) AlN/(001)[110] dia-
mond” at room temperature: (a) impedance Z11 in the frequency band 400–600 MHz and (b) impedance Z11 in the vicinity
of 1400 MHz. The number of MSR electrode pairs was equal to N = 32.
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Figure 13. Frequency dependencies of SAW phase velocities (a) and the square of the EMCC (b) calculated for sample 9
(PLS “Al IDT/(001) AlN/(001)[110] diamond”). Curves designated as R0, R1, R2, … and SH0, SH1, SH2, … should be
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Figure 14. Amplitude and frequency characteristics of DUT sample 9 based on PLS “Al IDT/(001) AlN/(001)[110] dia-
mond” at room temperature: (a) impedance Z11 in the frequency band 400–600 MHz and (b) impedance Z11 in the vicinity
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As a DUT sample 9 (see Table 1), the SAW resonator based on PLS “Al IDT/(001) AlN/(001)
[110] diamond” was investigated in the frequency band from 400 up to 1500 MHz at the SAW
propagation in the [110] direction on the (001) crystalline cut of diamond. Scheme of a single-
port SAW resonator was presented in Figure 7b. Distance between the nearest electrodes of
IDT and MSR was taken as d = 10 microns at the width of an electrode as 5 microns. The
number of MSR electrode pairs was varied from N = 16 up to 128. Because the SAW propaga-
tion was studied in the piezoelectric layered structure, the last one should be considered as a
thin-film waveguide. In this case the dispersion of SAW phase velocities as well as other
parameters must be taken into account. As an example such dispersion dependences of SAW
phase velocities and EMCC were calculated for the PLS considered (Figure 13).

The square of the EMCC concerned with surface acoustic waves was calculated by a conven-
tional relation as.

k2SAW ¼ 2
VSAW � VSAW, s

VSAW
, (22)

where VSAW and VSAW,s should be defined at a free or shorted surface boundary conditions. In
the last one, a conductive layer with an infinitesimal thickness should cover the surface of a
piezoelectric crystal. Analyzing Figure 13b, one can conclude that the waves of surface hori-
zontal type cannot be excited at a given orientation of piezoelectric film. But the Rayleigh-type
waves could be excited at some frequency bands distinctive for waves of the different orders.
Note that the EMCC of the R1 mode, so-called Sezawa wave, should have a considerably more
value than that in conventional Rayleigh mode R0. Experimental data obtained by sample 9 are
presented in Figure 14. Resonance frequencies of the SAW modes were detected as 465, 672,
and 1412 MHz. Taking into account the data in Figure 14, one can define the type of SAW

Figure 15. Dependence of the quality factor of SAW resonators in the of DUT sample 9 on the number of MSR electrode
pairs for three SAW modes (PLS “Al IDT/(001) AlN/(001)[110] diamond”).
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modes as the first (465 MHz) and second (672 MHz) harmonics of R0 mode and the third
harmonics of R1 mode (1412 MHz). It was obtained that the quality factor of SAW resonators
was strongly depended on the number of MSR electrode pairs (Figure 15). This corresponds to
lower-energy losses in SAW resonator and a decrease in the passband of the frequency
response. The highest Q ≈ 1050 was observed for the R1 Sezawa mode at the resonant
frequency 1412 MHz.

7. Investigation of temperature dependences of acoustic parameters in
diamond-based piezoelectric layered structures

In a way described in Section 5, temperature dependences of the loaded quality factor Qn for a
lot of acoustic overtones and the phase velocity V of longitudinal acoustic wave in the [100]
direction of synthetic IIa type diamond are shown in Figure 16. As a DUT the HBAR sample 4
based on the piezoelectric structure “Al/AlN/Mo/(100) diamond” (see Table 1) was chosen. For
this sample, the measurements were performed at the operating frequency of 5.41 GHz. Value
of the phase velocity V = 17,542 m/s obtained at room temperature coincides with that mea-
sured earlier using the pulse-phase method operating on the frequencies of 10–200 MHz [18].
When calculating the temperature dependence of both the phase velocity and elastic modulus,
the change in the thickness and density of a diamond substrate due to linear thermal expan-
sion was taken into account by the data in Ref. [19]. In that case, the temperature dependence
of an elastic modulus C11 of diamond was calculated in accordance with the relation.

C11 Tð Þ ¼ r Tð Þ V Tð Þ½ �2, (23)

where in those calculations the diamond’s density at room temperature r= 3516 kg/m3 was
taken, and V(T) was the calculating value of the phase velocity of longitudinal acoustic wave
propagating along the in [100] crystalline direction of diamond at a given temperature. First-
order temperature coefficient of the BAW velocity was evaluated as 5.1�10�6 K�1 in the vicinity
of a room temperature. Comparison of our data on the temperature dependence of diamond’s

Figure 16. Temperature dependences of a loaded Q-factor and BAW phase velocity in the direction [100] of synthetic
diamond (a) and the C11 elastic modulus of diamond (b) obtained by sample 4.
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modes as the first (465 MHz) and second (672 MHz) harmonics of R0 mode and the third
harmonics of R1 mode (1412 MHz). It was obtained that the quality factor of SAW resonators
was strongly depended on the number of MSR electrode pairs (Figure 15). This corresponds to
lower-energy losses in SAW resonator and a decrease in the passband of the frequency
response. The highest Q ≈ 1050 was observed for the R1 Sezawa mode at the resonant
frequency 1412 MHz.

7. Investigation of temperature dependences of acoustic parameters in
diamond-based piezoelectric layered structures

In a way described in Section 5, temperature dependences of the loaded quality factor Qn for a
lot of acoustic overtones and the phase velocity V of longitudinal acoustic wave in the [100]
direction of synthetic IIa type diamond are shown in Figure 16. As a DUT the HBAR sample 4
based on the piezoelectric structure “Al/AlN/Mo/(100) diamond” (see Table 1) was chosen. For
this sample, the measurements were performed at the operating frequency of 5.41 GHz. Value
of the phase velocity V = 17,542 m/s obtained at room temperature coincides with that mea-
sured earlier using the pulse-phase method operating on the frequencies of 10–200 MHz [18].
When calculating the temperature dependence of both the phase velocity and elastic modulus,
the change in the thickness and density of a diamond substrate due to linear thermal expan-
sion was taken into account by the data in Ref. [19]. In that case, the temperature dependence
of an elastic modulus C11 of diamond was calculated in accordance with the relation.

C11 Tð Þ ¼ r Tð Þ V Tð Þ½ �2, (23)

where in those calculations the diamond’s density at room temperature r= 3516 kg/m3 was
taken, and V(T) was the calculating value of the phase velocity of longitudinal acoustic wave
propagating along the in [100] crystalline direction of diamond at a given temperature. First-
order temperature coefficient of the BAW velocity was evaluated as 5.1�10�6 K�1 in the vicinity
of a room temperature. Comparison of our data on the temperature dependence of diamond’s

Figure 16. Temperature dependences of a loaded Q-factor and BAW phase velocity in the direction [100] of synthetic
diamond (a) and the C11 elastic modulus of diamond (b) obtained by sample 4.
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elastic modulus C11 obtained in the temperature range 10–303 K, with the corresponding one
in Ref. [20] measured at an operational frequency of up to 60 MHz in the temperature range
77–323 K, has shown a good qualitative agreement. Some quantitative difference can be, firstly,
due to the distinction in the objects of research, since we have used the samples based on the
IIa type synthetic diamond, and in Ref. [20] a natural diamond has been investigated, and,
secondly, with the fact that the value of diamond density 3516 kg/m3 in our calculations has
been differed from 3512 kg/m3 which was used in Ref. [20].

Qualitatively, the temperature changes in the elastic modulus correspond to the conventional
variation of elastic properties in a lot of solid states. One can emphasize on the existence of two
temperature regions at which a clearly distinctive behavior of elastic properties as well as
quality factor was observed: firstly, a weak dependence in the low-temperature region, which
corresponds to the “freezing out” of the acoustic phonons and, secondly, a well-formed depen-
dence close to linearly proportional one in the relatively high-temperature region, where,
according to Planck’s law, a lot of acoustic phonons will be excited (Figure 16). Note that the
temperature dependences of the elastic moduli at higher temperatures are related to the lattice
anharmonicity: if the temperature is raised, the effective lattice stiffness decreases by increas-
ing the distance between ions participating in the lattice vibrations. This ultimately leads to a
nonlinear interaction between the phonons.

Research of the temperature dependence of HBAR parameters was performed with using a set
of samples which were different in crystallographic orientations of diamond substrate, a
thickness of films of aluminum nitride and aluminum-scandium nitride, an electrode topology,
etc. The choice of a given piezoelectric film thickness was mainly associated with the TFPT
peculiarities: if it is desirable to get a more TFPT effectiveness at low frequencies, it should
necessarily deposit a higher thickness. So, in a way to obtain the results at the frequency band
below 1 GHz, the appropriate TFPTs were based on AlN films with the thickness up to 2.79
microns (see Table 1, samples 4–6). Besides it, the choice of an operational frequency should be
agreed with the frequency bands where the maximal Q-factor will be observed (see Section 6).
All the results (Figure 17) on the temperature dependences of a loaded quality factor Q(T, f) in
a region from 10 up to 400 K at different frequencies from 0.8 up to 4.9 GHz were obtained by
the samples 3–8 based on the (100), (110), and (111) diamond substrates (see Table 1).

In Figure 17a the normalized magnitudes of Q-factor have been presented when the reference
Q400 K values were taken at the point 400 K, and the absolute Q values were displayed in
Figure 17b and c.

It should be emphasized that an evident general conclusion, such as the results obtained at
relatively low frequencies below 1.1 GHz, was quite different in comparison with ones mea-
sured at the frequencies up to 5 GHz. Such behavior was observed for all the samples regard-
less the substrate’s orientation. Really, observing the Q-factor variation under the temperature
decrease, one can see a considerable increasing Q value with further achievement of a maximal
magnitude at low temperatures, when the high-frequency acoustic overtones were taken into
account. On the other hand, the Q-factor of overtones excited on the frequencies below
1.1 GHz had only a monotonic temperature dependence as a slightly Q increasing at low
temperatures. We assume that the difference could be explained in terms of changing
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mechanism of acoustic attenuation from Akhiezer’s type at the frequencies below 1.1 GHz to
Landau-Rumer’s one at a higher frequency band in the single-crystalline diamond. In the last
one, if taking a given point close to room temperature, the so-called quality parameter Q�fwith
the frequency variation must change as a linearly proportional function in a manner of Q�f ~ f,
i.e., the quality factor must not depend on the frequency (Ref. [21]) in that approximation.
Earlier, we have obtained by means of HBAR based on PLS involved the single-crystalline
diamond substrate and AlN thin-film piezoelectric transducer that such assumption has been
quite fulfilled for operational frequencies up to 20 GHz at room temperature (Ref. [7]). Also,
this fact is of great practical importance, as it allows realizing acoustoelectronic devices on
diamond substrates at hypersonic frequencies with an acceptable level of acoustic attenuation.

8. Conclusion

Theory of the influence of an external loading on the acoustic parameters of piezoelectric five-
layered structure as “Al/(001) AlN/Mo/(001) diamond/Me” has been derived. Approach how to

Figure 17. Temperature and frequency dependences of a normalized loaded Q-factor in the HBAR’s samples 3, 7, and 8
with the propagation of microwave longitudinal waves along the [100] diamond’s direction (a); temperature and
frequency dependences of the quality factor Qn in the HBAR’s sample 6 with the propagation of microwave longitudinal
waves along the [110] diamond’s crystalline direction (b); temperature and frequency dependences of the quality factorQn

in the HBAR’s sample 5 with the propagation of microwave longitudinal waves along the [111] diamond’s crystalline
direction (c).
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obtain the boundary conditions can be spread on the more complicated multilayered struc-
tures too. On the base of that theory, the own software “Modeling of the processes of resonant
acoustic spectroscopy in multilayered structures” has been developed. Study of the influence
of metal film deposition as the fifth layer on the change of the overtone resonant frequency of
diamond-based PLS “Al/(001) AlN/Mo/(001) diamond/Me” (Me = Al, Mo) has been fulfilled. It
has been obtained that metal film deposition leads to the decrease of resonant frequency with
the thickness increasing both the metals.

HBAR based on the PLS “Al/(001) AlN/Mo/(001) diamond” has been investigated in terms
of 3D FEM simulation by the software COMSOL Multiphysics. Boundary conditions on
the top and bottom surfaces of a model sample were chosen as the free ones, and on all
the vertical surfaces as the symmetrical ones. All the dimensions of a model sample were
close to appropriate ones in the experimental sample. Besides Lamb waves the BAW and
SAW modes of Rayleigh and SH type were found. It has been shown that the calculated
data on HBAR’s resonant frequency in 2D approximation were in close accordance with
the similar obtained in 3D approximation. Elastic displacement patterns arising for the
SH-type waves in the PLS “Al/(001) AlN/Mo/(001) diamond” were obtained in 3D image.
Dispersive dependences of SH-type wave velocities on a frequency for a number of the
first dispersive SH-branches have been calculated. Comparison of the data obtained by 3D
FEM simulation with the theory and 2D FEM results has been demonstrated a good
agreement between a model and theory. Visualization of elastic displacement fields asso-
ciated with the SAW of Rayleigh type has been realized, and calculated phase velocity of
the SAW propagating in a given direction on the (001) diamond surface was quite the
same as known data.

Peculiarities of the technology of aluminum nitride and aluminum-scandium nitride pie-
zoelectric films have been discussed. The Al0.8Sc0.2N composition was obtained to create
the microwave BAW and SAW test devices as diamond-based HBAR and SAW resonator.
By the X-ray diffraction pattern, it has been proven that the crystallites of ASN film had a
preferred orientation (00�2) and the full width at half maximum for that reflection was
0.24�. This shows on a good quality texture of axial type along the sixfold axis of the
wurtzite-type structure. Data obtained will be used for the future development of ASN
film technology in a way of producing a number of compositions with the better piezo-
electric properties.

Detailed study of microwave acoustic properties of diamond-based HBARs realized by alumi-
num nitride and aluminum-scandium nitride piezoelectric films has been fulfilled by a set of
the samples. Topology of the top and bottom electrodes as well as piezoelectric film areas was
especially developed to be convenient for an investigation of temperature dependences of
HBAR’s acoustic parameters within a wide range from 4 up to 400 K. Investigated HBARs
based on PLSs differing the material of piezoelectric films and substrate thickness have dem-
onstrated the close magnitudes of quality factor Q ~ 11,000–12,000 which corresponded to
comparatively high-quality parameter Q�f ~ 4.2�1013 Hz at 3500 MHz. As a main result, one
can emphasize that the application of aluminum-scandium nitride as a piezoelectric material
has resulted in a drastic increase of the effective electromechanical coupling coefficient up to
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2.5 times in comparison with that in aluminum nitride. Other things being equal, the ASN-
based acoustoelectronic devices will have the prospective advantages.

Single-port SAW resonator based on PLS “Al IDT/(001) AlN/(001)[110] diamond” has been
investigated in the frequency band from 400 up to 1500 MHz at the SAW propagation in the
[110] direction on the (001) crystalline cut of diamond. Highest Q ≈ 1050 was observed for the
Sezawa mode at the resonant frequency 1412 MHz. Note that the microwave SAW devices
have demonstrated a comparatively low performance in comparison with diamond-based
HBAR taken at the same operational frequency.

Method of HBAR microwave studies of temperature dependences of such acoustic properties as
BAW phase velocity and quality factor in the temperature region 4–400 K and frequency band
0.5–5 GHz has been developed. A general conclusion should be emphasized that the results on
the temperature dependence of diamond’s Q-factor obtained at relatively low frequencies below
1.1 GHz were quite different in comparison with the ones measured at the frequencies up to
5 GHz. Such behavior was observed for all the samples regardless the substrate’s orientation.
One can assume that the difference could be explained in terms of changing mechanism of
acoustic attenuation from Akhiezer’s type at the frequencies below 1.1 GHz to Landau-Rumer’s
one at a higher frequency band in the single-crystalline diamond. In the last case, if taking a given
point close to room temperature, the quality parameter Q�f with the frequency variation must
change as a linearly proportional function in a manner of Q�f ~ f, i.e., the quality factor must not
depend on the frequency in that approximation. That result has earlier been proven for opera-
tional frequencies up to 20 GHz at room temperature [7]. Also, this fact is of great practical
importance, as it allows realizing acoustoelectronic devices on diamond substrates at hypersonic
frequencies with an acceptable level of acoustic attenuation.
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importance, as it allows realizing acoustoelectronic devices on diamond substrates at hypersonic
frequencies with an acceptable level of acoustic attenuation.

Acknowledgements

This work was supported by a grant of the Russian Science Foundation (project 16-12-10293).

Author details

Boris P. Sorokin1,2*, Gennady M. Kvashnin1, Andrey S. Novoselov1,2, Sergey I. Burkov3,
Anton B. Shipilov1,2, Nikolay V. Luparev1, Victor V. Aksenenkov1 and Vladimir D. Blank1

*Address all correspondence to: bpsorokin1953@yandex.ru

1 Technological Institute for Superhard and Novel Carbon Materials, Troitsk, Moscow,
Russian Federation

2 Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region,
Russian Federation

3 Siberian Federal University, Krasnoyarsk, Russian Federation

Application of Thin Piezoelectric Films in Diamond-Based Acoustoelectronic Devices
http://dx.doi.org/10.5772/intechopen.76715

39



References

[1] Lakin KM. Thin film resonator technology. IEEE Transactions on Ultrasonics, Ferroelec-
trics, and Frequency Control. 2005;52:707-716. DOI: 10.1109/TUFFC.2005.1503959

[2] Part 4. Acoustic wave based microdevices. In: Marco G Beghi, editor. Acoustic Waves—
From Microdevices to Helioseismology. Rijeka, Croatia: Intech; 2011. pp. 419-652. DOI:
10.5772/1032

[3] Akiyama M, Kamohara T, Kano K, Teshigahara A, Takeuchi Y, Kawahara N. Enhancement
of piezoelectric response in scandium aluminum nitride alloy thin films prepared by dual
reactive cosputtering. Advanced Materials. 2009;21:593-596. DOI: 10.1002/adma.200802611

[4] Zhang H, Pang W, Yu H, Kim ES. High-tone bulk acoustic resonators on sapphire, crystal
quartz, fused silica, and silicon substrates. Journal of Applied Physics. 2006;99:124911.
DOI: 10.1063/1.2209029

[5] Baumgartel L, Kim ES. Experimental optimization of electrodes for high Q, high fre-
quency HBAR. In: Proceedings of 2009 IEEE Intl Ultrasonics Symp. Rome, Italy; 2009. pp.
2107-2110. DOI: 10.1109/ULTSYM.2009.5441814

[6] Mansfel'd GD, Alekseev SG, Polzikova NI. Unique properties of HBAR characteristics. In:
Proceedings of the 2008 IEEE Intl Ultrasonics Symp. Beijing, China; 2008. pp. 439-442.
DOI: 10.1109/ULTSYM.2008.0107

[7] Sorokin BP, Kvashnin GM, Novoselov AS, Bormashov VS, Golovanov AV, Burkov SI,
Blank VD. Excitation of hypersonic acoustic waves in diamond-based piezoelectric lay-
ered structure on the microwave frequencies up to 20 GHz. Ultrasonics. 2017;78:162-165.
DOI: 10.1016/j.ultras.2017.01.014

[8] Benetti M, Cannata D, Fabio Di Pietrantonio FD, Verona E. Growth of AlN piezoelectric film
on diamond for high-frequency surface acoustic wave devices. IEEE Transactions on Ultra-
sonics, Ferroelectrics, and Frequency Control. 2005;52:1806-1811. DOI: 10.1109/TUFFC.2005.
1561635

[9] Fujii S, Kawano S, Umeda T, Fujioka M, Yoda M. Development of a 6 GHz resonator by
using an AlN Diamond structure. In: Proceedings of the 2008 IEEE Intl Ultrasonics Symp.
Beijing, China; 2008. pp. 1916-1919. DOI: 10.1109/ULTSYM.2008.0472

[10] Aleksandrov KS, Sorokin BP, Burkov SI. Effective Piezoelectric Crystals for Acoustoe-
lectronics, Piezotechnics and Sensors. Vol. 1. Novosibirsk: SB RAS Publishing House;
2007. p. 501. (in Russian)

[11] Alekseev SG, Kotelyanskii IM, Polzikova NI, Mansfel’d GD. Study of layered structures
using modified acoustic resonator spectroscopy. Journal of Communications Technology,
Electronics. 2015;60:300-307. DOI: 10.1134/S1064226915030018

Piezoelectricity - Organic and Inorganic Materials and Applications40

[12] Sorokin BP, Burkov SI. Modeling of the processes of resonant acoustic spectroscopy in
multilayered structures. Сertificate #2017660543 of government registration of computer
software. Russian Federation; 2017

[13] Sorokin BP, Kvashnin GM, Telichko AV, Burkov SI, Blank VD. Piezoelectric layered
structures based on the synthetic diamond. In: Ogawa T, editor. Piezoelectric Materials.
Rijeka, Croatia: Intech; 2016. pp. 161-199. DOI: 10.5772/62630

[14] Sorokin BP, Kvashnin GM, Telichko AV, Novoselov AS, Burkov SI. Lamb waves dispersion
curves for diamond based piezoelectric layered structure: Experimental investigation and
computer modeling. Applied Physics Letters. 2016;108:113501. DOI: 10.1063/1.4943945

[15] Sorokin BP, Bormashov VS, Korostilev EV, Novoselov AS, Doronin MA, Kravchuk KS,
Blank VD. Usage of electron back scattering diffraction for investigation of buried damage
layer underneath a single crystalline diamond surface. Journal of Materials Science: Mate-
rials in Electronics. 2017;28:13464-13471. DOI: 10.1007/s10854-017-7185-y

[16] Teshigahara A, Hashimoto K, Akiyama M. Scandium aluminum nitride: Highly piezo-
electric thin film for RF SAWdevices in multi GHz range. In: Proceedings of 2012 IEEE Intl
Ultrasonics Symp. Dresden, Germany; 2012. pp. 1-5. DOI: 10.1109/ULTSYM.2012.0481

[17] Zhang Y, Wang Z, Cheeke JDN. Resonant spectrum method to characterize piezoelectric
films in composite resonators. IEEE Transactions on Ultrasonics, Ferroelectrics, and Fre-
quency Control. 2003;50:321-333. DOI: 10.1109/TUFFC.2003.1193626

[18] Sorokin BP, Kvashnin GM, Kuznetsov MS, Telichko AV, Burkov SI. Influence of the
temperature and uniaxial pressure on the elastic properties of synthetic diamond single
crystal. In: Proceedings of 2012 IEEE Intl Ultrasonics Symp. Dresden, Germany; 2012. pp.
763-766. DOI: 10.1109/ULTSYM.2012.0190

[19] Novikov NB, editor. Physical Properties of Diamond (in Russian). Handbook. Naukova
dumka: Kyiv; 1987. p. 188

[20] McSkimin HJ, Andreatch PJ. The elastic stiffness moduli of diamond as a function of
pressure and temperature. Applied Physics. 1972;43:2944-2949. DOI: 10.1063/1.1661636

[21] Tabrizian R, Rais-Zadeh M, Ayazi F. Effect of phonon interactions on limiting the f�Q
product of micromechanical resonators. In: Proceedings of 15 Intl Conf on Solid-State
Structures, Actuators and Microsyst. Denver, USA; 2009. pp. 2131-2134. DOI: 10.1109/
SENSOR.2009.5285627

Application of Thin Piezoelectric Films in Diamond-Based Acoustoelectronic Devices
http://dx.doi.org/10.5772/intechopen.76715

41



References

[1] Lakin KM. Thin film resonator technology. IEEE Transactions on Ultrasonics, Ferroelec-
trics, and Frequency Control. 2005;52:707-716. DOI: 10.1109/TUFFC.2005.1503959

[2] Part 4. Acoustic wave based microdevices. In: Marco G Beghi, editor. Acoustic Waves—
From Microdevices to Helioseismology. Rijeka, Croatia: Intech; 2011. pp. 419-652. DOI:
10.5772/1032

[3] Akiyama M, Kamohara T, Kano K, Teshigahara A, Takeuchi Y, Kawahara N. Enhancement
of piezoelectric response in scandium aluminum nitride alloy thin films prepared by dual
reactive cosputtering. Advanced Materials. 2009;21:593-596. DOI: 10.1002/adma.200802611

[4] Zhang H, Pang W, Yu H, Kim ES. High-tone bulk acoustic resonators on sapphire, crystal
quartz, fused silica, and silicon substrates. Journal of Applied Physics. 2006;99:124911.
DOI: 10.1063/1.2209029

[5] Baumgartel L, Kim ES. Experimental optimization of electrodes for high Q, high fre-
quency HBAR. In: Proceedings of 2009 IEEE Intl Ultrasonics Symp. Rome, Italy; 2009. pp.
2107-2110. DOI: 10.1109/ULTSYM.2009.5441814

[6] Mansfel'd GD, Alekseev SG, Polzikova NI. Unique properties of HBAR characteristics. In:
Proceedings of the 2008 IEEE Intl Ultrasonics Symp. Beijing, China; 2008. pp. 439-442.
DOI: 10.1109/ULTSYM.2008.0107

[7] Sorokin BP, Kvashnin GM, Novoselov AS, Bormashov VS, Golovanov AV, Burkov SI,
Blank VD. Excitation of hypersonic acoustic waves in diamond-based piezoelectric lay-
ered structure on the microwave frequencies up to 20 GHz. Ultrasonics. 2017;78:162-165.
DOI: 10.1016/j.ultras.2017.01.014

[8] Benetti M, Cannata D, Fabio Di Pietrantonio FD, Verona E. Growth of AlN piezoelectric film
on diamond for high-frequency surface acoustic wave devices. IEEE Transactions on Ultra-
sonics, Ferroelectrics, and Frequency Control. 2005;52:1806-1811. DOI: 10.1109/TUFFC.2005.
1561635

[9] Fujii S, Kawano S, Umeda T, Fujioka M, Yoda M. Development of a 6 GHz resonator by
using an AlN Diamond structure. In: Proceedings of the 2008 IEEE Intl Ultrasonics Symp.
Beijing, China; 2008. pp. 1916-1919. DOI: 10.1109/ULTSYM.2008.0472

[10] Aleksandrov KS, Sorokin BP, Burkov SI. Effective Piezoelectric Crystals for Acoustoe-
lectronics, Piezotechnics and Sensors. Vol. 1. Novosibirsk: SB RAS Publishing House;
2007. p. 501. (in Russian)

[11] Alekseev SG, Kotelyanskii IM, Polzikova NI, Mansfel’d GD. Study of layered structures
using modified acoustic resonator spectroscopy. Journal of Communications Technology,
Electronics. 2015;60:300-307. DOI: 10.1134/S1064226915030018

Piezoelectricity - Organic and Inorganic Materials and Applications40

[12] Sorokin BP, Burkov SI. Modeling of the processes of resonant acoustic spectroscopy in
multilayered structures. Сertificate #2017660543 of government registration of computer
software. Russian Federation; 2017

[13] Sorokin BP, Kvashnin GM, Telichko AV, Burkov SI, Blank VD. Piezoelectric layered
structures based on the synthetic diamond. In: Ogawa T, editor. Piezoelectric Materials.
Rijeka, Croatia: Intech; 2016. pp. 161-199. DOI: 10.5772/62630

[14] Sorokin BP, Kvashnin GM, Telichko AV, Novoselov AS, Burkov SI. Lamb waves dispersion
curves for diamond based piezoelectric layered structure: Experimental investigation and
computer modeling. Applied Physics Letters. 2016;108:113501. DOI: 10.1063/1.4943945

[15] Sorokin BP, Bormashov VS, Korostilev EV, Novoselov AS, Doronin MA, Kravchuk KS,
Blank VD. Usage of electron back scattering diffraction for investigation of buried damage
layer underneath a single crystalline diamond surface. Journal of Materials Science: Mate-
rials in Electronics. 2017;28:13464-13471. DOI: 10.1007/s10854-017-7185-y

[16] Teshigahara A, Hashimoto K, Akiyama M. Scandium aluminum nitride: Highly piezo-
electric thin film for RF SAWdevices in multi GHz range. In: Proceedings of 2012 IEEE Intl
Ultrasonics Symp. Dresden, Germany; 2012. pp. 1-5. DOI: 10.1109/ULTSYM.2012.0481

[17] Zhang Y, Wang Z, Cheeke JDN. Resonant spectrum method to characterize piezoelectric
films in composite resonators. IEEE Transactions on Ultrasonics, Ferroelectrics, and Fre-
quency Control. 2003;50:321-333. DOI: 10.1109/TUFFC.2003.1193626

[18] Sorokin BP, Kvashnin GM, Kuznetsov MS, Telichko AV, Burkov SI. Influence of the
temperature and uniaxial pressure on the elastic properties of synthetic diamond single
crystal. In: Proceedings of 2012 IEEE Intl Ultrasonics Symp. Dresden, Germany; 2012. pp.
763-766. DOI: 10.1109/ULTSYM.2012.0190

[19] Novikov NB, editor. Physical Properties of Diamond (in Russian). Handbook. Naukova
dumka: Kyiv; 1987. p. 188

[20] McSkimin HJ, Andreatch PJ. The elastic stiffness moduli of diamond as a function of
pressure and temperature. Applied Physics. 1972;43:2944-2949. DOI: 10.1063/1.1661636

[21] Tabrizian R, Rais-Zadeh M, Ayazi F. Effect of phonon interactions on limiting the f�Q
product of micromechanical resonators. In: Proceedings of 15 Intl Conf on Solid-State
Structures, Actuators and Microsyst. Denver, USA; 2009. pp. 2131-2134. DOI: 10.1109/
SENSOR.2009.5285627

Application of Thin Piezoelectric Films in Diamond-Based Acoustoelectronic Devices
http://dx.doi.org/10.5772/intechopen.76715

41



Chapter 3

Hydrodynamic Loading on Vibrating Piezoelectric
Microresonators

Huacheng Qiu and Helmut Seidel

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77731

Provisional chapter

Hydrodynamic Loading on Vibrating Piezoelectric
Microresonators

Huacheng Qiu and Helmut Seidel

Additional information is available at the end of the chapter

Abstract

The dynamics of micro-piezoelectric resonators can be profoundly affected by immersion
in fluids. Aluminum nitride-based piezoelectric microresonators are fabricated and tested
under controlled pressures in several gases. The cases on microresonator vibrating in fluid
can be broadly divided into: (i) those that deal with vibration in free space and (ii) close to
a surface. For the first case, experimental and analytical results for the hydrodynamic
loading characteristics of the resonators at different resonant modes have been investi-
gated, as well as the influences of fluid viscosity and compressibility. For the second case,
most prior efforts have been focused on squeeze-film damping with very narrow gaps,
while in many practical applications, the resonators vibrate close to a surface with a
moderate distance. Experiments by using a micro-bridge resonator with a big range of
gaps are performed and compared with predictions from theoretical models.

Keywords: aluminum nitride, fluid-structure interaction, viscous damping,
compressibility, wall effect

1. Introduction

Piezoelectric microresonators have been recently used in a large variety of applications [1–9],
due to their tiny structures [10] and ultrahigh sensitivity [11], let alone their self-exciting and
self-sensing capability, together with full integration, as compared to electrostatic [12], electro-
magnetic [13], or optically associated [14] structures. Regarding the piezoelectric materials,
aluminum nitride (AlN) was selected in this work, to be compatible with complementary
metal-oxide-semiconductor (CMOS) technology. Besides, by carefully controlling the fabrica-
tion parameters [15], AlN film with high piezoelectric coefficients and low intrinsic stress can
be obtained.
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Microresonators are normally operated in fluids (such as air or liquid) at atmosphere or under
reduced pressure. The resonator parameters, such as resonance frequency fr, quality factorQ or
phase shift, may change due to environmental influences. TheQ factor is defined as the ratio of
stored energy to the dissipated energy per cycle, equivalents to fr/△f, where △f is the peak
width at half power. In general, a high Q factor is preferred for micro-resonator sensors, as
high Q factor results in a sharper resonance peak and a better detectable resolution.

The energy loss Q�1 for a resonator consists of intrinsic energy loss Qint
�1 (e.g., radiation of

elastic energy into attachment and structural friction) [16] and external losses Qflu
�1 (e.g.,

acoustic, viscous, and squeeze-film damping) into the surrounding fluid. Qint
�1 can be mea-

sured by operating the resonator in a high vacuum. When operating in a fluidic environment,
Qflu

�1 would be the major energy loss source. The cases on microresonator vibrating in fluid
can be broadly divided into (i) those that deal with vibration in free space and (ii) close to a
surface. Experimental and analytical results for the hydrodynamic loading characteristics of
the resonators in both cases are presented in this chapter.

2. Experimental techniques

In this section, we describe the experimental techniques, including the device fabrication,
packaging, measurement setup, and electric readout. Piezoelectric AlN-based resonators were
fabricated and tested.

2.1. AlN-based piezoelectric microresonator fabrication

The AlN thin films were deposited using reactive sputtering. Films with good c-axis orienta-
tion [15] have been successfully achieved, and the effective piezoelectric constants were mea-
sured as: d33 = 3 pm/V and d31 = �1.0 pm/V [17].

Low resistivity (less than 0.1Ω cm) p-type (100) single crystal silicon (SCS) wafer was used as a
resonating element, serving simultaneously as a bottom electrode. The fabrication process is
shown as in Figure 1. The SCS wafer was oxidized in high temperature furnace to form 120 nm
thick SiO2 layers on both sides, and then a 500 nm thick PECVD SixNy layer was deposited on
the bottom side of the wafer (Figure 1a). In a next step, a 1 μm thick AlN film and a 300 nm
thick gold film were deposited on the top side and etched to form a sandwiched piezo-
electrode stack (Figure 1b). The resonant beam was formed by back side wet etching and then
released by a dry etching process (Figure 1c). Figure 2 shows an optical micrograph of a
fabricated resonator.

2.2. Device packaging

Two resonator packages were used to investigate the hydrodynamic loading effects in free space
or close to a surface. For vibration in free space, the resonator chip was mounted on a printed
circuit board, with a pre-drilled hole (c.f. Figure 3a and b), and the resonator is suspended several
millimeters away from any surface, much bigger than the resonator dimensions. For vibration

Piezoelectricity - Organic and Inorganic Materials and Applications44

close to a surface, a curved cover was clamped on the top surface of the resonator (c.f. Figure 3c,
d), and the cavity depth h0 of the cover varies from 20 to 300 μm.

2.3. Measurement setup

The packaged resonator is then mounted on an electronic circuit (whose major functions are
electrical crosstalk compensation and signal amplifier, for details one can refer to [18, 19]) and
then placed in a custom-built vacuum chamber, wherein the pressure can be controlled from
atmospheric pressure down to high vacuum (lower than 10�4 mbar). Meanwhile, five noble
gases (He, Ne, Ar, Kr, and Xe) and N2 are used to observe the resonator performance variation.

Figure 2. Micrograph of a piezoelectric resonator.

Figure 1. Flow chart of the fabrication process.
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Qflu

�1 would be the major energy loss source. The cases on microresonator vibrating in fluid
can be broadly divided into (i) those that deal with vibration in free space and (ii) close to a
surface. Experimental and analytical results for the hydrodynamic loading characteristics of
the resonators in both cases are presented in this chapter.

2. Experimental techniques

In this section, we describe the experimental techniques, including the device fabrication,
packaging, measurement setup, and electric readout. Piezoelectric AlN-based resonators were
fabricated and tested.

2.1. AlN-based piezoelectric microresonator fabrication

The AlN thin films were deposited using reactive sputtering. Films with good c-axis orienta-
tion [15] have been successfully achieved, and the effective piezoelectric constants were mea-
sured as: d33 = 3 pm/V and d31 = �1.0 pm/V [17].

Low resistivity (less than 0.1Ω cm) p-type (100) single crystal silicon (SCS) wafer was used as a
resonating element, serving simultaneously as a bottom electrode. The fabrication process is
shown as in Figure 1. The SCS wafer was oxidized in high temperature furnace to form 120 nm
thick SiO2 layers on both sides, and then a 500 nm thick PECVD SixNy layer was deposited on
the bottom side of the wafer (Figure 1a). In a next step, a 1 μm thick AlN film and a 300 nm
thick gold film were deposited on the top side and etched to form a sandwiched piezo-
electrode stack (Figure 1b). The resonant beam was formed by back side wet etching and then
released by a dry etching process (Figure 1c). Figure 2 shows an optical micrograph of a
fabricated resonator.

2.2. Device packaging

Two resonator packages were used to investigate the hydrodynamic loading effects in free space
or close to a surface. For vibration in free space, the resonator chip was mounted on a printed
circuit board, with a pre-drilled hole (c.f. Figure 3a and b), and the resonator is suspended several
millimeters away from any surface, much bigger than the resonator dimensions. For vibration
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close to a surface, a curved cover was clamped on the top surface of the resonator (c.f. Figure 3c,
d), and the cavity depth h0 of the cover varies from 20 to 300 μm.

2.3. Measurement setup

The packaged resonator is then mounted on an electronic circuit (whose major functions are
electrical crosstalk compensation and signal amplifier, for details one can refer to [18, 19]) and
then placed in a custom-built vacuum chamber, wherein the pressure can be controlled from
atmospheric pressure down to high vacuum (lower than 10�4 mbar). Meanwhile, five noble
gases (He, Ne, Ar, Kr, and Xe) and N2 are used to observe the resonator performance variation.

Figure 2. Micrograph of a piezoelectric resonator.

Figure 1. Flow chart of the fabrication process.
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The noble gases are chosen in this work, since they are all monatomic gases with gradually
increasing density and decreasing sound speed under standard conditions. Figure 4 shows (a)
the camera picture (the gas bottles are behind the chamber, not shown in the picture) and (b)
the schematic diagram of the measurement setup used to characterize the resonator behavior.

2.4. Electric readout

The resonance frequencies and Q factors of the packaged resonators were measured and
characterized under controlled pressures. For vibrations in a high vacuum (10�4 mbar), a high
Q value can be achieved and the fluidic damping is negligible. Increasing the ambient pressure
results in a slight shift in fr but a dramatic reduction in the Q factor, as shown by example
resonant curves in Figure 5.

3. Hydrodynamic loading on vibrating microresonators

In this section, the research interest is focused on beam-shaped resonators operating in gas
media. First, the full set of Navier-Stokes (N-S) equation is semi-analytically solved, and the
solution can be interpreted by a “three wave theory” with coupled viscous, thermal, and
acoustic waves. Second, for slender structures at moderate reduced pressures, viscous drag is
typically the dominant loss mechanism. The influence of the fluid’s viscosity, density, and
compressibility on the energy loss of the vibrating beam is discussed. Third, in many practical

Figure 3. The photos (a and c) and schematic cross-sectional views (b and d) of packaged chips for vibration in free space
and close to a surface, respectively.
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applications, resonators are vibrating near a surface, and the influence of the vicinity on such a
surface is experimentally and analytically evaluated.

3.1. Full N-S model and numerical simulation

For a continuous fluid, the most extensive type of theoretical model is based on the full set of
N-S equations, which takes into account of fluid compressibility, thermal conductivity, and
viscosity. The variables are density, pressure, temperature, and velocity that all vary around
the resonator.

3.1.1. Theory

The basic equations governing the fluid motion induced by vibration are the compressible N-S
equation, the equation of continuity, the equation of state for an ideal gas, and the energy
equation [20]. The equations can be written as:

Figure 4. (a) The camera picture and (b) the schematic diagram of the measurement setup used to characterize the
microresonators in the vacuum chamber.
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∇� ∇� uð Þ, (1)

r ∇ � uð Þ þ ∂r=∂t ¼ 0, (2)

p ¼ Cp � Cv
� �

rT, (3)

rCp∂T=∂t ¼ κΔT þ ∂p=∂t, (4)

where u, Cv, and t denote, respectively, the velocity vector, heat capacity at constant volume,
and time. The operators ∇ and Δ are the gradient and Laplace operator, respectively.

A solution of the full model called Boundary Element Method (BEM) [21, 22] is discussed here.
The velocity is written as the sum of a viscous velocity uv, due to viscous effects, and a laminar
velocity ul:

u ¼ uv þ ul, (5)

which satisfy the conditions that the divergence of the viscous velocity is zero: ∇ � uv ¼ 0, and
the rotation of the laminar velocity is zero: ∇� ul ¼ 0.

The pressure is also split up into two components:

p ¼ pa þ ph, (6)

where pa is the acoustic pressure and ph is the thermal pressure. Splitting the acoustic variables

Figure 5. Resonant measurements of a microresonator under the pressures from high vacuum to 1000 mbar in an N2

environment for the first flexural mode.
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facilitates rewriting the governing equations into scalar wave equations for the acoustic and
thermal pressures and a vector wave equation for the viscous velocity:

Δþ ka2
� �

pa ¼ 0, (7)

Δþ kh2
� �

ph ¼ 0, (8)

Δþ kv2
� �

uv ¼ 0: (9)

The temperature fluctuation ΔT is the sum of acoustic and thermal temperature variations
related to the acoustic and thermal pressures by:

ΔT ¼ αapa þ αhph, (10)

and the laminar velocity ul is written as:

ul ¼ ϕa∇pa þ ϕh∇ph: (11)

The exact expressions for ka, kh, kv, αa, αh, ϕa, and ϕh can be found in the literatures [21, 22].

3.1.2. Physical interpretation

The solution of the full N-S model can be interpreted as follows: the resonator vibration results
in acoustic wave propagation in the ambient fluid. The acoustic domain can be divided into a
boundary layer and the bulk region, as illustrated in Figure 6. In microscaled geometries, the
boundary layer occupies a substantial part of the acoustic domain, the acoustic model needs to
account for the viscothermal effects to accurately describe the wave propagation.

Mechel [23] describes the viscothermal acoustic equations as the interaction of viscous, ther-
mal, and acoustic waves. The viscous kv, thermal kh, and acoustic ka wave numbers are derived
as: kv

2 = �iωr/η, kh
2 = �iωrCp/κ, and ka = ω/c0. Viscous and thermal waves are heavily damped,

as their wavelengths λv and λh have comparable length scales with the boundary layer

Figure 6. Two regions in the acoustic domain: the bulk and the boundary layer, and three waves due to vibration.
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thickness; while the acoustic wave is slightly damped and propagates mainly in the bulk
regime. Figure 7 compares these characteristic length scales for vibration in air at frequencies
from 1 kHz to 1 MHz.

For microresonators vibrating at low frequencies, the characteristic length of the resonator
(e.g., width of the resonant beam) is much smaller than the acoustic wavelength propagating
in the fluid. The acoustic wave develops so weakly that the bulk region can be ignored and the
fluid is assumed as incompressible, and the vibration energy is mainly dissipated due to the
viscothermal effects. Consequently, the fluid motion can be modeled accurately by incom-
pressible N-S equations. However, as frequency increases, the acoustic wavelength reduces to
smaller than the characteristic length of the resonator. The bulk regime can become significant
and the acoustic wave starts to radiate vibration energy. Therefore, compressibility can become
important for operation at higher frequencies.

3.1.3. Comparison between experiments and simulations

Resonators with different geometry and dimensions have been fabricated to verity the pre-
dictions of the full N-S model. One of the AlN-based resonators is shown in Figure 8, the insert
shows the resonator chip mounted on a printed circuit board. The resonator has been tested
from high vacuum to normal atmosphere.

The full model equations are solved and simulated with a self-developed FEM solver using
MATLAB. Figure 9 shows the simulated pressure, density, temperature, and velocity ampli-
tude distributions of the air gap in the xz plane at 0.01 and 1000 mbar. The amplitude profiles
in Figure 9 indicate that, compare to vibration in the higher pressure, the pressure and density
perturbation are more constant, and the temperature is more homogenous across the air gap in
the lower pressure.

The measured and simulated air damping coefficients under different pressures are shown in
Figure 10. This figure indicates that simplified models, such as viscous model or squeeze
model, are not suitable in this case, since they are accurate only for resonators with slim beams

Figure 7. Characteristic length scales for vibrations in air: acoustic (solid), viscous (dashed), thermal (dotted) wave-
lengths, and boundary layer thickness (dash-dotted).
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or narrow air gaps. In the free molecular region, the free molecular model is reasonable. The
full N-S model yields good agreement in the whole pressure range.

3.2. Hydrodynamics of microresonators vibrating in unbounded fluids

3.2.1. Measurement results at atmospheric pressure

The AlN-based microresonators were tested in the chamber filled with different gases under
atmospheric pressure, as shown in Figure 11. The resonance curve variations indicate that the
resonance frequency fr decreases as the density of the gas increases, shifting from 7 kHz for He
(r = 0.18 kg/m3) to 6.91 kHz for Xe (r = 5.90 kg/m3).

Figure 8. The geometry of the resonator (in μm). The insert shows the photo of the resonator [24].

Figure 9. Amplitude profiles of (a) pressure, (b) density, (c) temperature, and (d) velocity in the air gap at 0.01 mbar
(column I) and at 1000 mbar (column II) [24].
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To excite the cantilever in higher resonant modes, the frequency of the driving voltage was
scanned from 5 to 250 kHz. Figure 12 shows the resonance frequency response of the cantile-
ver in N2 at atmospheric pressure. Finite element analysis software COMSOL was used to
assign the resonant modes to the observed peaks. The resonant mode shapes inserted in the
figure are obtained by this software and depict the displacement of the cantilever for each
mode.

Figure 10. Air damping coefficient of the resonator as a function of ambient pressure [24].

Figure 11. Resonant measurements of the cantilever with different gases at atmospheric pressure in its first flexural mode [25].

Piezoelectricity - Organic and Inorganic Materials and Applications52

To evaluate the fluidic hydrodynamic loading effects, the cantilever vibrating in different
resonant modes has been characterized in different gases at atmospheric pressure. Only the
first two modes for Kr and Xe could be detected, since the signal of higher modes was too
weak. The remaining gases are successfully characterized up to the fourth flexural mode. Pure
fluidic hydrodynamic loading is evaluated by subtracting the intrinsic damping, which can be
measured in a high vacuum.

The quality factor induced by gas damping Qgas in atmospheric pressure is characterized
and illustrated in Figure 13. Resonator immersed in He shows the highest Q factors for all
modes. The two lightest gases, He and Ne, exhibit a continuous increase in Qgas with the
mode number, whereas for Ar and N2, Qgas decreases beyond the third mode. Taking N2

as an example, the measured values of Qgas increase from 543 to 1890 for the first to third

Figure 12. Amplitude spectrum and mode shapes of the cantilever at normal atmospheric N2 [25].

Figure 13. Q factors due to gas damping of the different flexural modes at atmospheric pressure [25].
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modes. However, this trend is broken when Qgas reduces to 1645 for the fourth flexural
mode, indicating that Qgas will not increase in an unlimited way with increasing mode/
frequency.

The corresponding resonance frequency shift Δf, defined as fr,vac � fr, where fr,vac corresponds
to the resonance frequency fr in vacuum, has been characterized. Figure 14 shows Δf as a
function of density r for different gases. The results in this figure indicate a dependence on
both fr and r.

3.2.2. Measured results at reduced pressures

The resonators were further tested at reduced pressures to investigate the influence of ambient
pressure. Figure 15 shows the measured Q factor curve of one resonator vibrating at the first
flexural mode as a function of N2 pressure. When the pressure is sufficiently low (<10�3 mbar
in this figure), the damping is independent of the fluid and relates only with intrinsic losses in
the resonator structure. Consequently, this pressure regime is called the intrinsic regime. Gas
damping starts to become visible at higher pressure levels. Three regions can be identified by
using the Knudsen number Kn (defined as the ratio between the mean free path of the fluid
and the width of the resonator):

• The molecular regime (Kn > 10): damping is caused by independent collisions of non-
interacting fluid molecules with the vibrating surface of the resonator and/or surrounding
walls.

• The transition regime (0.01 < Kn < 10): the fluid is neither noninteracting nor contin-
uous.

• The continuous regime (Kn < 0.01): the fluid acts as continuum and most previous papers
(e.g., [26, 27]) found that the viscous drag is typically the dominant energy loss mecha-
nism based on the incompressible gas assumption.

Figure 14. Resonance frequency shifts Δf of the different flexural modes at atmospheric pressure [25].
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3.2.3. Results analysis

It is found that the fluidic loading has a strong effect on the resonant behavior of the resonator,
especially at higher pressures (e.g., near atmospheric pressure). The following analysis focuses on
fluidicdampingat atmospheric pressure,which is commonlypresent inmanypractical applications.

Viscous drag is typically the dominant loss mechanism, for most microdevices vibrating at
relatively low frequency. For a microcantilever with dimensions of length l, width w, and thick-
ness h, undergoing flexural vibrations in a continuous incompressible fluid, the correspondingQ
factor due to viscous damping is given by [25, 28, 29]:

Qvis ≈
rbhffiffiffiffi
π

p
ffiffiffiffiffiffi
f r
rη

s
, (12)

where rb is the cantilever beamdensity. It can be seen that theQ factor scales inversely proportional
with

ffiffiffiffiffiffi
rη

p
and proportional with

ffiffiffiffi
f r

p
, which means that a higher resonance frequency (or higher

resonant mode) results in a higher Q factor. The measured and calculated Q factors Qgas of the
different flexural modes are plotted in Figure 16 as a function of the combination of the resonance
frequency fr, the density r, and the viscosity η of the surrounding gases. However, as noted before,
a decrease of the quality factor is observed for the third and fourth modes of Ar and N2.

One possible reason is the additional acoustic damping due to the compression of the fluid.
Incompressible flow is expected for low frequency vibrations, since the wavelength of sound in
the fluid is much longer than the dominant length scale of the vibrating beam. As the resonant
mode increases, the acoustic wavelength reduces and the incompressible gas assumption is no

Figure 15. Variation of the Q factor with N2 pressure. The solid diamond points are the measurements, while the hollow
points are the derived Q factors due to fluidic damping.
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Incompressible flow is expected for low frequency vibrations, since the wavelength of sound in
the fluid is much longer than the dominant length scale of the vibrating beam. As the resonant
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Figure 15. Variation of the Q factor with N2 pressure. The solid diamond points are the measurements, while the hollow
points are the derived Q factors due to fluidic damping.
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longer valid [25, 29, 30]. Thus, at high frequencies, acoustic energy loss becomes important in
addition to viscous loss.

3.3. Hydrodynamics of microresonators vibrating close to a surface

3.3.1. Measured results

Wehavemeasuredbridge resonator different gapdepths to understandhow fluidic hydrodynamic
load is modified when the resonator is vibrating near a surface. The case of vibration at free space
was alsomeasured for comparison.Webeginbypresenting results of the resonance responsesof the
resonator immersed in atmosphericN2 at room temperature, as shown in Figure 17.

It is obvious that the air gap has a strong effect on the resonance behavior. A general trend is the
resonance peak getting broaden and shifting to lower peak frequency as the gap depth decreases.
There results fit with the expectation that the fluidic damping increases significantly when
approaching toward a surface. We have also observed that the resonance frequency shift is
relatively insensitive to air gap when the separation h0 is bigger than 150 μm, which corresponds
to a gap to the resonator width ratio of more than 0.5. However, for h0 = 150 μm, the Q factor is
approximately 20% less than vibration without gap, and for h0 = 250 μm, the Q factor differs by
only less than 2%.

To quantify the pressure effect on the dissipation in the fluid as the resonator is vibrating near
a surface, it was further measured under reduced pressures. Figure 18 shows the quality
factors for different gap heights and pressures in N2 atmosphere.

3.3.2. Review of analytical models

In many practical applications, restrictive squeeze-film assumption (very narrow air gap) does
not always hold; thus, traditional squeeze-film models are not suitable in those cases. Two

Figure 16. Evolution of the Q factors as a function of fr/(rη) for different gases and resonant modes at atmospheric
pressure. The dashed line represents the viscous model (Eq. (1)) prediction [25].
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recently improved models, namely (a) extended squeeze-film model [32, 33] and (b) unsteady
N-S model [34–36], are considered for describing the behavior of the resonators with moderate
gap depths.

Figure 17. Resonant curves of a bridge resonator in fundamental mode at atmospheric N2. The curves for gap depths of
250 and 300 μm and ∞ are overlapped. The dashed lines in the inserted figure represent the limit for the resonator at free
space [31].

Figure 18. Variation of Q factors with ambient pressure for N2 with different gap heights [31].

Hydrodynamic Loading on Vibrating Piezoelectric Microresonators
http://dx.doi.org/10.5772/intechopen.77731

57



longer valid [25, 29, 30]. Thus, at high frequencies, acoustic energy loss becomes important in
addition to viscous loss.

3.3. Hydrodynamics of microresonators vibrating close to a surface

3.3.1. Measured results

Wehavemeasuredbridge resonator different gapdepths to understandhow fluidic hydrodynamic
load is modified when the resonator is vibrating near a surface. The case of vibration at free space
was alsomeasured for comparison.Webeginbypresenting results of the resonance responsesof the
resonator immersed in atmosphericN2 at room temperature, as shown in Figure 17.

It is obvious that the air gap has a strong effect on the resonance behavior. A general trend is the
resonance peak getting broaden and shifting to lower peak frequency as the gap depth decreases.
There results fit with the expectation that the fluidic damping increases significantly when
approaching toward a surface. We have also observed that the resonance frequency shift is
relatively insensitive to air gap when the separation h0 is bigger than 150 μm, which corresponds
to a gap to the resonator width ratio of more than 0.5. However, for h0 = 150 μm, the Q factor is
approximately 20% less than vibration without gap, and for h0 = 250 μm, the Q factor differs by
only less than 2%.

To quantify the pressure effect on the dissipation in the fluid as the resonator is vibrating near
a surface, it was further measured under reduced pressures. Figure 18 shows the quality
factors for different gap heights and pressures in N2 atmosphere.

3.3.2. Review of analytical models

In many practical applications, restrictive squeeze-film assumption (very narrow air gap) does
not always hold; thus, traditional squeeze-film models are not suitable in those cases. Two

Figure 16. Evolution of the Q factors as a function of fr/(rη) for different gases and resonant modes at atmospheric
pressure. The dashed line represents the viscous model (Eq. (1)) prediction [25].

Piezoelectricity - Organic and Inorganic Materials and Applications56

recently improved models, namely (a) extended squeeze-film model [32, 33] and (b) unsteady
N-S model [34–36], are considered for describing the behavior of the resonators with moderate
gap depths.

Figure 17. Resonant curves of a bridge resonator in fundamental mode at atmospheric N2. The curves for gap depths of
250 and 300 μm and ∞ are overlapped. The dashed lines in the inserted figure represent the limit for the resonator at free
space [31].

Figure 18. Variation of Q factors with ambient pressure for N2 with different gap heights [31].

Hydrodynamic Loading on Vibrating Piezoelectric Microresonators
http://dx.doi.org/10.5772/intechopen.77731

57



3.3.2.1. Extended squeeze-film model

Osborne Reynolds first formulated the theory for a squeezed film between two surfaces in
relative motion to each other more than a century ago [37]. Generally, the compressibility
should be considered and its importance increases as vibration frequency. An important
measure for the squeezed-film effect is the squeeze number:

σ ¼ 12ηw2ω

ph0
2 , (13)

where η is the fluid viscosity, ω is the angular frequency of the resonator, p is the ambient
pressure, w is the width of the resonator, and h0 is the gap depth. The number σ specifies the
ratio between the spring force due to the gas compressibility and the force due to the viscous
flow. When σ is much smaller than 1, the gas in the film has enough time to “leak” out; thus,
the gas is referred to as incompressible. For the resonator geometry in this study, the resonator
width w and the gap depth h0 are of the same order, e.g., h0/w > 0.05. For air at atmospheric
pressures, the vibrating frequency should be higher than 150 kHz to ensure σ is bigger than 1.

When σ is very small, the compressible effects can be ignored and the damping coefficient for a
slender resonator can be written as:

c ¼ ηlw3

h03
, (14)

and Q factor is then given by:

Q ¼ rbtω
ηw2 h0

3, (15)

herein rb, l and, t are the density, length, and thickness of the resonator, respectively.

An effective plate width weff ¼ wþ Δw is introduced, to include border effects into the much
simplified squeeze-film model. The effective width is such that the damping force for the
enlarged plate with trivial boundary conditions has the same values as that of a real device
size with the border effects. This concept is illustrated in Figure 19.

One method to predict the elongation caused by the border effect was proposed by Veijola
et al. [32, 33], based on a series of 2D and 3D FEM simulations. A simple conclusion has been
obtained for a slender beam:

Figure 19. Schematic diagram of extended squeeze-film model.
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Δw ¼ 1:3h0: (16)

The fluidic damping coefficient due to air gap is:

c ¼ ηl wþ 1:3h0ð Þ3
h03

: (17)

The quality factor consequently is:

Q ¼ rbwtω

η wþ 1:3h0ð Þ3 h0
3: (18)

To account the non-continuum fluid behavior at very low pressures or for a narrow gap, an
effective viscosity ηeff is used instead of the gas dynamic viscosity η. Burgdoufer [38] obtained a
simple form for the effective viscosity coefficient:

ηeff ¼
η

1þ 6Kn
: (19)

3.3.2.2. Unsteady N-S model

Another method to deal with moderate gaps can be based on the unsteady incompressible
N-S equation and the continuity equation [20]. For a beam undergoing normal oscillations in
a viscous fluid, the general form of the hydrodynamic force in the vibration direction is given
as [39]:

Fd ¼ π
4
rω2w2lΓ Reð ÞŴ xjωð Þ, (20)

where r is the fluid density, Ŵ is the Fourier transformation of the resonator beam deforma-
tion. Γ, the so-called “hydrodynamic function”, is a complex term: the real part Γreal represents
the inertial forces of the fluid or added mass components, whereas the imaginary part Γimag is
proportional to the viscous forces of the fluid or damping components.

The general form of the semi-analytical formula for the hydrodynamic function is Γ Re;Hð Þ
¼ 10ΓL where

ΓL Re;HLð Þ ¼ a1 þ a2ReL þ a3ReL
2 þ a4ReL

3 þ a5ReL
4

þa6ReLHL þ a7HL þ a8HL
2 þ a9HL

3 þ a10HL
4

þa11ReLH
LL

2 þ a12ReL
2
HL þ a13ReLHL

3 þ a14ReL
3
HL

þa15 ReLHLð Þ2 þ a16 ReLHLð Þ3,

(21)

HL ¼ log10 Hð Þ, and ReL ¼ log10 Reð Þ. The coefficients ak, k = 1, 2, …, 16, have complex values.

They are tabulated in Tung et al.’s paper [36]. The fit is valid in the range of 10�2 < Re < 104

and 10�1 < H < 10. The Q factor due to the fluid damping is defined by
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Q ¼ 4rbt
πrwΓimag

: (22)

The calculations are technically valid only when the continuum hypothesis holds. This is
because the theory is based upon a subset of the N-S equations, which are based on a contin-
uum assumption. The useful range of this semi-analytical expression can be extended beyond
the continuum regime and into the slip and transition regimes by using an effective viscosity
concept.

3.3.3. Results analysis

The predictions from squeeze film (Eq. (13)), extended squeeze film (Eq. (18)), unsteady N-S
(Eq. (22)), and viscous (Eq. (12)) models are compared with the experimental data. Figure 20
shows the results for the first flexural mode of the bridge resonator oscillating in atmospheric
N2 with different gap depths. The intrinsic damping of the resonator can be obtained by
operating in a high vacuum, and this damping was subsequently removed mathematically,
leaving only the fluidic damping to be analyzed.

The traditional squeeze-film damping model overestimates the Q factor and the divergence
increases rapidly as the gap depth increases. While the extended squeeze-film model predicts
well the squeeze-film damping up to gap depth of 50 μm. This model accurately predicts the
fluidic damping well even into the free molecular regime, indicating the “effective viscosity”
concept is reasonable to account the rarefaction effect of the gas in a narrow gap. The unsteady
N-S model predictions are in better agreement with measurements as compared to other
models. The viscous model fits well with the measurements in the viscous regime, but when
the pressure decreases into the transition regime, this model loses its validity.

Figure 20. Q factors due to fluidic damping of a resonator. The squares represent the measurements, and the dashed lines
represent the analytical/semianalytical calculations, while the solid line shows the viscous model prediction [31].
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4. Conclusion and discussion

In this work, AlN-based piezoelectric microresonators have been fabricated and measured to
study the fluidic hydrodynamic loading mechanisms. Experimental, computational, and ana-
lytical tools have been developed, to analyze the dynamics of the resonators in different gases
from atmospheric pressure to high vacuum.

For resonators vibrating in a continuous fluid, the extensive type of theoretical model is based
on the full set of N-S equations. The equations were semi-analytically solved using the BEM
method. The solution can be interpreted as coupling of viscous, thermal, and acoustic waves.
However, this method does have some disadvantages, such as being computationally costly,
relying on sophisticated numerical techniques, and being non-intuitive with respect to under-
stand the results physically.

The resonators vibrating in free space fluids have been investigated, by measuring microcan-
tilevers in different gases and explaining the results using simplified models based on the
incompressible N-S equation. The analytical models agree reasonably with measurements.
Besides, it is found that the compressibility of gases leads to additional acoustic damping
when vibrating in higher mode/frequency.

For vibration close to a surface, experiments were performed using a bridge resonator with a
big range of gap depths. The traditional squeeze-film model could predict the squeeze-film
damping when the ratio of the resonator width to gap height w/h0 was bigger than 10, and the
gas rarefaction effect in the gap can be accounted by using an “effective viscosity” concept. The
extended squeeze-film model was valid for w/h0 ≥ 4. The unsteady N-S model could be used
when the gap height was even bigger.
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Abstract

Piezoelectricity was first described by the Curie brothers in the late 1800s. The first mate-
rials investigated were natural materials such as bone and wood and single crystals such 
as quartz. Then in 1946 it was discovered that BaTiO3 ceramic can be made piezoelectric 
through a poling process. This was followed by the discovery of lead zirconate titanate 
solid solutions (PZT) in 1954 of very strong lead effects which is still widely used in 
piezoelectric applications. In 1969, Kawai discovered large piezoelectricity in elongated 
and poled films of polyvinylidene fluoride (PVDF) opening the way for research into 
piezoelectric polymers. Piezoelectric polymers exhibit low density and excellent sensi-
tivity and are mechanically tough and respond better to fatigue situations. Since 2010, 
research has focused on the production of melt-spun piezoelectric textile fibers, with the 
aim of integrating sensing/energy-harvesting capabilities into smart textile structures. In 
this chapter, a technological overview of the state-of-the-art research into piezoelectric, 
melt-spun, textile fibers will be presented. The methods used for the characterization of 
the fibers will also be discussed with special concentration on the electric response of the 
fibers after mechanical stimulation.

Keywords: piezoelectricity, textiles, melt spinning

1. Introduction

Piezoelectricity, discovered in 1880 by Pierre and Jacques Curie in quartz [1], is observed in 
all materials with a crystalline anisotropy. Piezoelectricity has two distinct effects. The direct 
effect is the polarization of the material under mechanical stress and the inverse effect corre-
sponds to a mechanical displacement when electric polarization is applied to the material [2].
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Piezoelectricity was first described by the Curie brothers in the late 1800s. The first mate-
rials investigated were natural materials such as bone and wood and single crystals such 
as quartz. Then in 1946 it was discovered that BaTiO3 ceramic can be made piezoelectric 
through a poling process. This was followed by the discovery of lead zirconate titanate 
solid solutions (PZT) in 1954 of very strong lead effects which is still widely used in 
piezoelectric applications. In 1969, Kawai discovered large piezoelectricity in elongated 
and poled films of polyvinylidene fluoride (PVDF) opening the way for research into 
piezoelectric polymers. Piezoelectric polymers exhibit low density and excellent sensi-
tivity and are mechanically tough and respond better to fatigue situations. Since 2010, 
research has focused on the production of melt-spun piezoelectric textile fibers, with the 
aim of integrating sensing/energy-harvesting capabilities into smart textile structures. In 
this chapter, a technological overview of the state-of-the-art research into piezoelectric, 
melt-spun, textile fibers will be presented. The methods used for the characterization of 
the fibers will also be discussed with special concentration on the electric response of the 
fibers after mechanical stimulation.
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1. Introduction

Piezoelectricity, discovered in 1880 by Pierre and Jacques Curie in quartz [1], is observed in 
all materials with a crystalline anisotropy. Piezoelectricity has two distinct effects. The direct 
effect is the polarization of the material under mechanical stress and the inverse effect corre-
sponds to a mechanical displacement when electric polarization is applied to the material [2].
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Piezoelectric materials belong to the general group of dielectric materials, electrical insulators 
that can be polarized by an applied electric field (Figure 1). Piezoelectric materials are non-
centrosymmetric dielectrics; this means that when subjected to an external electric field, there 
will be asymmetric movement of the neighboring ions, resulting in significant deformation of 
the structure; this deformation is directly proportional to the applied electric field [3].

Pyroelectricity, the ability of certain materials to generate an electrical potential when they are 
heated or cooled, occurs in all materials that belong to a polar crystal symmetry class. It should 
be noted that, not all non-centrosymmetric classes are polar, not all piezoelectric crystals are 
pyroelectric. However, all pyroelectric crystals are piezoelectric. Ferroelectrics form a subset 
of the set of pyroelectrics because they are polar materials in which the direction of the polar 
axis can be changed by the application of an electric field [4]. Investigation into the piezoelectric 
properties of materials commenced from materials readily available in nature such as carnauba 
wax [5], wood [6] and bone [7]. In 1946, it was shown that BaTiO3 ceramic can be made piezoelec-
tric by an electrical poling process. The first commercial piezoelectric devices based on BaTiO3 
ceramics were phonograph pickups and appeared in the market in about 1947 [8]. An advance 
of great practical importance was the discovery in 1954 of very strong piezoelectric effects in 
lead zirconate titanate solid solutions (PZT) [9]. PZT piezoceramics replaced BaTiO3 ceramics in 
most applications and PZT remains one of the most popular piezoceramic materials.

PZT is a polycrystalline ferroelectric material. In a ferroelectric material, the internal dipoles 
of the material can be reoriented by the application of an external electric field, leaving a rem-
nant polarization at zero applied electric field [10]. This remnant polarization also changes 
with the applied stress and this is how piezoelectricity takes place. Since 1954, there has been 

Figure 1. Classification of dielectric materials.
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a lot of research to determine the effects of composition (Zr/Ti) and small amounts of addi-
tives on the electrical and mechanical properties of PZT piezoceramics [11, 12].

In 1969 Kawai [13] discovered large piezoelectricity in elongated and poled films of poly-
vinylidene fluoride (PVDF). Research has shown that the polar β-phase of PVDF, which is 
caused by the application of mechanical stress and/or strong electric fields, is responsible for 
the development of the piezoelectric property of the material [14, 15].

The piezoelectric behavior of other polar polymers like the odd numbered polyamides such as 
Polyamide 11 have also been investigated [16–18]. Newman et al. [16] investigated the crystal 
structure of Polyamide 11, as well as the effect of poling conditions (temperature, time, and pol-
ing field), to the overall piezoelectric constants of the material. Polyamide (nylon) is a polymer 
consisting of the zig-zag chains of CH2 groups connected by the amide groups (H▬N▬C=O). 
The planar sheet structure of molecules is formed by hydrogen bonds between amino groups 
of adjacent molecules. Scheinbeim et al. [19] used X-ray diffraction to investigate the orientation 
of the inter-chain hydrogen bonds between the amide bonds, which make up the sheet struc-
ture of Polyamide 11, when investigating the polarization of Polyamide 11 in the film form. The 
planar sheets are oriented parallel to the surface of the film. According to their findings, during 
poling, the amide dipoles rotate 90° under the strong electric field, which also causes the 90° 
rotation of the hydrogen-bonded sheets. This rotation results in the 180° rotation of the dipoles.

The molecular structure of odd-numbered (top) and even-numbered (bottom) polyamides 
is shown in Figure 2. In odd-numbered nylons, the electric dipoles formed by amide groups 
(H▬N▬C=O) are sequenced in a way that all the dipoles are in the same direction. Therefore, 
a net dipole moment occurs. In even-numbered nylons, one amide group is in one direction, 
the next one will be in the opposite direction, alternately. This results in an intrinsic cancel-
ation of the dipole moments [20].

The piezoelectric behavior of polypropylene has mostly been investigated in the case of cellu-
lar polypropylene films [21–26], where piezoelectric behavior is a result of the morphology of 
the structure (air or other gas-filled voids, void morphology, and charge distribution). Other 
research on the piezoelectric properties of single-film polypropylene or melt-spun polypro-
pylene fibers has been scarce. Research carried out by Kravtsov et al. [27] investigated the 
polarization of melt-spun polypropylene fibers and concluded that melt-spinning technology 
favors the formation of spontaneous electret charge in the fibers and that forced fiber polar-
ization in external electric fields gives rise to strong electret effects.

Moreover in the same paper Kravtsov et al. attributed the total electret effect in polypro-
pylene fibers to mechanisms such as Maxwell–Wagner polarization, dipole orientation, and 
charge carrier injection. Furthermore in 2015, Klimiec et al. [28] investigated the effect of the 
introduction of SiO2 and Kaolin fillers on the piezoelectric constant and thermal durability of 
polypropylene electret, by creating a cellular structure in a single-layer film.

In the research quoted above most of the polymeric piezoelectric materials under investigation 
were in the film form; however, it is now possible to use polymeric piezoelectric filaments [29, 30]  
for the applications where flexibility is required, for example, in the interest of producing 
innovative, “smart” textile products whose components can be integrated into existing textile 
structures [31–33].
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While the use of piezoceramic materials such as PZT is extensive, piezoceramics are extremely 
brittle. Lee et al. [34] compared a PVDF film coated with poly(3,4-ethylenedioxy-thiophene)/
poly(4-styrenesulfonate) [PEDOT/PSS] electrodes to films coated with the inorganic electrode 
materials, indium tin oxide (ITO), and platinum (Pt). When subjected to vibrations of the 
same magnitude over varying frequencies, it was found that the films with the inorganic-
coated electrodes begun to show fatigue cracks at an early stage and at relatively lower fre-
quencies than the PEDOT/PSS film. In further research by Lee et al. [35], piezoceramics tested 
were susceptible to fatigue crack growth when subjected to high-frequency cyclic loading.

Moreover, while ceramics have a higher piezoelectric constant, the polymers are more flexible 
making them more appropriate for areas such as wearable applications [36]. Wearable applica-
tions, smart textiles, and e-textiles in general (multifunctional textile products) place specific 
limitations regarding the rigidity, elasticity, thickness, wearability, comfort, and so on of the 

Figure 2. Schematics of molecular structure of odd-numbered and even-numbered polyamides.
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usually fibrous materials to be incorporated in the product, hence the need for piezoelectric 
material forms that emulate classic textile structures (fibers, yarns, and fabrics). Multifunctional 
textile materials become increasingly important for combined applications. Piezoelectric fibers 
and yarns open a new field in the multifunctional textile area, especially for energy-harvesting 
applications. It is expected that soon a garment using piezoelectric fibers will be developed 
capable of producing usable electrical power [37].

2. Melt-spun textile fiber materials as piezoelectric elements

In order to obtain usable textile filaments (filaments are a synonym of the word fiber and 
are specific to continuous fibers vs. staple fibers) from polymers such as PVDF, the polymer 
must go through a process known as spinning, that is, the transformation (ordering) of the 
material into yarn. There are several spinning methods applied to polymers that are already 
in use in the textiles sector. All methods consist of transforming a solution of the polymer, 
either produced directly from raw materials (direct spinning) or from dissolving/melting the 
polymer chips (dry spinning, melt spinning and electrospinning).

Both melt spinning and electrospinning can be utilized to produce piezoelectric polymer fila-
ments. The research presented in this chapter is concerned with filaments produced through 
melt spinning. In melt spinning, polymer chips are melted and then the melt is forced 
(extruded) through the spinning head called a spinneret. The holes of the spinneret can have 
different cross-sectional shapes such as round, trilobal, pentagonal, and so on. Each of the 
cross-sectional shapes has its own advantages regarding the appearance or properties of the 
filaments produced. Another available fiber structure is the production of bicomponent fila-
ments. Most of the papers analyzed below are concerned with bicomponent filaments. After 
production, the filaments are drawn and wound unto bobbins. The drawing (elongation) 
results in the orientation of the macromolecules of the polymer and improves fiber character-
istics such as tensile strength. [38, 39].

The process of producing piezoelectric melt-spun textile fibers as described mainly for PVDF 
includes one more stage after the final drawing stage used during production of the melt-
spun fiber. That stage, poling, is a combination of extension, heating, and exposure to high 
voltage. Extension of the polymer structure (drawing) together with an elevated temperature 
allows for the transformation from the α-phase crystallites to β-phase. Then, to orient the 
dipole moments of the β-phase crystallites (rendering the structure as polar), PVDF is sub-
jected to a high electric field. In the specific case of PVDF the stretch ratio and the tempera-
ture at which poling is realized affect the maximum β-phase content, which is as previously 
discussed directly responsible for the development of the piezoelectric property of PVDF [5]. 
Typical conditions of poling are 80–90°C and the drawing ratio of 5:1 [40–43].

Figure 3 displays the continuous method for the production of melt-spun piezoelectric textile 
fibers developed at the University of Bolton. Melt extrusion of the fibers is carried out using a 
single screw laboratory line melt extruder (Plasticisers Engineering, UK). The extruder screw 
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applications. It is expected that soon a garment using piezoelectric fibers will be developed 
capable of producing usable electrical power [37].
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are specific to continuous fibers vs. staple fibers) from polymers such as PVDF, the polymer 
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material into yarn. There are several spinning methods applied to polymers that are already 
in use in the textiles sector. All methods consist of transforming a solution of the polymer, 
either produced directly from raw materials (direct spinning) or from dissolving/melting the 
polymer chips (dry spinning, melt spinning and electrospinning).

Both melt spinning and electrospinning can be utilized to produce piezoelectric polymer fila-
ments. The research presented in this chapter is concerned with filaments produced through 
melt spinning. In melt spinning, polymer chips are melted and then the melt is forced 
(extruded) through the spinning head called a spinneret. The holes of the spinneret can have 
different cross-sectional shapes such as round, trilobal, pentagonal, and so on. Each of the 
cross-sectional shapes has its own advantages regarding the appearance or properties of the 
filaments produced. Another available fiber structure is the production of bicomponent fila-
ments. Most of the papers analyzed below are concerned with bicomponent filaments. After 
production, the filaments are drawn and wound unto bobbins. The drawing (elongation) 
results in the orientation of the macromolecules of the polymer and improves fiber character-
istics such as tensile strength. [38, 39].

The process of producing piezoelectric melt-spun textile fibers as described mainly for PVDF 
includes one more stage after the final drawing stage used during production of the melt-
spun fiber. That stage, poling, is a combination of extension, heating, and exposure to high 
voltage. Extension of the polymer structure (drawing) together with an elevated temperature 
allows for the transformation from the α-phase crystallites to β-phase. Then, to orient the 
dipole moments of the β-phase crystallites (rendering the structure as polar), PVDF is sub-
jected to a high electric field. In the specific case of PVDF the stretch ratio and the tempera-
ture at which poling is realized affect the maximum β-phase content, which is as previously 
discussed directly responsible for the development of the piezoelectric property of PVDF [5]. 
Typical conditions of poling are 80–90°C and the drawing ratio of 5:1 [40–43].

Figure 3 displays the continuous method for the production of melt-spun piezoelectric textile 
fibers developed at the University of Bolton. Melt extrusion of the fibers is carried out using a 
single screw laboratory line melt extruder (Plasticisers Engineering, UK). The extruder screw 
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(diameter of 22 mm) can be operated at speeds up to 50 rpm. The actual speed used for feed-
ing the polymer through the screw is 2 rpm. A flat temperature profile is used for all the 
polymers consisting of a hopper temperature of 190°C, with a 10°C increment along the barrel 
and a temperature of 230°C set at the die head.

The apparatus has two water-cooled take-up slow rollers, four temperature-controlled slow 
rollers, and two fast rollers. The water-cooled rollers are used for the additional cooling of the 
fiber and temperature-controlled rollers heated the fiber to the required poling temperature, 
80°C in this case. The space between temperature-controlled slow rollers and the fast rollers 
housed a pair of flat-plate electrodes separated by a gap of 10 mm.

To produce the electric field, a Spellman SL300 series high-voltage power supply with a range 
of 0–20 kV at an output current of 3 mA is used. The poling temperature (80°C) is maintained 
during the polarization step by heating the bottom electrode. There is a speed difference 
between the fast rollers and the slow rollers where the speed of the fast rollers is five times 
higher than the speed of the slower ones, thus obtaining a draw ratio of 5:1. At this point a 
high voltage of 13 kV is applied. The poling conditions (temperature, extension, and high 
voltage) are applied simultaneously on the fibers between the temperature-controlled slow 
rollers and fast rollers [44].

Reviewing the results of the search of the literature, regarding melt-spun textile piezoelectric 
fibers, it became evident that certain research papers could be considered part of a continuing 
study into this subject by a specific research team as well as following a specific theme. The 
research into the development of a piezoelectric melt-spun textile fiber attempts to utilize the 
accumulated knowledge on the piezoelectricity of thin polymer films and mainly thin films 
made of PVDF. This explains the concentration of the literature on fibers made of PVDF with 
very few exceptions, which will be discussed below.

One of the challenges that researchers into piezoelectric textile fibers are faced with is the 
difficulty of indicating and maintaining the orientation of the fibers with regard to the polar-
ization process. The cross-section shape of the fibers produced is the typical circular cross-
section used for the manufacture of synthetic textile fibers. Since the polarization of the fibers 
is carried out across the thickness of the fiber, the orientation of the charges is along opposite 
ends of the diameter of the fiber. In a freely twisting and turning fiber, it is quite difficult to 

Figure 3. A schematic of the continuous method of production of piezoelectric melt-spun fibers.

Piezoelectricity - Organic and Inorganic Materials and Applications70

determine the position and to orient the theoretical positive (+) side and negative (−) sides of 
the fiber. Furthermore, the polymer itself, that is, the fiber, has infinite theoretical resistance; 
this means that the propagation of charges within a complicated structure will be problem-
atic, hence the interest in core-spun fibers with a piezoelectric sheath and a conductive core. 
A case to point, that will be presented in the following pages, is the work done in France on 
the production of a piezoelectric coaxial filament, which had a sheath of P(VDF70-TrFE30) 
(poly(vinylidenefluoride-trifluoroethylene)) and a copper monofilament yarn as core.

As discussed below, the published research is centered mainly on the definition of the 
parameters for the production of piezoelectric fibers and less on the demonstration of the 
actual efficacy of the fibers for actual applications (sensors/energy harvesting) or the behavior 
regarding the aging of the fibers.

Due to the number of researchers working in each team the presentation of the papers that 
were studied will be geographically grouped (location of the organizations involved in the 
research).

In Sweden research into melt-spun piezoelectric textile fibers has resulted in a patent [45] and 
a number of research papers. The first paper, chronologically, by Lund and Hagström [46], 
investigated the influence of spinning parameters on the β-phase crystallinity of PVDF yarns 
with no additives or conductive cores. Beginning with the next paper again by Lund and 
Hagström [47] the researchers introduced the concept of bicomponent PVDF fibers (i.e., PVDF 
filaments with a conductive core). The conductive cores used in the research originating in 
Sweden included electrically conductive composites of carbon black (CB) and high-density 
polyethylene (HDPE) [47, 48], either non-functionalized or amino-functionalized double-wall 
carbon nanotubes (DWNT) [49] and ethylene-octane copolymer and CB or a high-density 
polyethylene and again CB [50]. Guo et al. [51] carried out a comparison between three 
compositions of piezoelectric fibers based on PVDF, that is, PVDF fibers, PVDF/ nanoclay 
fibers and PVDF/NH2-DWCNT (amino-modified double-wall carbon nanotubes). Finally, 
in a paper by Nilsson et al. [52] the composition of fibers under investigation is given as a 
bicomponent with a PVDF sheath and a conductive core while pointing at a previous paper 
[47] for more information.

Concerning the methods used for the characterization of the fibers (filaments) examined in 
the papers mentioned above, these are as follows (Table 1).

Regarding the research originating in the UK, in 2011, Vatansever et al. [33] published a 
chapter in the book “Smart Woven Fabrics in Renewable Energy Generation” and the chap-
ter included a presentation of the production method for PVDF piezoelectric monofilament 
yarns. In 2012, Vatansever et al. [36] presented the production process of a PA-11 (Polyamide 
11) piezoelectric monofilament yarn. Vatansever et al. [53] and Hadimani et al. [29] investi-
gated the properties of a PVDF monofilament yarn. In 2015, Bayramol et al. [54] investigated 
the effect of the addition of multiwalled carbon nanotubes on the piezoelectric properties of 
polypropylene filaments.

Further on the research carried out in the UK, there was a joint research published that was 
carried out by researchers based in the UK and researchers based in Greece. The research 
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80°C in this case. The space between temperature-controlled slow rollers and the fast rollers 
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To produce the electric field, a Spellman SL300 series high-voltage power supply with a range 
of 0–20 kV at an output current of 3 mA is used. The poling temperature (80°C) is maintained 
during the polarization step by heating the bottom electrode. There is a speed difference 
between the fast rollers and the slow rollers where the speed of the fast rollers is five times 
higher than the speed of the slower ones, thus obtaining a draw ratio of 5:1. At this point a 
high voltage of 13 kV is applied. The poling conditions (temperature, extension, and high 
voltage) are applied simultaneously on the fibers between the temperature-controlled slow 
rollers and fast rollers [44].

Reviewing the results of the search of the literature, regarding melt-spun textile piezoelectric 
fibers, it became evident that certain research papers could be considered part of a continuing 
study into this subject by a specific research team as well as following a specific theme. The 
research into the development of a piezoelectric melt-spun textile fiber attempts to utilize the 
accumulated knowledge on the piezoelectricity of thin polymer films and mainly thin films 
made of PVDF. This explains the concentration of the literature on fibers made of PVDF with 
very few exceptions, which will be discussed below.

One of the challenges that researchers into piezoelectric textile fibers are faced with is the 
difficulty of indicating and maintaining the orientation of the fibers with regard to the polar-
ization process. The cross-section shape of the fibers produced is the typical circular cross-
section used for the manufacture of synthetic textile fibers. Since the polarization of the fibers 
is carried out across the thickness of the fiber, the orientation of the charges is along opposite 
ends of the diameter of the fiber. In a freely twisting and turning fiber, it is quite difficult to 

Figure 3. A schematic of the continuous method of production of piezoelectric melt-spun fibers.
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determine the position and to orient the theoretical positive (+) side and negative (−) sides of 
the fiber. Furthermore, the polymer itself, that is, the fiber, has infinite theoretical resistance; 
this means that the propagation of charges within a complicated structure will be problem-
atic, hence the interest in core-spun fibers with a piezoelectric sheath and a conductive core. 
A case to point, that will be presented in the following pages, is the work done in France on 
the production of a piezoelectric coaxial filament, which had a sheath of P(VDF70-TrFE30) 
(poly(vinylidenefluoride-trifluoroethylene)) and a copper monofilament yarn as core.

As discussed below, the published research is centered mainly on the definition of the 
parameters for the production of piezoelectric fibers and less on the demonstration of the 
actual efficacy of the fibers for actual applications (sensors/energy harvesting) or the behavior 
regarding the aging of the fibers.

Due to the number of researchers working in each team the presentation of the papers that 
were studied will be geographically grouped (location of the organizations involved in the 
research).

In Sweden research into melt-spun piezoelectric textile fibers has resulted in a patent [45] and 
a number of research papers. The first paper, chronologically, by Lund and Hagström [46], 
investigated the influence of spinning parameters on the β-phase crystallinity of PVDF yarns 
with no additives or conductive cores. Beginning with the next paper again by Lund and 
Hagström [47] the researchers introduced the concept of bicomponent PVDF fibers (i.e., PVDF 
filaments with a conductive core). The conductive cores used in the research originating in 
Sweden included electrically conductive composites of carbon black (CB) and high-density 
polyethylene (HDPE) [47, 48], either non-functionalized or amino-functionalized double-wall 
carbon nanotubes (DWNT) [49] and ethylene-octane copolymer and CB or a high-density 
polyethylene and again CB [50]. Guo et al. [51] carried out a comparison between three 
compositions of piezoelectric fibers based on PVDF, that is, PVDF fibers, PVDF/ nanoclay 
fibers and PVDF/NH2-DWCNT (amino-modified double-wall carbon nanotubes). Finally, 
in a paper by Nilsson et al. [52] the composition of fibers under investigation is given as a 
bicomponent with a PVDF sheath and a conductive core while pointing at a previous paper 
[47] for more information.

Concerning the methods used for the characterization of the fibers (filaments) examined in 
the papers mentioned above, these are as follows (Table 1).

Regarding the research originating in the UK, in 2011, Vatansever et al. [33] published a 
chapter in the book “Smart Woven Fabrics in Renewable Energy Generation” and the chap-
ter included a presentation of the production method for PVDF piezoelectric monofilament 
yarns. In 2012, Vatansever et al. [36] presented the production process of a PA-11 (Polyamide 
11) piezoelectric monofilament yarn. Vatansever et al. [53] and Hadimani et al. [29] investi-
gated the properties of a PVDF monofilament yarn. In 2015, Bayramol et al. [54] investigated 
the effect of the addition of multiwalled carbon nanotubes on the piezoelectric properties of 
polypropylene filaments.

Further on the research carried out in the UK, there was a joint research published that was 
carried out by researchers based in the UK and researchers based in Greece. The research 
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was carried out on piezoelectric melt-spun fibers that were produced based on the process 
developed by Siores et al. [30] with a composition of PVDF, PP and PA-11 with two differ-
ent cross-sections (ribbon yarns and cylindrical monofilaments). Matsouka et al. published 
research concerned with the durability of the electrical response (peak-to-peak voltage) of the 
fibers after one wash cycle [44] as well as a paper describing a method/device that could be 
used to measure the electrical power produced by the fibers [55].

The UK-based research/joint research constitutes the only research that investigated materi-
als other than PVDF, namely PA-11 [36, 44, 55] and Polypropylene [44, 54, 55]. They also 
hold the oldest patent [30] on the production of piezoelectric melt-spun textile filaments, the 
process described in detail by Hadimani et al. [29]. Vatansever et al. [36] touch on the subject 
of the amount of energy produced by a single filament versus the energy required for power-
ing small electronic devices, though without providing specific data regarding the energy 
produced. In contrast, Matsouka et al. [55] provide power measurement results for the three 
different compositions and two different cross-sections examined.

A significant by-product of the research by Matsouka et al. [44] was a conference paper by 
Vossou et al. [56] who combined the electrical response (peak-to-peak voltage) produced 
by the piezoelectric fibers with a computational investigation of the mechanical behavior of 
the same piezoelectric fibers. Piezoelectric fibers were the subject of modal analysis with the 
use of the finite elements method to evaluate its eigenfrequencies and mode shapes (modal 
analysis is the study of the dynamic properties of systems in the frequency domain, a typical 
example would be testing structures under vibrational excitation).

Method Research 
papers

Differential scanning calorimetry (DSC) [46–48]

X-ray diffraction (XRD) [46, 47, 49, 50]

Determination of tensile strength to break [46, 48, 50]*

Determination of viscosity as a function of shear rate [50]

Electrical (DC) conductivity measurements [48, 50]

Determination of the resistance and capacitance of the sensor (individual filament lengths oriented 
in parallel) and electromechanical characterization of the sensor by subjecting it to a dynamic 
compression strain perpendicular to the fiber axis

[50]

Determination of the electric signal and strain of a yarn comprising of 24 fibers by subjecting it to a 
dynamic tensile strain parallel to the fiber/ yarn axis and estimations of the mean power from the 
fibers

[48]

Evaluation of the sensor (yarn woven into fabric) properties for heartbeat detection [48]

Characterization of the piezoelectric fibers by connecting the fiber to an impedance analyzer [52]

*Testing carried out in yarn form.

Table 1. Characterization methods used in research papers originating in Sweden.
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Furthermore, by comparing the diagram produced by plotting the bending, y-axis, reaction 
moment developed at the clamped end of the fibers versus time, to the diagram of the deflec-
tion of the free end of the fibers, it was found that in the diagram of the bending, y-axis, reac-
tion moment resembled strongly the typical waveform produced during periodic stimulation 
of piezoelectric ribbon fibers when plotting the voltage versus time. These findings suggested 
that the production of electric power through the stimulation of the fibers is confined to the 
clamped area of the fiber, that is, the specific area of the fiber that is being bended (Table 2).

In Germany, in 2010, Walter et al. [57] manufactured melt-spun PVDF fibers of textile finesse. 
Apart from the typical production processes, the produced filaments underwent false twist 
texturizing. In 2011, Steinmann et al. [58], produced melt-spun PVDF textile fibers using dif-
ferent production parameters. Also in 2011, Walter et al. [59] carried out the characterization 
of composites made by combining piezoelectric PVDF monofilaments with a two-composite 
epoxy resin. In 2012, Walter et al. [60] further developed the previous research project [57] by 
producing both a warp-knitted fabric and two woven fabrics (plain and twill weave). In 2013, 
Glauß et al. [61] investigated the spin-ability and characteristics of PVDF bicomponent fibers 
with a CNT/ PP core. This research project is related to research done by Steinmann et al. [62] 
on the extrusion of CNT-modified polymers. In 2015 Glauß et al. [63] worked on the produc-
tion and functionalizing of bicomponent fibers consisting of PVDF “sheath” and conductive 
CNT/PP cores. Also in 2015 Glauß et al. [64] presented their research in the 4th International 
Conference on Materials and Applications for Sensors and Transducers. The presentation was 
regarding the poling effect on bicomponent piezoelectric fibers (PVDF sheath with carbon 
nanotubes as the core).

The research by Steinmann et al. [58] into the phase transitions of melt-spun PVDF fibers 
was a significant step in determining the effect of process parameters on the crystallinity of 

Method Research papers

Fourier transform infrared spectroscopy (FTIR) [29, 44, 55]

X-ray powder diffraction (XRD) [29]

Differential scanning calorimetry (DSC) [44, 55]

Determination of linear density [29, 53]

Determination of tensile strength [53, 54]

Examination of the micro structures of the filaments under scanning electron microscope (SEM) [29, 53, 54]

Determination of the electric response in Volts of a group of fibers when stimulated by a 
mechanical stimulus (impact)

[33, 36, 53, 54]

Determination of the electrical response (peak-to-peak voltage) of a single fiber when stimulated 
by a mechanical stimulus (bending)

[44]

Determination of the electric power (Watts) produced by a single fiber when stimulated by a 
mechanical stimulus (bending)

[55]

Table 2. Characterization methods used in research papers originating in the UK.

Piezoelectric Melt-Spun Textile Fibers: Technological Overview
http://dx.doi.org/10.5772/intechopen.78389

73



was carried out on piezoelectric melt-spun fibers that were produced based on the process 
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ent cross-sections (ribbon yarns and cylindrical monofilaments). Matsouka et al. published 
research concerned with the durability of the electrical response (peak-to-peak voltage) of the 
fibers after one wash cycle [44] as well as a paper describing a method/device that could be 
used to measure the electrical power produced by the fibers [55].

The UK-based research/joint research constitutes the only research that investigated materi-
als other than PVDF, namely PA-11 [36, 44, 55] and Polypropylene [44, 54, 55]. They also 
hold the oldest patent [30] on the production of piezoelectric melt-spun textile filaments, the 
process described in detail by Hadimani et al. [29]. Vatansever et al. [36] touch on the subject 
of the amount of energy produced by a single filament versus the energy required for power-
ing small electronic devices, though without providing specific data regarding the energy 
produced. In contrast, Matsouka et al. [55] provide power measurement results for the three 
different compositions and two different cross-sections examined.

A significant by-product of the research by Matsouka et al. [44] was a conference paper by 
Vossou et al. [56] who combined the electrical response (peak-to-peak voltage) produced 
by the piezoelectric fibers with a computational investigation of the mechanical behavior of 
the same piezoelectric fibers. Piezoelectric fibers were the subject of modal analysis with the 
use of the finite elements method to evaluate its eigenfrequencies and mode shapes (modal 
analysis is the study of the dynamic properties of systems in the frequency domain, a typical 
example would be testing structures under vibrational excitation).
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X-ray diffraction (XRD) [46, 47, 49, 50]
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Determination of viscosity as a function of shear rate [50]
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Determination of the resistance and capacitance of the sensor (individual filament lengths oriented 
in parallel) and electromechanical characterization of the sensor by subjecting it to a dynamic 
compression strain perpendicular to the fiber axis

[50]

Determination of the electric signal and strain of a yarn comprising of 24 fibers by subjecting it to a 
dynamic tensile strain parallel to the fiber/ yarn axis and estimations of the mean power from the 
fibers

[48]

Evaluation of the sensor (yarn woven into fabric) properties for heartbeat detection [48]
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Table 1. Characterization methods used in research papers originating in Sweden.
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moment developed at the clamped end of the fibers versus time, to the diagram of the deflec-
tion of the free end of the fibers, it was found that in the diagram of the bending, y-axis, reac-
tion moment resembled strongly the typical waveform produced during periodic stimulation 
of piezoelectric ribbon fibers when plotting the voltage versus time. These findings suggested 
that the production of electric power through the stimulation of the fibers is confined to the 
clamped area of the fiber, that is, the specific area of the fiber that is being bended (Table 2).

In Germany, in 2010, Walter et al. [57] manufactured melt-spun PVDF fibers of textile finesse. 
Apart from the typical production processes, the produced filaments underwent false twist 
texturizing. In 2011, Steinmann et al. [58], produced melt-spun PVDF textile fibers using dif-
ferent production parameters. Also in 2011, Walter et al. [59] carried out the characterization 
of composites made by combining piezoelectric PVDF monofilaments with a two-composite 
epoxy resin. In 2012, Walter et al. [60] further developed the previous research project [57] by 
producing both a warp-knitted fabric and two woven fabrics (plain and twill weave). In 2013, 
Glauß et al. [61] investigated the spin-ability and characteristics of PVDF bicomponent fibers 
with a CNT/ PP core. This research project is related to research done by Steinmann et al. [62] 
on the extrusion of CNT-modified polymers. In 2015 Glauß et al. [63] worked on the produc-
tion and functionalizing of bicomponent fibers consisting of PVDF “sheath” and conductive 
CNT/PP cores. Also in 2015 Glauß et al. [64] presented their research in the 4th International 
Conference on Materials and Applications for Sensors and Transducers. The presentation was 
regarding the poling effect on bicomponent piezoelectric fibers (PVDF sheath with carbon 
nanotubes as the core).

The research by Steinmann et al. [58] into the phase transitions of melt-spun PVDF fibers 
was a significant step in determining the effect of process parameters on the crystallinity of 

Method Research papers

Fourier transform infrared spectroscopy (FTIR) [29, 44, 55]

X-ray powder diffraction (XRD) [29]

Differential scanning calorimetry (DSC) [44, 55]

Determination of linear density [29, 53]

Determination of tensile strength [53, 54]

Examination of the micro structures of the filaments under scanning electron microscope (SEM) [29, 53, 54]

Determination of the electric response in Volts of a group of fibers when stimulated by a 
mechanical stimulus (impact)

[33, 36, 53, 54]
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PVDF. The aim of the research was to understand the crystallization and phase transitions 
in PVDF fibers in order to optimize the formation of the β phase (which is connected to the 
piezoelectric behavior of PVDF). The research resulted in a detailed overview of the effect of 
production properties on the phase transformations of PVDF, which is shown in Figure 4.

Walter et al. [59] constructed composite specimens using a sandwich of PVDF monofilaments 
placed parallel to each other and an epoxy resin, placed between copper films. Polarization 
was carried out on the composite specimens in an oil bath. Determination of the piezoelectric 
behavior of the samples was carried out both parallel and perpendicular to the fibers. The 
specimens were subjected to tensile strain and the voltage produced was measured. The results 
showed anisotropy of the behavior of the composite specimen regarding the voltage produced 
depending on the direction of the strain (lengthwise or perpendicular to the length) (Table 3).

In Portugal, in 2011, Ferreira et al. [65] investigated the effect of processing conditions and 
a conductive inner core on the electroactive phase content and the mechanical properties of 
PVDF filaments without a core and with a core containing a conductive PP (polypropylene)/
carbon black composite. In 2013, Silva et al. [66] investigated the effect of repeated processing 
cycles on crystallinity and the electroactive phase content of recycled PVDF filaments. In 2014, 
Martins et al. [67] examined the properties of piezoelectric coaxial filaments. The test speci-
mens comprised a piezoelectric cable obtained from a two-layer coextruded filament, com-
prising an internal semi-conductive electrode (carbon black-filled polypropylene compound 
and a carbon nanotube-based compound) and a PVDF layer, coated with a thin layer of a 

Figure 4. The possible structural phase transitions in fibrous PVDF.
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semi-conductive copper-based lacquer. Also in Portugal, in 2014, Rui et al. [68] investigated 
coaxial PVDF filaments with a filament core comprising conductive PP. Ferreira et al. [65] 
concentrated their efforts on producing coaxial piezoelectric filaments made from PVDF, as 
opposed to pure polymer filaments. The use of a conductive PP/carbon black composite core 
in the filaments is a common approach in other research, for instance, the work by researchers 
based in Sweden [48–52] and in Germany [61, 63, 64].

Method Research papers

Differential scanning calorimetry (DSC) [57–59, 62]

Wide angle, x-ray diffraction (XRD) [57–59, 62]

Scanning electron microscope SEM [57]

Determination of yarn finesse [57]

Determination of tensile strength at break [57, 59]

Determination of hot air shrinkage [57]

Dynamic mechanical analysis (DMA) [58]

Monitoring of the formation of surface charges on the composites under tensile and bending 
deformation

[59]

Rheometry measurements [62]

Transition electron microscopy [62, 63]

Determination of specific resistivity [62, 63]

Bright field microscopy [62]

Table 3. Characterization methods used in research papers originating in Germany.

Method Research 
papers

Wide angle, X-ray diffraction (XRD) [65, 66]

Tensile strength tests to determine the Young modulus of the fibers [65]

Fourier transform infrared spectroscopy (FTIR) [66, 67]

Determination of tensile strength at break [67, 68]

Measurement of the electric conductivity [67]

Measurement of the electromechanical response (Voltage response of the filaments during 
mechanical stimulation [tensile strain])

[67]

Microscopy [67]

Determination of the electromechanical response of the filaments (voltage produced due to 
mechanical stimulation (vibration, elongation)

[68]

Table 4. Characterization methods used in research papers originating in Portugal.
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PVDF. The aim of the research was to understand the crystallization and phase transitions 
in PVDF fibers in order to optimize the formation of the β phase (which is connected to the 
piezoelectric behavior of PVDF). The research resulted in a detailed overview of the effect of 
production properties on the phase transformations of PVDF, which is shown in Figure 4.

Walter et al. [59] constructed composite specimens using a sandwich of PVDF monofilaments 
placed parallel to each other and an epoxy resin, placed between copper films. Polarization 
was carried out on the composite specimens in an oil bath. Determination of the piezoelectric 
behavior of the samples was carried out both parallel and perpendicular to the fibers. The 
specimens were subjected to tensile strain and the voltage produced was measured. The results 
showed anisotropy of the behavior of the composite specimen regarding the voltage produced 
depending on the direction of the strain (lengthwise or perpendicular to the length) (Table 3).

In Portugal, in 2011, Ferreira et al. [65] investigated the effect of processing conditions and 
a conductive inner core on the electroactive phase content and the mechanical properties of 
PVDF filaments without a core and with a core containing a conductive PP (polypropylene)/
carbon black composite. In 2013, Silva et al. [66] investigated the effect of repeated processing 
cycles on crystallinity and the electroactive phase content of recycled PVDF filaments. In 2014, 
Martins et al. [67] examined the properties of piezoelectric coaxial filaments. The test speci-
mens comprised a piezoelectric cable obtained from a two-layer coextruded filament, com-
prising an internal semi-conductive electrode (carbon black-filled polypropylene compound 
and a carbon nanotube-based compound) and a PVDF layer, coated with a thin layer of a 

Figure 4. The possible structural phase transitions in fibrous PVDF.
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semi-conductive copper-based lacquer. Also in Portugal, in 2014, Rui et al. [68] investigated 
coaxial PVDF filaments with a filament core comprising conductive PP. Ferreira et al. [65] 
concentrated their efforts on producing coaxial piezoelectric filaments made from PVDF, as 
opposed to pure polymer filaments. The use of a conductive PP/carbon black composite core 
in the filaments is a common approach in other research, for instance, the work by researchers 
based in Sweden [48–52] and in Germany [61, 63, 64].

Method Research papers

Differential scanning calorimetry (DSC) [57–59, 62]

Wide angle, x-ray diffraction (XRD) [57–59, 62]

Scanning electron microscope SEM [57]

Determination of yarn finesse [57]

Determination of tensile strength at break [57, 59]

Determination of hot air shrinkage [57]

Dynamic mechanical analysis (DMA) [58]

Monitoring of the formation of surface charges on the composites under tensile and bending 
deformation

[59]

Rheometry measurements [62]

Transition electron microscopy [62, 63]

Determination of specific resistivity [62, 63]

Bright field microscopy [62]

Table 3. Characterization methods used in research papers originating in Germany.

Method Research 
papers

Wide angle, X-ray diffraction (XRD) [65, 66]

Tensile strength tests to determine the Young modulus of the fibers [65]

Fourier transform infrared spectroscopy (FTIR) [66, 67]

Determination of tensile strength at break [67, 68]

Measurement of the electric conductivity [67]

Measurement of the electromechanical response (Voltage response of the filaments during 
mechanical stimulation [tensile strain])

[67]

Microscopy [67]

Determination of the electromechanical response of the filaments (voltage produced due to 
mechanical stimulation (vibration, elongation)

[68]

Table 4. Characterization methods used in research papers originating in Portugal.
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The subject of the research by Silva et al. [66] (recycled PVDF filaments) was unique in the 
literature reviewed. The results of several consecutive processing cycles on piezoelectric 
PVDF samples showed that all the parameters that were studied were unaffected or only very 
slightly affected by up to nine processing cycles suggesting that PVDF recycling was feasible 
regarding its electroactive properties (Table 4).

In France, Kechiche et al. [69] investigated the properties of a piezoelectric coaxial filament, 
which had a sheath of P(VDF70-TrFE30) (poly(vinylidenefluoride-trifluoroethylene)) and a 
copper monofilament as the core. Their work was based on previous research carried out by 
Khoffi et al. [70] on the production of a polyethylene terephthalate/copper composite filament.

In a joint paper by researchers based in Australia and Germany, Magniez et al. [71] investigated 
the effect of drawing on the molecular orientation and polymorphism of melt-spun PVDF fibers. 
The methods used for the characterization of the fibers were (i) the determination of tensile 
properties of the fibers, (ii) X-ray diffraction (XRD), (iii) Fourier-transform infrared spectros-
copy (FTIR), (iv) the determination of molecular orientation using optical birefringence, and (v) 
the determination of the electric response (voltage) of the piezoelectric fibers integrated in to a 
woven textile structure after mechanical stimulation (compression).

The approach by Kechiche et al. [69] of manufacturing and studying a coaxial filament (PET/
copper) was found to be innovative in the literature reviewed. The research team had to design 
and develop a new type of spinneret to provide good centering of the inner core (copper filament) 
in the P(VDF70-TrFE30) matrix copolymer. The research team was able to integrate the monofila-
ment yarns into a woven fabric structure and use the resultant fabric as a pressure sensor (Table 5).

3. Conclusions

Based on the analysis of the literature presented in this chapter with regard to the methods 
of characterization of piezoelectric melt-spun textiles fibers, three main conclusions can be 
reached: (i) most of the research carried out focuses on PVDF core-spun fibers with very few 
exceptions. Examples of the exceptions is the research by Bayramol et al. [54] that investigated 

Method Research 
papers

Differential scanning calorimetry (DSC) [70]

Wide angle, x-ray diffraction (XRD) [70, 71]

Fourier transform infrared spectroscopy (FTIR) [71]

Determination of tensile strength [70, 71]

Determination of the sensing capabilities of a woven fabric incorporating the coaxial filaments 
(voltage response to compression)

[70]

Determination of molecular orientation using optical birefringence [71]

Determination of the electric response (Voltage) of the piezoelectric fibers integrated in to a woven 
textile structure after mechanical stimulation (compression)

[71]

Table 5. Characterization methods used in research papers originating in France/joint paper from Australia & Germany.
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the piezoelectric behavior of PP and the work by Matsouka et al. [44, 55] which investigated 
the behavior of PP and PA-11 fibers as well as PVDF ones, (ii) the majority of the current 
research utilizes test methods such as XRD, differential scanning calorimetry (DSC) and FTIR 
to characterize piezoelectric fibers, and (iii) there is no standardized method for the determi-
nation of the electrical response of the fibers to mechanical stimulation (neither as a method 
nor as equipment). Methods such as XRD, DSC, and FTIR aim at the characterization of fiber 
crystallinity and especially in the case of PVDF, the percentage of β phase, which is the source 
of the piezoelectric properties for PVDF.

There are two major approaches regarding the characterization of the electromechanical 
response of the fibers: (i) qualitative tests that are intended to show the potential of the fibers, 
that is, research conducted by Nilsson et al. and Kechiche et al. [52, 69] and (ii) measurement 
of the voltage produced by the fibers (or multifilament yarns or fabrics incorporating the 
said yarns) when they are mechanically stimulated either by tensile strain [48, 67, 68], impact  
[33, 53, 59], compression [50, 70, 71] or bending [44].

From the electrical point of view, these research approaches restrict themselves in the measurement 
of the generated voltage, that is, the various piezoelectric fibers were characterized by the maxi-
mum voltage generated. Furthermore, in most of the research quoted above, the voltage measure-
ment corresponds to the open-circuit voltage which is used as the main performance indication.

However, considering energy-harvesting applications, the open-circuit voltage is not ade-
quate to characterizing the power-generation capabilities of fibers. For this purpose, knowl-
edge of the current production capabilities of the fibers under load is also required. Research 
that quotes the measurement of the power produced by the melt-spun piezoelectric textile 
fibers under load with a description of an innovative method/device developed especially for 
these fibers can be found in the work of Matsouka et al. [55].
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coated on a phosphor bronze plate by bar-coating method, followed by polarization by 
corona discharge method. Aluminum top electrode was deposited on the PVDF film by 
sputtering. One end of the plate was clamped by a fixture to form a cantilever, the length 
of which is 25 mm. Output power P at the resonance frequency (=55 Hz) was measured 
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reached 4.3 μW at R = 2.1 MΩ. This result is not inferior compared with other reported 
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1. Introduction

Recently, energy harvesting technologies have been actively studied as an energy source for 
wireless sensor’s battery [1, 2]. There are various energy sources for energy harvesting such 
as solar power, thermal energy, wind power, and vibration. Among these power generation 
methods, a vibration energy harvester (VEH) is necessary in environments where solar cells 
cannot be used, for example, bridges, cars, underground places, buildings, and other environ-
ments. There are three main types of VEH generation methods: electromagnetic, electrostatic, 
and piezoelectric. Piezoelectric VEH has high electromechanical coupling coefficient. In addi-
tion, its structure is simple and suitable for miniaturization [3]. In many cases, the structure of 
piezoelectric VEH is like this: piezoelectric thin film is deposited on the surface of leaf spring 
made of metal or single crystal silicon. Weight is set on the tip of the spring [4–13]. By match-
ing the design of leaf spring to the vibration condition, it can generate electric power under 
low frequency vibration and low acceleration.

In previous study, Refs. [6–10] fabricated piezoelectric VEHs using ceramic piezoelectric 
material. They fabricated cantilever-type piezoelectric VEHs. These piezoelectric VEHs were 
composed of metal cantilever and PZT film having high piezoelectricity on it. The output 
power of 1–17 μW was reported in the vibration frequency range of several hundred hertz. 
Although PZT has high piezoelectricity, it contains poisonous lead and it is a typical brittle 
material. Destruction of the VEH devices under large vibration or impact is a practical prob-
lem. In place of PZT, lead-based piezoelectric materials other than PZT and lead-free ones are 
being studied for VEHs, but piezoelectricity still remains lower than PZT [11, 12].

We adopted polyvinylidene difluoride (PVDF) which is a piezoelectric polymer material. PVDF 
has greater flexibility compared to ceramic PZT, so it can withstand large deformation. PVDF can 
be dissolved in an organic solvent such as methyl ethyl ketone (MEK), which forms PVDF solu-
tion. It can be coated on substrates or parts by several coating methods, making it compatible with 
micro electro mechanical systems (MEMS) technology. By using PVDF, therefore, it is possible to 
fabricate small devices. Toprak et al. fabricated a small piezoelectric VEH device in which a canti-
lever was made of single crystal silicon coated with a PVDF thin film [13]. However, its vibration 
frequency was 1074 Hz, and the output power was very small pW order. A VEH, which is coated 
with PVDF thin film and suitable for low frequency of 100 Hz or lower, has not been reported yet.

At the beginning of this chapter, we aimed to fabricate VEH coated with bar-coated PVDF 
film on leaf springs which can generate electric power even at low frequency. First, a PVDF 
thin film was prepared by bar-coating method, and then, it was polarized by corona discharge 
method. Mechanical and electrical properties of bar-coated films, such as surface roughness, 
residual stress, Young’s modulus, XRD pattern, piezoelectric constant, were characterized. 
Then, a cantilever-type VEH using a bar-coated PVDF film was fabricated, and its power 
generating ability was evaluated.

Bar-coating methods enable PVDF film to coat on a completely flat substrate; however, it is 
not suitable for coating thin film on a three-dimensional (3D) surface (e.g., curved surface, 
uneven surface) caused by its coating principles.

In contrast, spray-coating method is suitable for coating a thin film on 3D surface. Spray coat-
ing was well researched by Sasaki et al. [14]. They have developed spray-coating technique 
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of photoresist onto 3D microstructures for the purpose of photolithography. In the case of 
PVDF, a pyroelectric image sensor was fabricated using its thin film formed by electrospray 
coating [15]; however, the film was deposited on only flat substrate. Coating PVDF thin film 
on completely 3D microstructure has not been reported yet. Recent years, ultramicro 3D fab-
rication technique such as 3D printing is progressing. A technology to form PVDF thin film on 
the surface of fine 3D structure is expected. In this chapter, we tried to apply the spray-coating 
method to PVDF coating on 3D structure.

In the latter part of this study, spray coating was carried out to form PVDF thin film on the 
surface of 3D helical spring. A state of a spray-coated film was observed by a scanning elec-
tron microscope (SEM). The SEM image showed that the spray-coated PVDF thin film deposi-
tion was successfully achieved.

2. Preparation of PVDF film by bar-coating method

2.1. Formation of PVDF film

Spin-coating method is typically employed in MEMS process. However, it was found that the 
thickness of PVDF film can be controlled only in the range of 5–10 μm by this method. Perhaps 
because of cracks, spin-coated films with a thickness of 5–10 μm were easily discharged in the 
polarization process. In order to prevent cracks, it was necessary to obtain a thicker film. As a 
method for obtaining a thick film, bar-coating method was used.

Figure 1 shows a schematic diagram of the bar-coating method. First, drop the PVDF solution 
onto substrate and slide the bar coater on spacer to expand the PVDF solution. On the surface 
of the bar-coater, grooves are provided to obtain a uniform film thickness.

PVDF solution was prepared by dissolving PVDF in methyl ethyl ketone (MEK). A bar coater 
(Model: 065-2-40 μm, Allgood Corp.) having diameters, lengths, and groove depths of 9 mm, 

Figure 1. Schematic illustration of bar-coating method.
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of photoresist onto 3D microstructures for the purpose of photolithography. In the case of 
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on completely 3D microstructure has not been reported yet. Recent years, ultramicro 3D fab-
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method to PVDF coating on 3D structure.
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Figure 1 shows a schematic diagram of the bar-coating method. First, drop the PVDF solution 
onto substrate and slide the bar coater on spacer to expand the PVDF solution. On the surface 
of the bar-coater, grooves are provided to obtain a uniform film thickness.

PVDF solution was prepared by dissolving PVDF in methyl ethyl ketone (MEK). A bar coater 
(Model: 065-2-40 μm, Allgood Corp.) having diameters, lengths, and groove depths of 9 mm, 

Figure 1. Schematic illustration of bar-coating method.
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Figure 3. Measurement result by a stylus-type step profiler; (a) surface morphology and (b) surface roughness of PVDF 
film obtained by bar-coating method.

320 mm, and 40 μm was used in this study. After coating, the substrate was heated on a hot 
plate at 90°C for 10 min to evaporate the MEK.

In this method, it was possible to control the film thickness to 50 μm by changing the height 
of spacer while sliding the bar coater. As a result of the measurement, it was found that the 
thickness of the bar-coated PVDF film linearly increases in proportion to the height of spacer 
(see Figure 2). However, the surface irregularities increased in the case of the film thickness 
exceeded 30 μm. Considering this, the thickness was decided to set to 30 μm. Namely, the rea-
son for determining the thickness largely depends on the constraints of the film-forming pro-
cess. In this chapter, bar-coated films with thicknesses of 30 and 12 μm are prepared and used.

2.2. Characterization of properties of bar-coated PVDF film

Figure 3 shows the surface morphology and roughness of obtained PVDF film measured by a 
stylus-type step profiler (DekTakXT, Bruker Daltonics K.K). The surface waviness was within 
±1.5 μm along 25 mm line (see Figure 3(a)). The surface roughness (Ra) was estimated as 

Figure 2. Relationship between obtained thickness of bar-coating PVDF film and spacer height.
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11 nm using the data shown in Figure 3(b). Observation of the film surface using a scanning 
electron microscope (SEM) showed no cracks or pinholes of several micrometers.

Residual stress of the PVDF film was measured using a thin-film stress measurement appara-
tus (FLX—2320—S, Toho technology Corp.). The curvature radius before and after PVDF film 
formation on a 4-in silicon wafer was measured. A laser beam was scanned along a straight 
line on the wafer surface; the reflected light was detected to yield a profile of the surface. 
Using the difference between these radii, the residual stress was calculated as 5 MPa, which is 
quite low stress compared with usual polymer films [16].

Figure 4. Stress-strain curve of bar-coated PVDF film.

Figure 5. (a) Schematic illustration and (b) photograph of the test sample to measure P-E hysteresis loops.
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Young’s modulus was measured by pulling it physically. The resulting stress-strain curve is 
shown in Figure 4. It has been reported that Young’s modulus of bulk PVDF is 1–3 GPa, and 
that of thin PVDF film is about 0.5 GPa [17, 18]. Therefore, the result of 0.6 GPa calculated by 
the initial inclination of the curve is considered to be a reasonable value.

Polarization vs. electric field (P-E) hysteresis loops for the PVDF film was measured using a 
Sawyer-Tower circuit. A fabricated test sample was shown in Figure 5. PVDF film was formed 
on a low-resistance silicon substrate (resistivity: 0.2 Ωcm or less) by bar-coating method. Then, 
aluminum electrode was deposited on PVDF by sputtering, and a lead wire was connected 
to the electrodes. Electric field was applied by changing it from 20 to 90 MV/m. Obtained P-E 
hysteresis loops were shown in Figure 6, which shows good ferroelectricity.

3. Polarization of PVDF film

3.1. Corona polarization method

Following coating a PVDF film, it was polarized by applying high voltage. In early stage of 
this study, top and bottom electrodes were deposited on PVDF film, then high DC voltage 
was applied between them for polarizing the film; however, high electric field could not be 
applied, since discharge often occurred. In almost all cases, the discharge was creeping one, 
i.e., the route of discharge is on the substrate surface, followed by the route along its side wall 
to the electrical ground. It indicates that the film itself endures the applied high voltage, i.e., 
the discharge across the film thickness due to cracks or pinholes does not occur.

In order to solve the discharge problem, charge injection was performed into the PVDF film sur-
face using corona discharge method. In this method, PVDF film was applied high electric field 
before depositing the top electrode. We call this method as corona polarization. Figure 7 shows 
schematic diagram of corona polarization setup. The procedure of this polarization method is as 
follows: a needle electrode was placed over the center of PVDF film, followed by applying a volt-
age of −10.0 kV. Distance between the electrode and the test sample was set at 20 mm. Applying 
time was set for 10 min. In corona polarization, no discharge or any other problems occurred.

Figure 6. Obtained P-E hysteresis loops.
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3.2. Characterization of piezoelectric properties

To obtain the information of crystal structure of PVDF film, X-ray diffraction (XRD) analysis 
was performed. Result of XRD pattern is shown in Figure 8. The sharp and narrow peak at 
20° indicates the dominant β-phase in PVDF thin film, which is beneficial for the piezoelectric 
effect. The measured XRD pattern matched well with that of a typical β-phase PVDF film 
discussed in previous studies [19, 20]. This result shows that bar-coated film had a good crys-
talline structure.

In order to confirm whether or not the polarized PVDF film has piezoelectricity, the piezo-
electric constant d33 was measured. The process of fabricating test sample for measuring d33 is 
as follows: As already described in Section 2.1, a PVDF film was prepared on a low-resistance 
silicon substrate (size: 40 × 30 mm) by bar-coating method. One end of PVDF film was cut, and 
the lead wire was connected to the exposed low-resistance silicon substrate by a conductive 
adhesive. The effective area of PVDF film after cutting was 30 mm2.

Piezoelectric constant d33 of PVDF was measured by an apparatus (product name; d33 meter, 
PIEOTEST Corp.). The center of PVDF film right under the needle electrode is a region where 
charge injection is easy. On the other hand, the amount of charge decreases as going away 
from the center of film. In other words, the internal electric field generated in PVDF film 
depends on the location, and there is a possibility that the PVDF film cannot polarize away 
from the electrode. In order to investigate the success range of one corona polarization, we 

Figure 7. Schematic of corona polarization.

Figure 8. Result of XRD analysis of bar-coated PVDF.
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measured d33 at 17 points at 3 mm intervals. Figure 9(a) shows the distribution of measure-
ment points on PVDF film. About 17 points ((1)–(9) and A–H) were adopted as measuring 
points. Table 1 shows measurement result of d33. The maximum value of d33 was −11.2 pC/N 
(see Table 1). Figure 9(b) shows success or failure of corona polarization at each point. When 
the value of d33 was greater than or equals to 8 pC/N, we considered that polarization was 
successful, otherwise, we considered that polarization was failed. Success range of one corona 
polarization was within the circle, of which diameter was approximately 15 mm. In the out-
side area, sufficient piezoelectricity was not achieved.

The resistivity of low-resistance silicon is higher than typical metals, and it may affect the piezo-
electricity of PVDF films. We verified the effects of material difference in bottom electrode on piezo-
electricity. The d33 of PVDF film of 30 and 12 μm in thickness coated on phosphor bronze (2–6 × 10−6 
Ωcm [21]) was −8.5 pC/N and −10.1 pC/N (see Section 4.1 below), while that was approximately −10 
pC/N (distributing among sampling points) on a low-resistance single crystal Si (0.2 Ωcm or less).  

Table 1. Results of piezoelectric constant d33 of the PVDF after corona polarization.

Figure 9. (a) Measurement points of piezoelectric constant d33 and (b) result of success or failure of polarization.
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Considering these results, although the data is limited, the material of substrate, e.g., the resistivity 
of substrate, does not affect so much on the piezoelectricity of PVDF film.

4. Fabrication of piezoelectric cantilever-type VEHs

4.1. Preparation of PVDF film for VEHs

PVDF film was formed on a rectangular phosphor bronze plate by bar-coating method. The 
size of phosphor bronze plate was 35 mm in length, 15 mm in width, and 0.1 mm in thickness. 
Phosphorus bronze was adopted due to its good spring characteristics. We fabricated two 
VEHs with different PVDF thicknesses; one is 30 μm (called sample 1) and the other is 12 μm 
(called sample 2). The dimensions of these samples are shown in Table 2.

After forming PVDF film, a lead wire was connected to phosphor bronze plate to perform 
corona polarization. The conditions of corona polarization were same as described in Section 
3.1. In order to securely polarize the entire surface of the PVDF film, corona discharges were 
performed at six points at intervals of 5 mm (see Figure 10).

Table 2. Dimensions of cantilever VEH device.

Figure 10. Schematic of points where corona polarization was applied.
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Figure 11. Capacitance and loss tangent of the VEH device.

After polarization, d33 of these PVDF films was measured. The average measured values of d33 of 
polarized PVDF thin films were −8.5 pC/N (sample 1) and −10.1 pC/N (sample 2), respectively. 
For comparison, d33 of PVDF, which was not treated with polarization, was −0.87 pC/N. These 
values (−8.5 pC/N and −10.1 pC/N) are not bad compared with the typically reported values 
(−10 to −20 pC/N) [22]. The difference of d33 between −8.5 and −10.1 pC/N may be caused by 
the thickness difference. However, considering only the difference in electric field due to thick-
ness, the difference would be large. It is difficult to identify the reason at present.

In this study, PVDF film operates in d31 mode. It is reported that d31 of PVDF film is approxi-
mately 70% of its d33 [23, 24]. Considering that d33 of our PVDF film is approximately 10 and it 
is the same order as other reported values, d31 is not bad.

An aluminum upper electrode was deposited on PVDF film by sputtering. The size of elec-
trode was 30 mm in length, 10 mm in width, 0.3 μm in thickness. A capacitance of the prepared 
VEHs was measured with an LCR meter (E4980A, Agilent Technology). The capacitance and 
loss tangent were measured at frequencies from 1 kHz to 2 MHz. The measurement results 
are shown in Figure 11. The electrostatic capacity of VEHs were 1.6 nF (sample 1) and 1.8 nF 
(sample 2) at 1 kHz, respectively. The calculated dielectric constants were approximately 16 
and 10, respectively. These dielectric constants are in the same order as the reported values 
such as 13 at 1 kHz [25]. Loss tangents were 0.013 (sample 1) and 0.021 (sample 2) at 1 kHz, 
respectively. These values are equivalent to the previous reported PVDF film properties [26].

4.2. Vibration test and power generating result

One end of the plate was clamped by a fixture to form a cantilever. A proof mass (m = 0.2 g) 
was attached to the other end. Effective length of clamped cantilever was 25 mm. Figure 12 
shows a schematic illustration and photograph of fabricated cantilever VEH.

Figure 13 shows measurement setup of vibration test. Fabricated VEH was mounted on a 
vibration generator (PET-05, IMV Corp.). Lead lines between top and bottom electrodes were 
connected to the external load resistance R, which is composed of a fixed resistance (100 kΩ) 
and a variable resistance (from 0 to 9 MΩ) in series. A laser displacement meter was used 
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for determining the acceleration. Output voltage V(t) generated at the load resistance was 
measured by an oscilloscope. Output power P was calculated by Eq. (1).

  P =   
∫ p  (t)  dt

 ________________ T  ,  (1)

where p(t) = V(t)2/R, T is the period. By changing R from 0.1 to 9.1 MΩ at intervals of 1 MΩ, 
the optimal value was searched.

Acceleration and frequency of vibration were set to 17 m/s2 and 55 Hz (it is the resonant fre-
quency of the cantilever), respectively. At the same time, state of vibrations was taken using a 
high-speed camera (Memrecam fx-k5, Nac Corp.). In this vibration conditions, half amplitude 
of the free end of cantilever was approximately 6 mm, as shown in Figure 14.

Measurement result of the vibration test is shown in Figure 15. Maximum output of 4.3 μW 
was achieved at R = 2.1 MΩ in case of sample 1. Looking at this result, the thicker PVDF film 
is, the higher output power is obtained. The reason is considered as follows: in the thicker 

Figure 12. (a) Schematic illustration and (b) photograph of VEH using bar-coated PVDF film on phosphor bronze 
cantilever.

Figure 13. (a) Schematic illustration and (b) photograph of experimental setup for verifying power generation for free 
vibration.
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Figure 12. (a) Schematic illustration and (b) photograph of VEH using bar-coated PVDF film on phosphor bronze 
cantilever.

Figure 13. (a) Schematic illustration and (b) photograph of experimental setup for verifying power generation for free 
vibration.
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Figure 14. Image of the vibration of the VEH taken by high-speed camera.

Figure 15. Output power vs. load resistance for free oscillation at 17 m/s2, 55 Hz.

PVDF film of VEH (sample 1), the distance between neutral axis and PVDF film is greater than 
that in the thinner PVDF film of VEH (sample 2). Therefore, stress and strain induced on the 
PVDF film of sample 1 are higher than those of sample 2. In simple and approximately calcu-
lation, the 30/12 = 2.5 times larger strain would lead to 2.52 = 6.25 times larger output power. 
Looking at Figure 15, the peak power of sample 1 is 4.3 μW and the peak power of sample 
2 is 0.7 μW; the former is 6.1 times larger than the latter, which agrees with the calculation.

Table 3 shows the performance of our VEH and comparison with other cantilever-type piezo-
electric VEHs. According to the reports by Kanno et al., the output of their VEHs composed of 
ceramic PZT film achieved 1–17 μW [6–10]. However, the vibration frequency of power gener-
ating test was 108–890 Hz. This value is higher than our VEH. Considering that the theoretical 
output power is proportional to the square of frequency, our VEH composed of piezoelectric 
polymer PVDF film shows performance equivalent to that of other VEHs using ceramic PZT.

Although piezoelectric constant of PVDF is lower than PZT [27], we could obtain equivalent 
power. This is caused by large deformation due to flexible polymer PVDF, which increases 
power generation [28].
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5. Spray-coating method

5.1. Spray-coating equipment

To coat PVDF thin film onto the 3D surface, spray-coating method was carried out. Figure 16 
shows the setup of spray-coating equipment (Ushio Mechatronics, Inc.: USC-2114SM-ANG) 
used for this study. The spray nozzle was set in the chamber facing down toward a work stage. 
A sample was placed on the stage, which was computationally controlled to move at a constant 
speed of 60 mm/s. The sample was fixed on the stage by a vacuum chucking. The stage moves 
under the spray nozzle so as to draw a zigzag course repeatedly (240 times), allowing uniform 
PVDF coating on the sample. The PVDF solution and N2 gas (pressure: 0.4 MPa) were supplied 
to the nozzle through individual tubes, and these fluids were physically mixed in it, followed 
by sprayed in the form of circular cone having tip angle of 24° (see Figure 16). Flow rate was 
controlled at 60 g/h using a mass flow controller. The distance between the nozzle and the work 
stage was set to be 45 mm. The total time of spray-coating process was 20 min.

There are several parameters to be set for spray-coating method [29]. These parameters have a 
complex effect on film properties to each other. Among the parameters, in this study, the kind 

Table 3. Comparison of VEHs performance.

Figure 16. Schematic illustration of the setup of spray-coating equipment.
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of organic solvent of diluting PVDF and its dilution rate were changed and examined. The 
other parameters such as flow rate were set at default values as mentioned above.

5.2. PVDF thin-film formation by spray-coating method

PVDF solution which is already dissolved by vendor in 24 wt% with methyl ethyl ketone 
(MEK) was used. However, this solution cannot be used for spray coating because of its high 
viscosity. To adjust the concentration of PVDF, the original PVDF solution was further diluted 
with organic solvent in addition [30].

At first, PVDF solution was diluted with additional MEK and spray-coated on flat surface of 
a silicon substrate. The concentration of PVDF after additional dilution was as follows: (a) 
1.2 wt%, (b) 1.8 wt%, (c) 2.4 wt%, and (d) 3.0 wt%. After spray coating, PVDF thin film was 
baked at 90° on a hot plate for 10 min to evaporate the organic solvent (MEK) completely.

The thickness and surface morphology were measured using a contact-type stylus step pro-
filer. To measure the thickness, a part of PVDF thin film on a silicon substrate was cut and a 
level difference was provided.

Figure 17 shows results of measuring surface morphology with surface roughness (Ra) on 
each condition. Surface roughness Ra was calculated from the following equation:

   R  a   =   1 __ L    ∫ 0  L     | y (x)  |  dx  (2)

Figure 17. Surface morphology and roughness of spray-coated PVDF thin films measured by a stylus step profiler. 
Weight ratio of PVDF to total weight varies for each sample.
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where L is the evaluation length and y(x) is the height along x direction. These mea-
surement results showed that the higher concentration of PVDF, the thicker PVDF film 
was obtained. However, as the concentration of PVDF increases, surface roughness Ra 
increases. In case of condition (d) 3.0 wt%, many particles of which size is approximately 
10 μm were observed. Several particles were also observed under other conditions. 
Figure 18 shows a SEM image in case of condition (c) 2.4 wt%, in which many particles 
are observed. They may be PVDF particles generated by the spray-coating process. The 
drying speed of solvent of diluting PVDF may affect generating particles. In case of only 
using MEK as diluting solvent, PVDF is sprayed to the sample in a solid state. It is because 
the boiling point of MEK is low, which promotes its evaporation before arriving at the 
sample. These particles of generating several micron surface roughness may produce bad 
effects on the electrode formed on PVDF film. Since the electrode thickness is usually less 
than 1 μm, the particles may cause the crack of electrode, which leads to the reduction 
of effective electrode area. Improving the surface condition of spray-coated film is future 
study.

5.3. Spray-coating PVDF on 3D surface

PVDF solution was spray-coated on a helical compression spring. A helical spring was 
adopted because it can be largely deformed. Since PVDF can easily follow the deformation of 
helical spring due to its flexibility, high output power is expected. The material of spring was 
stainless (SUS304), and its size is as follows: free length: 4.3 mm; coil diameter: 2.16 mm; and 
wire diameter: 0.16 mm.

Figure 19(a) shows the schematic of the setup of spray coating for 3D helical spring. 
Figure 19(b) shows a SEM image of spray-coated PVDF thin film coated on it. The SEM image 
shows that the PVDF film was formed even on the bottom side of helical spring, showing that 
the PVDF solution was spray-coated omnidirectionally in this case. Eventually, PVDF thin 

Figure 18. A SEM image of the surface of spray-coated PVDF thin film formed by the condition (c).
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where L is the evaluation length and y(x) is the height along x direction. These mea-
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Figure 19. (a) Setup of spray coating for helical spring and (b) a SEM image of the surface of PVDF thin film.

film deposition to the helical spring was successfully achieved. Energy harvesters composed 
of PVDF-coated 3D spring such as helical spring will be fabricated in the future.

6. Conclusion

PVDF film was formed by bar-coating method and characterized its mechanical and piezo-
electric properties. A cantilever-type vibration energy harvester (VEH) made of a PVDF film 
was fabricated on a phosphor bronze rectangular plate. The dimensions of the cantilever were 
25 mm in length and 15 mm in width. After corona polarization, the piezoelectric constant d33 
of PVDF was calculated to be −8.5 pC/N and −10.1 pC/N at 30 and 12 μm thickness, respec-
tively. As a result of the vibration test, the maximum output at R = 2.1 MΩ was 4.3 μW in case 
of the device with a thickness of 30 μm, which was the same performance as other cantilever-
type VEH using ceramic piezoelectric PZT. PVDF is a flexible material and it was able to 
generate large strain due to flexibility of the device.

The thickness of PVDF film and corona polarization condition should be optimized for 
improving piezoelectric constant of PVDF film. Optimizing the structure of VEH should be 
done using MEMS technology in the future.

PVDF thin film was formed by spray-coating method. PVDF thin film was deposited on a 3D 
surface by spray coating. A helical compressing spring was adopted. The deposition on it was 
successfully achieved. However, surface conditions of it are currently not good. Improving 
the surface conditions of PVDF film and its application to a power-generating device are 
ongoing works.
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Abstract

This chapter presents an unrestrained and predictive sensor system to analyze human
behavior patterns, especially in a case that occurs when a patient leaves a bed. Our devel-
oped prototype system comprises three sensors: a pad sensor, a pillow sensor, and a bolt
sensor. A triaxial accelerometer is used for the pillow sensor, and piezoelectric elements are
used for the pad sensors and the bolt sensor that were installed under a bed mat and a bed
handrail, respectively. The noteworthy features of these sensors are their easy installation,
low cost, high reliability, and toughness. We developed a machine-learning-based method to
recognize bed-leaving behavior patterns obtained from sensor signals. Our prototype sys-
tem was evaluated by the examination with 10 subjects in an environment representing a
clinical site. The experimentally obtained result revealed that the mean recognition accuracy
for seven behavior patterns was 75.5%. Particularly, the recognition accuracies for longitudi-
nal sitting, terminal sitting, and left the bed were 83.3, 98.3, and 95.0%, respectively. How-
ever, falsely recognized patterns remained inside of respective behavior categories of
sleeping and sitting. Our prototype system is applicable and used for an actual environment
as a novel sensor system without restraint for patients.

Keywords: machine learning, invisible sensors, bed monitoring, piezoelectric elements,
and signal processing

1. Introduction

Along with the longevity in our society, labor shortages will be severe, especially at hospitals,
nursing homes, and nursing care facilities [1]. Currently, few caretakers care for numerous
elderly patients. For this situation, nurses and caretakers should monitor them inadequately,
especially during sleep at night [2]. As related to this situation, Mitadera and Akazawa
addressed that approximately half of falling or tumbling accidents are among elderly patients
[3]. Numerous accidents occurred when elderly patients leave their bed and these accidents
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occurred in a place where nurses and caretakers are hard to keep their eye on. Statistically, the
tumbling and falling accident rates were 83.3% and 85.4%, respectively, when they had no
support at an accidental moment. For protecting it, suitable provision is necessary after
conducting assessments for respective elderly patients. Actually, one approach is to use bed-
leaving sensors that signal when they leave from their beds. The number of hospitals and nursing
care facilities using these sensors, which can be used to prevent falling from their beds, has
increased recently [4, 5].

As a simple sensor system attached to a patient’s clothing [6], clip sensors are the lowest-cost
sensors that can be introduced easily. However, the usage of clip sensors has been prevented
because of the necessity of wearer constraint, especially for the protection of human rights.
Moreover, malfunctions and anomaly detections occur frequently for clip sensors because of
the binary output used to detect bed-leaving behaviors. Regarding the reliability and perspec-
tive of management, clip sensors are insufficient to prevent falling from a bed completely.
Furthermore, accidents caused by cable binding to the neck have been reported as clinical
serious accidents [6]. Therefore, clip sensors are regarded as inadequate for using clinical sites,
although it is easy to introduce them as a cost-effective solution.

Mat sensors are also widely used as a cost-effective and convenient sensor that can be installed
easily [7]. Using mat sensors, Haruyama et al. developed an alarm system to detect patients
leaving from their beds [8]. Medical and welfare suppliers have already released numerous
models and various types of consumer used mat sensors installed on a floor, a bed, or on
rolling handrails. For authentication, mat sensors used on a floor are unnecessary used for
medical devices under the pharmaceutical law. Although mat sensors are easy to produce and
to sell, a delayed problem remains as detection accuracy because of the response after sitting at
the end of the bed. Moreover, sensor responses are apparent when medical staff members such
as nurses or physicians walk on. Therefore, it is a challenging task to distinguish the responses
of patients and medical personnel for signal pattern recognition.

The sensors that are rolled over handrails not only obstruct a view of a bed, but also present a
removal risk when a patient finds it and feels negatively about being restrained. Moreover,
false detection occurs when patients leave their bed without gripping a sensor installed hand-
rail. Mat sensors installed on a bed under a sheet can detect bed-leaving behavior patterns with
superior reliability to mat sensors of other types. Nevertheless, existing mat sensors are actu-
ated by a binary response similar to that for clip sensors. Early detection is not feasible,
especially in the initial bed-leaving behavior.

Using a camera as a bed monitoring sensor system provides a cost-effective solution combined
with state-of-the-art computer vision technologies and algorithms that can use as open source
software. Although camera can obtain much information for a monitoring subject, it is a
challenging task to predict behavior patterns obtained from images as pixel signal information.
It is impossible to monitor numerous subjects simultaneously and is unrealistic for a few
operators or medical staff members if they observe images directly. Moreover, they must
consider the aspect of human rights and quality of life (QoL). Because behavior patterns differ
among people [9], it is impossible to recognize bed-leaving behavior patterns using only
sensor responses with detailed analyses. Moreover, vision-based monitoring using a camera
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imposes a mental load on patients because they feel as though they are under surveillance all
daytime and nighttime.

For solving abovementioned problems of various types, this chapter presents an unrestrained
and cost-effective sensor system regarding QoL. The proposed system can analyze predictive
behavior patterns that occur when a patient leaves from their bed. A machine-learning-based
method was developed to obviate the setting of thresholds in advance. Moreover, an inte-
grated system was developed for sending output signals obtained from sensors to a monitor-
ing computer using a close-range wireless module. For this chapter, a novel multiple-sensor
system is proposed to improve accuracy according to a usage of a subject. The amount of data
was reduced to use predicting and minimizing incorrect recognition which is given to a
minimum number of sensors. Our sensor system was evaluated in an environment that repre-
sents a clinical site. Experimentally obtained results demonstrated that our method predicted
bed-leaving behavior patterns of seven types, especially for longitudinal sitting and terminal
sitting.

2. Related studies

Hatsukari et al. developed a sensor system to detect bed-leaving three major patterns using
strain gauges installed inside of actuators to obtain weight changes of a person on a bed [15].
For their system, three actuators are used in a bed. Each actuator has four biaxial strain gauges
installed on diagonal lines. This is the most popular bed-leaving sensor system in practical use
currently. As a new product of their company Paramount Bed Co. Ltd., they embedded
sensors and a controller to their beds of the highest models. The detection accuracies for
longitudinal sitting and terminal sitting were 87.0 and 98.1%, respectively [15]. This perfor-
mance measure addressed that this system has both high performance and reliability. How-
ever, an important limitation of this system is that it is used only for the lifting beds of that
company’s products with installed actuators. Moreover, it is necessary to install sensors into
actuators at the bed manufacturing process. Therefore, users must buy this product if they use
this bed-leaving detecting function. Moreover, this sensor system is not casually used, espe-
cially for a use case that can be installed later. In addition, strain gauges have an uncertain
response to thermal changes. For a characteristic gap caused by thermal changes, they
described that they accommodated it with software. Furthermore, this system requires the
initial weight setting of a subject to be selected from three divisions in advance.

Using a watch-type triaxial acceleration sensor, Iomoto et al. [12] measured body motion
patterns during sleeping as quality of sleep (QOS). They detected body motion patterns at
1 min intervals in band-pass signals of 2–3 Hz acceleration changes using the threshold of
�0.01 G. They recognized sleeping or arousal for time-series active mass datasets. Their
proposed method was evaluated for 1 week using datasets obtained from six subjects in their
50s who were diagnosed as needing daily life guidance. The experimentally obtained results
revealed that each subject assessed sleeping parameters quantitatively. However, the results
contained a shortcoming to demonstrate a global tendency in light of relations to temporary
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arousals during sleep. Moreover, this watch-type sensor decreases QOS when worn on an arm
during sleeping because of the necessity for a subject to be restrained.

As an unrestrained monitoring sensor system, Okada et al. proposed a method to install an
acceleration sensor in a comforter cover [10]. This system was constructed to measure the heart
rate of a subject during sleeping. Near the position of the heart in a subject, this sensor was
stitched to the surface of a cover on the upper-left chest region. The piezoelectric ceramics-
based acceleration sensors have advanced sensitivity. They obtained measurement results
resembling electrocardiogram (ECG) waves during face-up sleeping under resting status. The
acceleration signal peak was obtained in the corresponding position on the ECG. Moreover,
the signal peaks, which were equivalent to peaks of the R wave, were counted to assess the
side sleeping behavior. The system with a compact sensor of 4 g weight requires amplifier
circuits and convertors from analog signals to digital signals with capturing and processing in
a computer. However, numerous details are remained in their system in terms of sensor wiring
with a comforter cover as a remaining obstacle to practical use of this device.

Bed-leaving sensors and other systems of several types were proposed by Madokoro et al. [19–
23] as simple and unrestrained sensors that can be installed in existing beds. Their first prototype
was pad sensors [19] installed between a bed and a cover to detect behaviors of a subject globally.
For this system, piezoelectric films were used for the bound with acrylic resin boards to detect
pressure for measurement of the upper body movements of a subject on a bed. Their second
prototype was pillow sensors [20] for measurement of the upper bodymovements of a subject on
a bed. For this system, a three-axis gyroscope protected with a small capsule was used for
installation into a pillow. Their third prototype was bolt vibration sensors [18] installed to a
safety railing beside a bed. The size of bolt vibration sensors [17] was downsized because of the
use for measuring bridge vibration. Using these three prototypes, we proposed multiple sensor
systems [21] concomitantly with use cases and the balance of cost and accuracy. Our latest
prototype was caster sensors [22] used for measuring the weight distribution of a bed.

However, several problems persisted in terms of a slip or drift of the pad sensors and the pillow
sensors. No response is apparent for bolt sensors without gripping of the safety railing by a
patient. Moreover, a medical doctor at a hospital made the comment that caster sensors present
difficulties for moving a bed in a ward. Therefore, it is necessary to develop a new sensor that can
resolve these problems, not merely with a slip and drift, but also for a frequently moving bed.

3. Sensors and their integration system

Various functional and high-performance sensors were proposed for existing bedside monitoring
systems with targeting expensive care or medical treatments [3]. Alternatively, attaching them to
the body is necessary to realize steady and long-term monitoring [12, 10]. For this chapter, a
sensor system is designed while being practical, convenient, inexpensive, and simple.

Particularly, the following features are examined as (1) a bed mat to distribute the body weight
patterns, (2) a pillow to measure head weight patterns, and (3) a handrail which is gripped by a

Piezoelectricity - Organic and Inorganic Materials and Applications106

subject while standing immediately before leaving. For multiple sensing, our system com-
prises following three sensors: (1) a pad sensor under the bed mat, (2) a pillow sensor to detect
acceleration according to head movements, and (3) a bolt sensor used for a handrail joint. The
features in each sensor and the overall system architecture are described as the following.

3.1. Pad sensor

Our originally developed pad sensors are easy to install under a bed sheet. Figure 1(b) depicts
the design structure and an overview picture of our prototype sensors. The shape of pad
sensors is round because they can detect weight changes from all directions. Piezoelectric films
by Measurement Specialties Inc. [11] were used for this sensor prototype. The piezoelectric
films are fixed between two polyethylene terephthalate (PET) plates of laminated polyester.
The polyester and PET plate sizes were, 125 μm and ϕ 70 � 0.5 mm, respectively.

Output signals are generated from the bent piezoelectric films when a subject transfers body
weight on the bed. This sensor is possible to measure recursively because the reference poten-
tial is offset when the bending stops. Moreover, the weight strength according to body changes
is obtainable linearly because the bending angle of the piezoelectric film and output voltage
has a relation of proportionality. Herein, piezoelectric films are less troublesome and provide
no false operations because of simple wiring without electric power supply cables for mea-
surements. Therefore, a cost-effective system can be provided as requiring no maintenance
related to replacement of a battery.

3.2. Pillow sensor

For the pillow sensor, a triaxial acceleration sensor module MMA7361LC produced by
Freescale Semiconductor Inc. is used. Figure 1(b) presents a photograph of the device installed
in the case. As shown on the left side of the photograph, after storing the device, a cap for
sealing was inserted. Herein, basic characteristics of this sensor module were evaluated by our
former study of attitude control for a flying robot [16].

A lithium-ion polymer battery with 0.85 Ah capacity is used as the power source of this sensor.
Additionally, an original case was designed for storing the board and the battery to a pillow.
Using a three-dimensional printer, the cylindrical case was made from acrylonitrile butadiene
styrene (ABS) with the size of 55 mm diameter and 105 mm long. The board and battery were

Figure 1. Developed sensors: (a) pad sensor, (b) pillow sensor, and (c) bolt sensor.
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stored to the upper and lower part in the case using sliding rails without a margin that is set for
the slides because the sensor boards were fixed inside the case.

3.3. Bolt sensor

A bolt sensor is used for the joint between a bed and a handrail. This sensor performs overall
bed sensing, whereas pad sensors are used for partial subject sensing. Weight changes are
detected with this sensor that occurs when a subject tries to stand up and grip a handrail.
Figure 1(c) depicts our bolt sensor prototype that was developed originally by Shimoi et al.
[17] as a simple and smart sensor to measure bridge strain. His bolt sensor has been commer-
cially available for some time. Based on his bolt sensor, a novel sensor was originally devel-
oped with ϕ =10 mm to fit the size of the bolt to the joint of the bed used for our evaluation
experiment.

A piezoelectric cable was inserted into hollow polyurethane resin. Subsequently, a bolt-shaped
adapter was attached as a cover for the exterior. Using this adapter, the bolt sensor can be fixed
to a nut. Although no electric power source is necessary for piezoelectric cables, electric wires
were extracted to obtain sensor signals. The data sheet denotes that piezoelectric cables gener-
ate voltage linearly according to bending angles. This linear feature was reported by Shimoi
et al. [17] through a preliminary experiment and earlier experiments.

3.4. System structure

Figure 2(a) portrays the entire structure of our sensor system that comprises six pad sensors
installed over the bed, one bolt sensor mounted on the joint part between a handrail and a
frame of the bed, and one pillow sensor using a triaxial acceleration module installed inside of
a pillow.

The sensor installation positions are annotated from S1 to S6. The assignment of six pad
sensors was S1 and S2 for the shoulder part, S3 and S4 for hip part, and S5 and S6 for the
terminal part. These six sensors were installed with referring to the literature related to the
monitoring system development used for welfare care beds [4, 5]. A bolt sensor was mounted

Figure 2. Block diagram of our proposed system and assignment of our developed sensors on the bed. The symbols of 1–
6 correspond to the sensor assignment of S1–S6.
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to the joint of a handrail on one side of the bed. The size of the bed used for this experiment is
2100 mm long, 1000 mmwidth, and 700 mm height. Although the bed equips an actuator used
for back-panel reclining, this function was not used for the experiment.

A commercially available pillow was used for embedding the sensor. This low-resilience
urethane pillow purchased from Nitori Co. Ltd. was 500 mm wide, 310 mm deep, with
90 mm height. The pillow backside was cut out as shown in Figure 2(c) to produce a void
space to insert the sensor case. The sensor case was fixed with three points using a hook and
loop fastener to prevent rolling inside the pillow. One advantage of our sensor system is its
easy installation as an aftermarket add-on part. Herein, it is necessary to open a pillow and
partially empty it during repairs.

The sensor system requires no calibration. Regarding the place to store the sensor, it would feel
uncomfortable or decrease the cushioning feature when putting the head to the pillow. Partic-
ipated subjects in the experiment reported that they felt no negative impression from using this
pillow.

The primary purpose of our system is to realize real-time monitoring using unrestrained and
smart sensors with keeping QoL, which is important for a patient to live life normally. Our
proposed system requires no supervision using infrared cameras or constraining sensors such
as collar clip sensors. Moreover, a cost-effective system is concerned using piezoelectric films
and cables as sensors that can function with minimum trouble or missed operations, and with
remarkable duration and characteristics for pressure resistance.

Output voltage signals from each sensor were obtained using a board. The board was devel-
oped using Open Source Hardware Arduino FIO with a wireless communication module.
With consideration of power consumption, a short-range wireless module of ZigBee was used
for the communication with a monitoring terminal computer. Measured signals are displayed
to a monitoring computer in real time. The method based of machine learning was embedded
as real-time execution software for bed-leaving prediction.

4. Prediction method

4.1. Target behavior patterns

The target behavior patterns for bed-leaving prediction comprise three groups: sleeping, sit-
ting, and leaving. Detailed behavior patterns were classified from output signals of six sensors.
The sleeping includes three patterns: face-up sleeping, left sleeping, and right sleeping. The
sitting includes three patterns: longitudinal sitting, lateral sitting, and terminal sitting [14]. The
total prediction target is to produce seven patterns including leaving. The following descrip-
tions are global features and estimated sensor responses in respective patterns.

Face-up sleeping: sleeping on the bed normally to the upper side of the body.

Right sleeping: rolling over on the bed to the right side.
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stored to the upper and lower part in the case using sliding rails without a margin that is set for
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to a nut. Although no electric power source is necessary for piezoelectric cables, electric wires
were extracted to obtain sensor signals. The data sheet denotes that piezoelectric cables gener-
ate voltage linearly according to bending angles. This linear feature was reported by Shimoi
et al. [17] through a preliminary experiment and earlier experiments.

3.4. System structure

Figure 2(a) portrays the entire structure of our sensor system that comprises six pad sensors
installed over the bed, one bolt sensor mounted on the joint part between a handrail and a
frame of the bed, and one pillow sensor using a triaxial acceleration module installed inside of
a pillow.

The sensor installation positions are annotated from S1 to S6. The assignment of six pad
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terminal part. These six sensors were installed with referring to the literature related to the
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to the joint of a handrail on one side of the bed. The size of the bed used for this experiment is
2100 mm long, 1000 mmwidth, and 700 mm height. Although the bed equips an actuator used
for back-panel reclining, this function was not used for the experiment.

A commercially available pillow was used for embedding the sensor. This low-resilience
urethane pillow purchased from Nitori Co. Ltd. was 500 mm wide, 310 mm deep, with
90 mm height. The pillow backside was cut out as shown in Figure 2(c) to produce a void
space to insert the sensor case. The sensor case was fixed with three points using a hook and
loop fastener to prevent rolling inside the pillow. One advantage of our sensor system is its
easy installation as an aftermarket add-on part. Herein, it is necessary to open a pillow and
partially empty it during repairs.

The sensor system requires no calibration. Regarding the place to store the sensor, it would feel
uncomfortable or decrease the cushioning feature when putting the head to the pillow. Partic-
ipated subjects in the experiment reported that they felt no negative impression from using this
pillow.

The primary purpose of our system is to realize real-time monitoring using unrestrained and
smart sensors with keeping QoL, which is important for a patient to live life normally. Our
proposed system requires no supervision using infrared cameras or constraining sensors such
as collar clip sensors. Moreover, a cost-effective system is concerned using piezoelectric films
and cables as sensors that can function with minimum trouble or missed operations, and with
remarkable duration and characteristics for pressure resistance.

Output voltage signals from each sensor were obtained using a board. The board was devel-
oped using Open Source Hardware Arduino FIO with a wireless communication module.
With consideration of power consumption, a short-range wireless module of ZigBee was used
for the communication with a monitoring terminal computer. Measured signals are displayed
to a monitoring computer in real time. The method based of machine learning was embedded
as real-time execution software for bed-leaving prediction.

4. Prediction method

4.1. Target behavior patterns

The target behavior patterns for bed-leaving prediction comprise three groups: sleeping, sit-
ting, and leaving. Detailed behavior patterns were classified from output signals of six sensors.
The sleeping includes three patterns: face-up sleeping, left sleeping, and right sleeping. The
sitting includes three patterns: longitudinal sitting, lateral sitting, and terminal sitting [14]. The
total prediction target is to produce seven patterns including leaving. The following descrip-
tions are global features and estimated sensor responses in respective patterns.

Face-up sleeping: sleeping on the bed normally to the upper side of the body.

Right sleeping: rolling over on the bed to the right side.
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Left sleeping: rolling over on the bed to the left side.

These three patterns occur as sleeping behaviors. The following patterns are the target of bed-
leaving prediction.

Longitudinal sitting: sitting longitudinally on the bed after rising.

Lateral sitting: sitting laterally on the bed after turning the body from longitudinal sitting.

Terminal sitting: sitting in the terminal position on the bed trying to leave the bed. Rapid and
correct detection are necessary because of the terminal situation for leaving the bed.

Left the bed: left from the bed.

Therein, sensor output signals disappear in the status of losing consciousness or a life crisis in
terms of cardiopulmonary arrest. Monitoring devices in terms of electrocardiographs are used
for these circumstances. Therefore, such circumstances are beyond our detection and predic-
tion targets.

Longitudinal sitting is a behavior pattern by which a subject sits up on the bed. In numerous
cases, subjects will return to sleeping again. In lateral sitting, a subject will move to leave from
their bed because of turning their body to the terminal. For this position, our system should
determine lateral sitting immediately to predict a behavior pattern leaving from the bed.
Moreover, it is necessary to detect rapidly and correctly because of the terminal situation for
leaving the bed if a subject moves to longitudinal sitting. Patients are protected from injury or
accidents caused by falling from the bed if our sensor system can detect such phenomena
before leaving completely.

4.2. Preprocessing

Frequently, original sensor signals include much noise, which decreases the recognition accu-
racy and increases calculation costs. As a noise removal method, threshold-based filters have
been used widely for preprocessing. In contrast, calibration in advance is necessary according
to a monitoring target because thresholds are set empirically or subjectively. Moreover, it is a
challenging task to absorb characteristic variation of sensors used only for fixed thresholds. For
targeting humans as a measurement objective, individual variations have strong effects.

Various methods have been proposed for machine-learning algorithms. For this chapter, self-
organizing maps (SOMs) [27] are used for similarities of input data in the training process.
Based on competitive and neighborhood learning, SOMs create clusters using unsupervised
learning-based self-mapping characteristics. For practical applications, SOMs are validated
as effective and superior performance through existing studies [33]. In the advanced com-
puting performance, SOMs have facilitated various applications such as facial image
processing, medical image processing, character recognition, text mining, and remote sens-
ing data analysis.

As a classical approach, k-means [24] is widely used for unsupervised learning-based cluster-
ing. Vesanto et al. evaluated that SOMs have superior performance to that of k-means in their
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numerical experiments [31]. Moreover, Terashima et al. [29] demonstrated that false recogni-
tion accuracy of SOMs decreased to the minimum compared with that of k-means used for
clustering. Therefore, SOMs are used in our method because of these benefits.

The SOM network comprises two layers: an input layer and a mapping layer. Input layer units
are assigned as the number of features of input data. Two units were set for a triaxial acceler-
ation sensor. The mapping layer consists of units in a low-dimensional space. For our method,
mapping units were assigned as one dimension because of using it for vector quantization on
clustering. The learning process is executed for bursting a unit on the mapping layer when a
set of input signals is given.

SOM training algorithms are the following. wi,p tð Þ are weights from an input layer unit i
i ¼ 1; I½ �∈ℤð Þ to a mapping layer unit j j ¼ 1; J½ �∈ℤð Þ at time t. These weights are initialized
randomly before training. The Euclidean L2 distance dj between xi tð Þ and wi, j tð Þ is calculated as

dj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XI

i¼1

xi tð Þ � wi, j tð Þ
� �2

vuut : (1)

The unit for which dj is the smallest is sought as the winner unit c.

c ¼ argmin dj
� �

: (2)

The neighborhood region Nj tð Þ around c is defined as

Nj tð Þ ¼ S 1� t
O

� �
: (3)

Therein, S 0 < S ≤ Jð Þ is the initial size of Nj tð Þ; O is the maximum iteration for training.
Subsequently, wi, j tð Þ of Nj tð Þ are updated to close input feature patterns.

wi, j tþ 1ð Þ ¼ wi, j tð Þ þ α tð Þ xi tð Þ � wi, j tð Þ
� �

: (4)

Therein, α tð Þ is a training coefficient that has decreasing value with the progress of training as

α tð Þ ¼ α 0ð Þ 1� t
O

� �
, (5)

where α 0ð Þ 0 < α 0ð Þ ≤ 1:0ð Þ is the initial setting value. In the first stage, the training speed
is rapid when the rate is high. In the final stage, the training converges while decreasing
the rate.

4.3. Prediction and recognition

After noise removing from originally obtained sensor signals, behavior patterns are recognized
using supervised learning-based methods. Supervised learning intends to acquire information
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for these circumstances. Therefore, such circumstances are beyond our detection and predic-
tion targets.
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their bed because of turning their body to the terminal. For this position, our system should
determine lateral sitting immediately to predict a behavior pattern leaving from the bed.
Moreover, it is necessary to detect rapidly and correctly because of the terminal situation for
leaving the bed if a subject moves to longitudinal sitting. Patients are protected from injury or
accidents caused by falling from the bed if our sensor system can detect such phenomena
before leaving completely.
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Frequently, original sensor signals include much noise, which decreases the recognition accu-
racy and increases calculation costs. As a noise removal method, threshold-based filters have
been used widely for preprocessing. In contrast, calibration in advance is necessary according
to a monitoring target because thresholds are set empirically or subjectively. Moreover, it is a
challenging task to absorb characteristic variation of sensors used only for fixed thresholds. For
targeting humans as a measurement objective, individual variations have strong effects.

Various methods have been proposed for machine-learning algorithms. For this chapter, self-
organizing maps (SOMs) [27] are used for similarities of input data in the training process.
Based on competitive and neighborhood learning, SOMs create clusters using unsupervised
learning-based self-mapping characteristics. For practical applications, SOMs are validated
as effective and superior performance through existing studies [33]. In the advanced com-
puting performance, SOMs have facilitated various applications such as facial image
processing, medical image processing, character recognition, text mining, and remote sens-
ing data analysis.

As a classical approach, k-means [24] is widely used for unsupervised learning-based cluster-
ing. Vesanto et al. evaluated that SOMs have superior performance to that of k-means in their
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numerical experiments [31]. Moreover, Terashima et al. [29] demonstrated that false recogni-
tion accuracy of SOMs decreased to the minimum compared with that of k-means used for
clustering. Therefore, SOMs are used in our method because of these benefits.

The SOM network comprises two layers: an input layer and a mapping layer. Input layer units
are assigned as the number of features of input data. Two units were set for a triaxial acceler-
ation sensor. The mapping layer consists of units in a low-dimensional space. For our method,
mapping units were assigned as one dimension because of using it for vector quantization on
clustering. The learning process is executed for bursting a unit on the mapping layer when a
set of input signals is given.

SOM training algorithms are the following. wi,p tð Þ are weights from an input layer unit i
i ¼ 1; I½ �∈ℤð Þ to a mapping layer unit j j ¼ 1; J½ �∈ℤð Þ at time t. These weights are initialized
randomly before training. The Euclidean L2 distance dj between xi tð Þ and wi, j tð Þ is calculated as
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The neighborhood region Nj tð Þ around c is defined as
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: (3)

Therein, S 0 < S ≤ Jð Þ is the initial size of Nj tð Þ; O is the maximum iteration for training.
Subsequently, wi, j tð Þ of Nj tð Þ are updated to close input feature patterns.
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: (4)

Therein, α tð Þ is a training coefficient that has decreasing value with the progress of training as
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where α 0ð Þ 0 < α 0ð Þ ≤ 1:0ð Þ is the initial setting value. In the first stage, the training speed
is rapid when the rate is high. In the final stage, the training converges while decreasing
the rate.

4.3. Prediction and recognition

After noise removing from originally obtained sensor signals, behavior patterns are recognized
using supervised learning-based methods. Supervised learning intends to acquire information
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representation [30]. In contrast, unsupervised learning intends to create mapping relations
among data [26]. Herein, support vector machines (SVMs) are popularly used methods for
supervised learning. SVMs provide advanced performance with mapping to a high dimen-
sional space using a kernel function. Moreover, Boosting is a method combining numerous
weak learning machines. As a simple algorithm approach, counter propagation networks
(CPNs) [25] are used as a supervised learning algorithm to be expanded based on
unsupervised learning on SOMs.

CPNs were used as our method, not SVMs or Boosting, because of the following two features:
(1) the learning algorithm is easy to implement for inserting a Grossberg layer to SOMs that are
used for preprocessing; (2) relations among signals are visualized through the creation process
of mapping structures. Formulas are described as learning algorithms on CPNs in different
parts of SOMs. Visualization of relations among signals is actualized on a category map [33].
Particularly, it presents visualization of mapping results obtained as figures in the evaluation
experiment.

CPNs, which were proposed by Nielsen [25], contain the network structure to append a
Grossberg layer as the third layer to be supplied teaching signals. The input and mapping
layers of CPNs are similar to those of SOMs. The Grossberg layer is assigned to the counter
position of the input layer. For this chapter, a two-dimensional mapping layer was selected for
visualization of similarity among features of input data.

The CPN training algorithm from presenting input data through updating weights after
searching the winner unit c consists of the similar procedure of SOMs. However, weights
between the input layer and the mapping layer and neighborhood regions are changed respec-
tively to wi, j, k tð Þ and Nj,k tð Þ because of the use of a two-dimensional mapping layer. The vj,k, l tð Þ
are weights from a Grossberg layer unit l l ¼ 1; L½ �∈Lð ÞÞ to a mapping layer unit j; kð Þ at time t.
vi, j, k tð Þ and its neighborhood units inside Nj,k tð Þ are updated based on the following
Grossberg-learning algorithm.

vj,k, l tþ 1ð Þ ¼ vj,k, l tð Þ þ β tð Þ Tj tð Þ � vj, k, l tð Þ
� �

, (6)

where Tj represents teaching signals. Similarly to α tð Þ, β tð Þ is a training coefficient that
decreases its value with the progress of training as

β tð Þ ¼ β 0ð Þ 1� t
O

� �
, (7)

where β 0ð Þ 0 < β 0ð Þ ≤ 1:0� �
is the initial value. Finally, as the maximum value of vj,k, l tð Þ for the

Grossberg layer unit l, label Sl tð Þ is searched for the following.

Sj lð Þ ¼ argmax
1 ≤ l ≤ L

vj, k, l tð Þ
� �

: (8)

After labeling all units on a mapping layer, a category map is automatically created as a
training result. Subsequently, test datasets are given to CPNs. A mapping layer unit is bursted
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as the minimum value of the Euclidean L2 distance in the formula (1). Recognition results are
presented as corresponding labels.

5. Sensor characteristics evaluation

5.1. Setup

For evaluating characteristics of our developed film-load sensors, preliminary experiments
were conducted using the load test machine (Multi Force Analyzer FWT-1000; DigiTech Co.
Ltd.). The major specifications of the machine are as follows: 1 kN rated weight; 100 mN
resolution; 600 mm/min maximum test speed; and �0.2% weight precision. The majority of
loads are attained from the vertical side as a surface load because of the installation of the
sensors on the bed frames. For this load test, a fixture was made of A2017 duralumin, as
depicted in Figure 3(a). The major specifications of the fixture are 100 � 100 mm with 15 mm
basement thickness and 70 � 50 mm with 5 mm top thickness.

The output characteristics were evaluated using our developed sensors of five sets with the
default test speed of 5 mm/min. Figure 3(b) depicts a schematic diagram of the sensor output
that occurs from the range except that of the rivet parts. For attaining a load, the sensor is fixed
to the removal part of 10 mm from the boundaries. The output voltages are measured from
respective sensors using a data logger (LR8431; Hioki Corp.) concomitantly with the test load.

5.2. Basic sensor characteristics

Figure 4 depicts the output characteristics of five sensors. The vertical and horizontal axes,
respectively, depict output voltage and test loads. The output voltage increases concomitantly

Figure 3. Load test: (c) fixture, (d) schematic diagram, and (e) load test.
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loads are attained from the vertical side as a surface load because of the installation of the
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with the load until the peak for the maximum load. Subsequently, reverse voltage appears
during a slight time as a steady state for removing the load cell from the device. The output
characteristics were calculated using our prototype sensors obtained from this peak voltage
obtained for this test. The results address the linear relation between the sensors and the test
load patterns, although the gradients differ among sensors. We consider that the output
voltage increases concomitantly with the weight of a person.

Figure 5 presents results of changing test speeds from 1 to 8 mm/min step by 1 mm/min. The
output voltage increases concomitantly with speed changes that are similar characteristics that
resemble the load-test results presented earlier.

Figure 6 depicts characteristics of the side and orientation of the sensors. Herein, four patterns
were evaluated: a top/longitudinal side, a bottom/longitudinal side, a top/lateral side, and a
bottom/lateral side. The top and bottom sides are defined by rivets of the piezoelectric film.

Figure 4. Relation between output voltage and load of sensors.

Figure 5. Relation between output voltage and load speed.
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The results are depicted in Figure 6. The output voltage of the longitudinal side is 3.12 times
higher than that of the lateral side. This directivity characteristic is reflected in the sensor
installation.

6. Experimental results

6.1. Parameters

For evaluation of our developed sensor system, a similar experimental environment was set as
a clinical site. Herein, the number of subjects is 10 persons: Subjects A–J. As attribute informa-
tion, the body weights of the subjects are from 50 to 80 kg. They repeated the behavior
sequences of seven patterns for five times. Therefore, 35 pattern datasets were obtained in each
subject. Each behavior is switched in 20 s intervals. The sampling rate is set for capturing
signals to 50 Hz. Herein, the number of subjects of our former study [20] was merely three
persons.

Table 1 denotes optimized parameters used for SOMs and CPNs. These values were deter-
mined based on our former study [13] and the literature by Hosokawa et al. [32]. As an
evaluation method, leave-one-out cross validation (LOOCV) [28] was used. For this experi-
ment, four datasets and the remaining one dataset were used, respectively, for training and
testing. Therefore, our method was evaluated for five combinational patterns in each subject.

Figure 6. Relation between output voltage and load of side and orientation.

Methods I J P Q S α 0ð Þ β 0ð Þ O [epoch]

SOMs 10 — 10 — 16 0.5 — 1,000,000

CPNs 10 7 20 20 16 0.5 0.8 100,000

Table 1. Setting values of parameters on SOM and CPN for this experiment.
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Figure 5 presents results of changing test speeds from 1 to 8 mm/min step by 1 mm/min. The
output voltage increases concomitantly with speed changes that are similar characteristics that
resemble the load-test results presented earlier.

Figure 6 depicts characteristics of the side and orientation of the sensors. Herein, four patterns
were evaluated: a top/longitudinal side, a bottom/longitudinal side, a top/lateral side, and a
bottom/lateral side. The top and bottom sides are defined by rivets of the piezoelectric film.

Figure 4. Relation between output voltage and load of sensors.

Figure 5. Relation between output voltage and load speed.
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The results are depicted in Figure 6. The output voltage of the longitudinal side is 3.12 times
higher than that of the lateral side. This directivity characteristic is reflected in the sensor
installation.

6. Experimental results

6.1. Parameters

For evaluation of our developed sensor system, a similar experimental environment was set as
a clinical site. Herein, the number of subjects is 10 persons: Subjects A–J. As attribute informa-
tion, the body weights of the subjects are from 50 to 80 kg. They repeated the behavior
sequences of seven patterns for five times. Therefore, 35 pattern datasets were obtained in each
subject. Each behavior is switched in 20 s intervals. The sampling rate is set for capturing
signals to 50 Hz. Herein, the number of subjects of our former study [20] was merely three
persons.

Table 1 denotes optimized parameters used for SOMs and CPNs. These values were deter-
mined based on our former study [13] and the literature by Hosokawa et al. [32]. As an
evaluation method, leave-one-out cross validation (LOOCV) [28] was used. For this experi-
ment, four datasets and the remaining one dataset were used, respectively, for training and
testing. Therefore, our method was evaluated for five combinational patterns in each subject.

Figure 6. Relation between output voltage and load of side and orientation.

Methods I J P Q S α 0ð Þ β 0ð Þ O [epoch]

SOMs 10 — 10 — 16 0.5 — 1,000,000

CPNs 10 7 20 20 16 0.5 0.8 100,000

Table 1. Setting values of parameters on SOM and CPN for this experiment.
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6.2. Measured signals

Figure 7 depicts time-series output signals obtained from the nine sensors. The vertical and
horizontal axes depict the voltage output and transition time, respectively. The dashed lines
depict boundaries of each behavior pattern. Output signal patterns are different in each subject.

For pad sensors, the voltage output range on S1 through S4 was expanded, especially in face-up,
right, and left sleeping behavior patterns. Although salient voltage output included some noise,
they were generated from S5 and S6. The voltage output on S3 became high for longitudinal
sitting. The body weight was concentrated to the hip area according to the upper body rising
behavior. For terminal sitting, the voltage output was generated from S5 and S6 and no voltage

Figure 7. Time-series changes of sensor output in each behavior pattern (Subject A, first trial).
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output was generated from S1, S2, and S3. Moreover, S4, which is located near S5, gave voltage
output slightly. After leaving from the bed, no voltage output was generated from any sensor.

For the pillow sensor, the Z axis signal output of the upper and lower directions was greater
than that of either the X or Y axis. The output became small during longitudinal sitting after
body raising, which was similar tendency to that of lateral sitting. For terminal sitting, the
sensor output expanded because the subject attempted to stand up at the bed terminal. This
widening of output results from the behavior by which the subject tried to grip the safety
handrail by hands. The weight shift at the bed terminal produced severe shaking all over the
bed compared with that occurring around the center.

Signal outputs from the bolt sensor were presented only by the terminal sitting. The bolt sensor
captures slight strain with the �0.1 width of output signals. The signal-noise rate was high
compared with other two sensors. This is the dataset of Subject A at the first trial. Output
signal patterns and their intensity differ in each subject and each trial. Therefore, it is solely a
challenging task for setting thresholds of various types used for noise removal or for recogni-
tion solely from original signals. In contrast, our proposed sensor system can automatically
remove noise using a machine-learning-based method.

6.3. Noise removal results

Using SOMs, our method removed noise patterns not only for improving recognition accuracy,
but also for reducing calculation cost. The unit numbers were sorted according to the maxi-
mum of the bursting iterations from the left to the right. Most voltage output remained near
the offset value because no voltage output when no load change was given without bending.

Figure 8 depicts signal output patterns of the X axis from the pillow sensor during the first 70 s
period after removing sixth-unit mapped signals. As the whole tendency, noise signals around
�0:1 m=s2

� �
were holistically removed. However, the signals around 60 s with higher ampli-

tude were also removed, while those with smaller amplitude were remained.

Figure 8. Noise removing result using SOM (pillow sensor, X axis).
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6.4. Recognition results

For our method, category maps are used for classifiers and recognizers. Figure 9 depicts
category maps for Subjects A, B, and C. The numbers from 1 to 7 on the category maps
correspond to respective behaviors that were labeled through learning. The label distributions
differ among subjects. Respective category maps created clusters of similar labels for similar
behaviors.

The boundaries were divided with units on the map for thick lines that depict segments of
sleeping, sitting, and leaving from the bed as global changes of behavior patterns. Similar
behavior patterns created recognizable behavior regions. Units, which are assigned to the
seventh label as left from the bed, are distributed in the cluster of units labeled sitting. Dash
marks were inserted in the category maps to the labels in each subject. Our method created a
classifier in each subject through learning on CPNs. Moreover, our method enables visual
verification of the relations among datasets.

Subsequently, our method was evaluated for recognizing bed-leaving behaviors from matched
labels that correspond to burst unit labels after presenting test datasets to the category maps.
Table 2 portrays a result of recognition accuracies with five combination patterns evaluated as
LOOCV. The recognition accuracies were calculated as a ratio of the number of ground truth
(GT) labels and the number of category labels in each behavior pattern that reached the
maximum of responses during 20 s.

The recognition accuracies of Subjects B and E were, respectively, 88.1 and 59.5% as the highest
and the lowest. The recognition accuracies of leaving and lateral sitting were 95.0 and 53.3%,
respectively. The recognition accuracies of longitudinal sitting and terminal sitting, which are
the most important positions for bed-leaving detection, reached 83.3 and 98.3%, respectively.
The mean recognition accuracy for 10 subjects was 75.5%. The lateral sitting as a status that can
accommodate diversity among individuals. The recognition accuracy of Subject B for lateral
sitting was 16.7%. For sleeping, the recognition accuracy of face-up sleeping was higher than
that of right or left sleeping. The body weight gathered to the two sensors on the left or right

Figure 9. Category maps of Subjects A–C. The grids correspond to the units on the mapping layer of CPNs. Labels 1–7
denote face-up sleeping, right sleeping left sleeping, longitudinal sitting, lateral sitting, terminal sitting, and left the bed.
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sides in sleeping, whereas the load from their upper body was distributed on S1–S4 at face-up
sleeping.

The performance was compared with a single use of pad sensors, a pillow sensor, and a bolt
sensor. Table 3 presents the recognition accuracies of three sensor patterns. The recognition
accuracy of the pad sensors as the highest performance was 75.0%. Comparison with our
proposed multiple sensor system denoted that the performance difference was 0.5%. The
recognition accuracies using a pillow sensor and a bolt sensor as a single sensor system were
58.3 and 33.3%, respectively. During the use of setting priority to simplicity, to use each single
sensor is possible except for the bolt sensor. Our method for a multiple sensor system is useful
for situations favoring performance over simplicity.

6.5. Discussion

Table 4 portrays the confusion matrix (CM) for analyzing recognition details. For this matrix,
the number of correct images is assigned to the diagonal cells that are marked as boiled
numbers. Other cells refer the number of incorrect images and its category name depicted in
the column. The maximum numbers of incorrect categories are marked as underlined.

Subject Face-up Right Left Longitudinal Lateral Terminal Left the bed Average

A 100 83.3 83.3 100 33.3 100 100 85.7

B 100 100 100 100 16.7 100 100 88.1

C 0 66.7 100 100 83.3 100 100 78.6

D 66.7 50.0 33.3 100 66.7 100 100 73.8

E 50.0 83.3 16.7 50.0 33.3 83.3 100 59.5

F 50.0 83.3 66.7 100 66.7 100 100 81.0

G 66.7 66.7 50.0 66.7 50.0 100 83.3 69.0

H 66.7 33.3 83.3 66.7 66.7 100 100 73.8

I 66.7 50.0 66.7 66.7 66.7 100 100 73.8

J 100 66.7 33.3 83.3 50.0 100 66.7 71.4

Ave. 66.7 68.3 63.3 83.3 53.3 98.3 95.0 75.5

Table 2. Recognition accuracies of respective subjects and positions for seven patterns (%).

Sub. Face-up Right Left Longitudinal Lateral Terminal Left the bed Average

Pad sensors 35.0 81.7 75.0 90.0 55.0 96.7 91.7 75.0

Accuracies 68.0 34.0 46.0 52.0 46.0 74.0 88.0 58.3

Bolt sensor 33.3 0 11.1 0 22.2 100 66.7 33.3

Table 3. Recognition accuracies used for stand-alone sensor (%).
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sides in sleeping, whereas the load from their upper body was distributed on S1–S4 at face-up
sleeping.

The performance was compared with a single use of pad sensors, a pillow sensor, and a bolt
sensor. Table 3 presents the recognition accuracies of three sensor patterns. The recognition
accuracy of the pad sensors as the highest performance was 75.0%. Comparison with our
proposed multiple sensor system denoted that the performance difference was 0.5%. The
recognition accuracies using a pillow sensor and a bolt sensor as a single sensor system were
58.3 and 33.3%, respectively. During the use of setting priority to simplicity, to use each single
sensor is possible except for the bolt sensor. Our method for a multiple sensor system is useful
for situations favoring performance over simplicity.

6.5. Discussion

Table 4 portrays the confusion matrix (CM) for analyzing recognition details. For this matrix,
the number of correct images is assigned to the diagonal cells that are marked as boiled
numbers. Other cells refer the number of incorrect images and its category name depicted in
the column. The maximum numbers of incorrect categories are marked as underlined.

Subject Face-up Right Left Longitudinal Lateral Terminal Left the bed Average

A 100 83.3 83.3 100 33.3 100 100 85.7

B 100 100 100 100 16.7 100 100 88.1

C 0 66.7 100 100 83.3 100 100 78.6

D 66.7 50.0 33.3 100 66.7 100 100 73.8

E 50.0 83.3 16.7 50.0 33.3 83.3 100 59.5

F 50.0 83.3 66.7 100 66.7 100 100 81.0

G 66.7 66.7 50.0 66.7 50.0 100 83.3 69.0

H 66.7 33.3 83.3 66.7 66.7 100 100 73.8

I 66.7 50.0 66.7 66.7 66.7 100 100 73.8

J 100 66.7 33.3 83.3 50.0 100 66.7 71.4

Ave. 66.7 68.3 63.3 83.3 53.3 98.3 95.0 75.5

Table 2. Recognition accuracies of respective subjects and positions for seven patterns (%).

Sub. Face-up Right Left Longitudinal Lateral Terminal Left the bed Average

Pad sensors 35.0 81.7 75.0 90.0 55.0 96.7 91.7 75.0

Accuracies 68.0 34.0 46.0 52.0 46.0 74.0 88.0 58.3

Bolt sensor 33.3 0 11.1 0 22.2 100 66.7 33.3

Table 3. Recognition accuracies used for stand-alone sensor (%).
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The recognition accuracy of lateral sitting was the second lowest. The number of correct recogni-
tion datasets was 32 sets. For this behavior pattern, 20, 5, and 3 datasets are falsely recognized as
longitudinal sitting, terminal sitting, and left the bed, respectively. The behavior patterns from
longitudinal sitting to lateral sitting had a large gap because they turned their body about 90� on
the bed. For both sitting positions, the load provided by the pad sensors was concentrated to the
hip at the bed center. The false recognition in both behavior patterns was occurred from this
feature. For lateral sitting, the legs load was gathered to the bed terminal as an exit. The false
recognition was occurred from unclear boundaries between lateral sitting and terminal sitting.
Since no dataset of lateral sitting was falsely recognized as sleeping or bed leaving, fatal errors of
bed-leaving prediction can be avoided in this status transition.

Twelve and nine datasets of left sleeping were falsely recognized as right sleeping and
face-up sleeping, respectively, as shown in the fourth line of Table 4. False recognition of
left sleeping remained for sleeping except for one dataset. For face-up and right sleeping,
four datasets were falsely recognized as longitudinal sitting. The results from the load to
be gathered S3 merely depended on a subject, although the load on right sleeping was
gathered to S1 and S3 normally.

The recognition was examined from three patterns: sleeping, sitting, and leaving. For bed-leaving
prediction, these are basic behavior patterns. Table 5 presents the CMwith respective recognition
accuracies. The recognition accuracies of sleeping, sitting, and leaving improved to 93.9, 97.8, and
95.0%, respectively. The mean recognition accuracy improved to 95.7%. Our system provides
sufficient recognition accuracy, especially for recognition of standing behavior patterns.

Comparison with the bed-leaving sensor system that used strain gauges in actuators proposed
by Hatsukari et al. [15] revealed that the recognition accuracies of their method were 87.7% for
longitudinal sitting and 98.1% for terminal sitting. Although the experimental environment
and the number of subjects differ in the results, the recognition accuracies of terminal sitting
and longitudinal sitting of our method are, respectively, 0.2% higher and 4.4% lower than their
method. Their method remains to three target patterns: longitudinal sitting, terminal sitting,
and leaving. Moreover, their method is necessary for setting a subject body weight in advance.
The calibration procedure differs from our system.

Position Face-up Right Left Longitudinal Lateral Terminal Left the bed

Face-up 40 3 15 2 0 0 0

Right 5 41 6 2 0 6 0

Left 9 12 38 0 0 1 0

Longitudinal 0 0 1 50 7 2 0

Lateral 0 0 0 20 32 5 3

Terminal 0 0 0 1 0 59 0

Left the bed 0 0 0 3 0 0 57

Underlines show the numbers of correct data.

Table 4. Confusion matrix of respective positions for seven patterns.
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7. Conclusion

This chapter presented a multiple smart sensor system for predicting human behavior patterns
that occur when a person leaves a bed. The proposed system was designed for early prediction
of bed-leaving behavior patterns with regarded low privacy and high QoL. The behavior
pattern prediction and recognition method was developed using machine-learning algorithms
of two types from signals obtained using the sensors. Our system is applicable to an actual
environment as a novel sensor system that does not restrict patients.

For future work, steady detection will be achieved to expand the range of applications and
thereby increase the number of subjects. Moreover, our system must be applied to care facili-
ties or single senior’s homes for security and safety observation that simultaneously maintains
QoL and privacy.
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Abstract

This chapter describes the history and development strategy of piezoelectric materials for
medical applications. It covers the piezoelectric properties of materials found inside the
human body including blood vessels, skin, and bones as well as how the piezoelectricity
innate in those materials aids in disease treatment. It also covers piezoelectric materials
and their use in medical implants by explaining how piezoelectric materials can be used as
sensors and can emulate natural materials. Finally, the possibility of using piezoelectric
materials to design medical equipment and how current models can be improved by
further research is explored. This review is intended to provide greater understanding of
how important piezoelectricity is to the medical industry by describing the challenges and
opportunities regarding its future development.

Keywords: piezoelectric materials, biotechnology, biomedical applications and devices,
vital signs, sensors, cell regeneration

1. Introduction

Piezoelectricity is a quality of material asymmetry that leads to the conversion of electric
signals into physical deformation and conversely physical deformation into electric signal. An
applied pressure causes movement of the dipole moment within the material, and a flow of
charges if crystals are aligned [1]. This makes piezoelectricity useful for a variety of industry
purposes, particularly those related to vibrational generation and actuation. Commercialized
applications for piezoelectricity include timekeeping using quartz resonance, microphones,
radio antenna oscillators, speakers, hydrophones, and fuel injection [2, 3]. More experimental
technology includes energy harvesting and electronic sensing [2]. The most commonly used
ceramic piezoelectric material is lead zirconium titanate (PZT), because its physical properties
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can be tailored by composition, it has a high piezoelectric coefficient, and it is cheap to
manufacture [4]. The most common piezoelectric polymer, used for its large strain value, is
polyvinylidene fluoride (PVDF) and its copolymers, such as P(VDF-TrFE) [5–8]. A wide variety
of composites and nanostructure materials have also been developed and can be fabricated as
thin films, discs, or stacked sheets [2, 3, 9–13].

In the case of biomedical engineering, many conventional means of using piezoelectric devices
are not applicable because of the structure of biological systems. Issues such as size limitations,
biological compatibility, and flexibility have led to investigation into polymer, composite,
nanostructured, and lead-free piezoelectric materials. One way to develop biomedical devices
is to look at the piezoelectric structures inside the body and how they can be emulated to
develop piezoelectric medical technology. In the first section of this book, we discuss piezo-
electric materials present in the body. Then we describe how piezoelectric materials can be
used for diagnosing illnesses and providing medical treatment. Our purpose is to inform the
readers of challenges and different approaches applicable to developing a wide variety of
medical technology.

2. Biological piezoelectric materials

There are many reviews which cover subsections of biological piezoelectric materials; these
reviews explain topics such as piezoelectricity in bone [14] or biopolymers [15]. However, we
seek to present a broader overview of the topic and how it can be used to develop technology.
Much of the original work on discovering piezoelectricity in the body was done by Eiichi
Fukada [15–18]. His work showed the presence of piezoelectricity in bone, aorta, muscles,
tendons, and intestines [15–18]. Since that time, many further studies have contributed to the
overall knowledge of the body’s piezoelectric characteristics, their origins, and how they can
be applied in medical science.

The organic piezoelectric effects in the human body are attributed to the lack of symmetry in
most biological molecules, which may make piezoelectricity a fundamental biological prop-
erty [19]. In particular, proteins seem to drive the piezoelectric qualities of most organs. The
basic building blocks of proteins within the human body are amino acids. These make up
molecules such as collagen, keratin, and elastin which are highly prevalent in the organs
examined by Fukada and other researchers [15–18]. Amino acids in pure form have their
own piezoelectric properties due to the presence of dipoles derived from the polar side
groups seen in Figure 1. It is the reorientation and change in dipole moments in biological
macromolecules under stress that gives them piezoelectric properties [20, 21]. At least 15
amino acids, mostly the “L” form, exhibit piezoelectric properties; however, γ-glycine and
DL-alanine are the strongest amino acid piezoelectrics [22]. Most racemic, or DL mixtures of
amino acids do not show piezoelectric properties because their crystal forms are centrosym-
metric [23].
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Other biological piezoelectric materials include polymeric L-lactic acid, DNA, and the M13 bacte-
riophage [25–27]. Like amino acids, the piezoelectric properties of lactic acid come from the
carbon–oxygen double bond [25]. DNA’s piezoelectric properties originate from internal rotation
of the dipoles created by phosphate groups; however, they were primarily observed at lower
water content, which makes the bonds holding the DNA helix together weaker [27]. This demon-
strates the importance of bonding, structure, and experimental conditions when determining
piezoelectric properties. The M13 bacteriophage’s piezoelectric effect is caused by extruding pro-
teins and it can be fabricated into thin films that exhibit strengths of 7.8 pm/V [26].

Like the bacteriophage, many organs contain macromolecules which give them piezoelectric
properties. Organs with piezoelectric properties can be viewed as amorphous organic material
containing structured fibers which give them their piezoelectric properties [19, 28]. Often these
fibrils will grow in a helix shape, preventing them from having centrosymmetric symmetry
[29]. The overall strength of the piezoelectric effect will depend on the ordering, quantity or
composition of these fibers. Bones and tendons have hexagonal symmetry and contain the
following piezoelectric constant dij in the form of Eq. (1) [30]. In this tensor, the “i” subscript
represents direction of electric field displacement and the “j” subscript represents the mechan-
ical deformation associated with it [31].

dij ¼
0 0 0 d14 d15 0
0 0 0 d15 �d14 0
d31 d32 d33 0 0 0

0
B@

1
CA (1)

Molecular structure within the organ changes the organ’s overall piezoelectric nature. For
example, examination of the epidermis, horny layer, and dermis of the skin revealed that each
layer had its own piezoelectric coefficient, the highest being the horny layer. The dermis had a
less ordered collagen layer; the horny layer had parallel keratin filaments, and the epidermis α
helical keratin tonofibrils [28]. The structure of the keratin horny layer simplified its ability to
produce piezoelectric tensors, giving them the form of Eq. (2). The values of piezoelectric
coefficients varied based on temperature; however, the highest were seen in the horny layer,
on the order of 0.1–0.2 pC/N. The lack of consistency in these measurements is due to the
variety in how the molecules were ordered in each sample [28].

Figure 1. The general structure of amino acids. Reprinted and altered from Ref. [24].
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Similarly, piezoresponse force measurements (PFM) studies of collagen proved that collagen is
the main source of piezoelectricity in the bone and reveal different ordering of collagen fibers
results in different piezoresponses, as seen in Figure 2 [32]. In collagen, there are alternating
sections of overlap and gap regions. The collagen fibers are arranged in a staggered way that
result in the gap region having one less microfiber. In addition, the molecules in the gap region
have less uniform symmetry, and therefore that region does not have as high of a piezo-
response [32]. These two studies indicate the piezoelectric response is not merely dependent
on the molecular structure, but the structure of the entire organ. Table 1 gives a description of
organs with tested piezoelectric properties and their attributed molecule.

Despite many measurements, it is sometimes difficult for the scientific community to come to a
consensus on the exact nature and relevance of in situ piezoelectric characteristics. For exam-
ple, in the case of bone, two groups found contradicting results on the dependency of piezo-
electricity in terms of hydration [14, 37]. Some studies on the aorta indicate that it has
piezoelectric properties, though results were varied. Two studies, taken over forty years apart
showed different orders of magnitude for the studied properties [17, 38]. A lab attempting to
verify either of these studies found that there was no piezoelectric response from the aorta [39].

Figure 2. The images show (a) the topology of the collagen and (b) the piezoresponse force microscopy (PFM) image
where the collagen can be distinguished from the surrounding tissues and how the gap and overlap regions differ in
piezoelectric response. Reprinted from Minary-Jolandan and Yu [32] with permission from ACS Publications.
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Historically, piezoelectric potentials were thought to explain Wolff’s Law, the fact that bone is
strong in areas that are subject to greater amounts of stress [40]. However, later research proved
streaming potentials, fluid and ions driven by mechanical loading, may have a greater impact in
determining bone properties [41]. However, Ahn et al. suggest that piezoelectricity could gener-
ate charges that affect the screening potential and the two work in conjunction to promote bone
development, a concept which requires experimental testing to verify [40]. Furthermore, the
generation of electric fields has been shown to increase bone healing during fracture [42, 43].

Despite the variety of results concerning piezoelectric qualities of the body, they do help in
understanding the body’s mechanics and how we can develop solutions for human problems.
Even if the exact purpose for piezoelectric properties in the body is not known, they still can be
used for developing biomedical solutions on both microscopic and macroscopic levels. For
example, knowing that amino acids and macromolecules composed of them have piezoelectric
properties has inspired the use of biomaterials for human sensors [44]. Using peptides to build
piezoelectric sensors eliminates the need for developing other biocompatible materials. For
example, the knowledge of previously mentioned virus, M13, led to the alignment of its phages
into nanopillars for enhanced piezoelectric properties [45]. The outer hair cell is another structure
that piezoelectric properties can be attributed to. Disruption of the cell’s electrical potential alters
its length; conversely, compression of the cell alters its membrane potential [46]. The motions of
the outer hair cell alter how the organ of Corti vibrates, and changes how the inner hairs receive
stimulation [36]. Recently, the development of a piezoelectric cochlear implant to mimic the
conversion of sound vibration into an electrical signal has been undertaken and will be covered
in a later section of this review [47]. Biological structures can serve as examples for the develop-
ment of piezoelectric structures and biocompatible piezoelectric materials.

In addition, the knowledge of piezoelectric properties can help in disease detection or injury
analysis. With the knowledge that piezoelectric tissue properties are determined by proteins,
diseases that affect the amount or distribution of these proteins can be detected by piezo-
electric sensors. One group proposed that the electromechanical coupling factor, controlled
by collagen, could aid in detecting breast cancer [35]. A similar idea was presented for the

Organ Piezoelectric molecule

Muscle Actin and myosin [18]

Hair Keratin [16]

Bone Collagen [32]

Tendon Collagen [33]

Lung tissue Elastin [34]

Skin (dermis) Collagen [28]

Skin (horny layer and epidermis) Keratin [28]

Breast tissue Collagen [35]

Outer hair cell Prestin [36]

Table 1. Tissues with piezoelectric properties and driving source of piezoelectricity.
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in a later section of this review [47]. Biological structures can serve as examples for the develop-
ment of piezoelectric structures and biocompatible piezoelectric materials.

In addition, the knowledge of piezoelectric properties can help in disease detection or injury
analysis. With the knowledge that piezoelectric tissue properties are determined by proteins,
diseases that affect the amount or distribution of these proteins can be detected by piezo-
electric sensors. One group proposed that the electromechanical coupling factor, controlled
by collagen, could aid in detecting breast cancer [35]. A similar idea was presented for the

Organ Piezoelectric molecule

Muscle Actin and myosin [18]

Hair Keratin [16]

Bone Collagen [32]

Tendon Collagen [33]

Lung tissue Elastin [34]

Skin (dermis) Collagen [28]

Skin (horny layer and epidermis) Keratin [28]

Breast tissue Collagen [35]

Outer hair cell Prestin [36]

Table 1. Tissues with piezoelectric properties and driving source of piezoelectricity.
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detection of atherosclerosis in the aorta, however as mentioned in a prior paragraph the
validity of the aorta’s piezoelectric nature is still under debate [48]. In this paper, they
claimed the PFM amplitude increased as a function of advancing atherosclerosis and could
help with early detection of the disease.

Finally, once the effect of piezoelectricity on the body have been studied, piezoelectric mate-
rials can be used to promote disease healing. Though the exact reason for piezoelectric quali-
ties have not been fully discovered, studies into bone related injuries have revealed that
induced electrical fields can accelerate bone repair and promote the growth of neurons [49,
50]. Because of this, increasing the piezoelectric properties of a synthetic bone material has
potential to increase the speed of osteoconduction and subsequently bone repair [51]. Lead free
ceramics can be used in conjunction with synthetic bone; however, these materials have
problems with ion diffusion which can be controlled by embedding in a ceramic or polymer
matrix [50]. In terms of regenerating damaged bone or cartilage, a piezoelectric scaffold may
provide the necessary stimulation for cell regrowth, and diminish the need for other growth
factors [43]. Typically, scaffolds are made out of polymers, such as PVDF, and can also promote
the growth of neurons and wound healing [50].

3. Piezoelectric medical devices

Many biomedical piezoelectric applications exceed the aforementioned purposes of mimicking
or employing biological piezoelectric phenomena. In some cases, the choice of material
depends mostly on the strength of the piezoelectric effect and the cost of the material. PZT
(lead zirconium titanate) and quartz are common piezoelectric materials used in industry. PZT
is cheaper, has higher piezoelectric coupling coefficients, and can be manipulated by changing
the composition. Quartz, however, is more stable and has consistent properties over a broader
temperature range [4]. Developing implants or technology involving direct human contact has
more constraints. Ceramics, like quartz, barium titanate, and potassium sodium niobate, are
more biocompatible because they do not contain lead [50]. In addition, many biomedical
devices require higher flexibility than ceramics can provide, due to the dynamic nature of
human motion. Biocompatible polymers include most biological materials and PVDF copoly-
mers. So far, polymer applications of PVDF have included, but are not limited to, biomechan-
ical energy harvesting systems, sensors, and wound scaffolds [50, 52]. The piezoelectric
coefficient of the beta phase of PVDF is listed in Eq. (3) [53].

dij ¼
0 0 0 0 d15 0
0 0 0 d24 0 0
d31 d32 d33 0 0 0

0
B@

1
CA (3)

3.1. Piezoelectric sensors

Piezoelectric materials can be employed in monitoring many bodily signals because they convert
mechanical energy into an electrical signal. They are especially applicable to monitoring dynamic
pressure changes; many human vital signs consist of rhythmic activities like the heartbeat or
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breathing. Lower pressure systems from (1 Pa-10 kPa) include sound waves and tactile sensing.
In the higher end of that range are intraocular pressure and cranial pressure. Higher-pressure
systems (10 kPa–100 kPa) correspond to blood pressure measurements and some bodily move-
ments. Piezoelectric sensors can be tailored by structure or material to match the pressure range
of the desired quality [54]. Implanted or wearable medical sensors have greater applicability, as
the Internet of Things becomes more fully developed. A medical professional or computer
algorithm can monitor a patient for early warning signs that may have been missed between
scheduled check-ups through their implanted device [55]. Table 2 lists some literature studies of
piezoelectric sensors and their tested applications.

The variety of applications for piezoelectric sensors in the biomedical industry is promising,
however much of this technology is still in the research and development phase. Before reaching
the market, these devices need to have scalable manufacturing and guaranteed quality for every
device [52].

3.1.1. Developing synthetic skin

A specific application for piezoelectric pressure sensing is synthetic skin. As a bare minimum,
synthetic skin should provide the magnitude of contact force and approximate location of

Material Applications Device characteristics Refs.

Prawn cell Wrist pulse 100 Hz�10 MHz range [56]

PVDF Human voice detection
Hand motion
Breathing rate

50–1000 Hz range [57]

(Na0.5,K0.5)NbO3 (NKN) thin
film

Cardio mechanical electric sensor 10 Hz resonance [58]

PVDF Wrist pulse
Measuring peripheral arterial pressure
pulse

[59]

AlN Heart and respiration patterns for sleep
apnea

Tested over 0.1–10 Hz [60]

PVDF Heartbeat and respiration detection Tested 0.1–2 Hz [61]

Fish gelatin Joint movement
Human vocal cord movement
Radial artery pulses

d33–20 pm/V
Stability over 108,000 cycles

[62]

PZT Eye fatigue via eyelid motion [63]

Poly-L-lactic acid Lung pressure
Eye pressure
Brain pressure

Biodegradable
Stability over 108,000 cycles

[64]

Piezoelectric ceramic Vision correction Force sensitivity 0.1 � 10�2 N to
5 � 10�2 N
0.01–5 Hz

[65]

PVDF Food detection by swallowing pattern Limit of detection: 1 Hz
Tested over 1–5 Hz

[66]

Table 2. Examples of piezoelectric sensors and their applications.
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detection of atherosclerosis in the aorta, however as mentioned in a prior paragraph the
validity of the aorta’s piezoelectric nature is still under debate [48]. In this paper, they
claimed the PFM amplitude increased as a function of advancing atherosclerosis and could
help with early detection of the disease.
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ties have not been fully discovered, studies into bone related injuries have revealed that
induced electrical fields can accelerate bone repair and promote the growth of neurons [49,
50]. Because of this, increasing the piezoelectric properties of a synthetic bone material has
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provide the necessary stimulation for cell regrowth, and diminish the need for other growth
factors [43]. Typically, scaffolds are made out of polymers, such as PVDF, and can also promote
the growth of neurons and wound healing [50].

3. Piezoelectric medical devices

Many biomedical piezoelectric applications exceed the aforementioned purposes of mimicking
or employing biological piezoelectric phenomena. In some cases, the choice of material
depends mostly on the strength of the piezoelectric effect and the cost of the material. PZT
(lead zirconium titanate) and quartz are common piezoelectric materials used in industry. PZT
is cheaper, has higher piezoelectric coupling coefficients, and can be manipulated by changing
the composition. Quartz, however, is more stable and has consistent properties over a broader
temperature range [4]. Developing implants or technology involving direct human contact has
more constraints. Ceramics, like quartz, barium titanate, and potassium sodium niobate, are
more biocompatible because they do not contain lead [50]. In addition, many biomedical
devices require higher flexibility than ceramics can provide, due to the dynamic nature of
human motion. Biocompatible polymers include most biological materials and PVDF copoly-
mers. So far, polymer applications of PVDF have included, but are not limited to, biomechan-
ical energy harvesting systems, sensors, and wound scaffolds [50, 52]. The piezoelectric
coefficient of the beta phase of PVDF is listed in Eq. (3) [53].
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3.1. Piezoelectric sensors

Piezoelectric materials can be employed in monitoring many bodily signals because they convert
mechanical energy into an electrical signal. They are especially applicable to monitoring dynamic
pressure changes; many human vital signs consist of rhythmic activities like the heartbeat or
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breathing. Lower pressure systems from (1 Pa-10 kPa) include sound waves and tactile sensing.
In the higher end of that range are intraocular pressure and cranial pressure. Higher-pressure
systems (10 kPa–100 kPa) correspond to blood pressure measurements and some bodily move-
ments. Piezoelectric sensors can be tailored by structure or material to match the pressure range
of the desired quality [54]. Implanted or wearable medical sensors have greater applicability, as
the Internet of Things becomes more fully developed. A medical professional or computer
algorithm can monitor a patient for early warning signs that may have been missed between
scheduled check-ups through their implanted device [55]. Table 2 lists some literature studies of
piezoelectric sensors and their tested applications.

The variety of applications for piezoelectric sensors in the biomedical industry is promising,
however much of this technology is still in the research and development phase. Before reaching
the market, these devices need to have scalable manufacturing and guaranteed quality for every
device [52].

3.1.1. Developing synthetic skin

A specific application for piezoelectric pressure sensing is synthetic skin. As a bare minimum,
synthetic skin should provide the magnitude of contact force and approximate location of
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contact with the sensitivity of normal skin [53]. For humans, mechanoreceptors have a range
from 3 to 400 Hz, and a spatial resolution of 1–2 mm [67]. Ideally, it would also provide
information about temperature changes or humidity [68]. Human skin itself acts as a vibra-
tional sensor; it is structured to amplify tactile stimulation [69]. Piezoelectric force transducers
offer a solution to quantifying and locating contact forces [53]. The use of polymers for
synthetic skin is popular because of their similarity in texture and flexibility to human skin
[70]. Polymers can be molded to emulate human characteristics, such as fingerprints to
enhance their sensitivity [69]. Processing techniques, such as electrospinning, can increase
response by aligning the molecular dipoles [25]. In a similar way, using hybrid materials or
structuring ceramics and polymers can yield higher piezoelectric properties [71, 72].

Though there are many materials, which can be used for this purpose, most are structured in
arrays. A unit in the array will send an electrical signal describing the characteristic of the
force. In prosthetics, the electric signal will arrive at a location which still can perceive tactile
senses [53]. One of the problems with arrays is interference between signals, otherwise known
as crosstalk. During crosstalk, neighboring units are affected by the unit undergoing force and
send their own signal. This can lead to an ill-defined contact region, which can be fixed using
the installation of transistors or through triangulation of the signal [53, 68].

3.1.2. Biological quartz microbalance

One other interesting application of piezoelectric sensors is the detection of disease or odor through
a change in chemical composition of a sensor. The quartz microbalance is used for a variety of
purposes, such as gas detection [73], composition analysis, and chirality classification [74]. It can
also sense changes in liquid density or viscosity [75]. This method relies on mass changes in a
coating film around the crystal. Quartz microbalances generally operate in a 5–10 MHz range; the
accumulation of mass can be quantified by the Sauerbrey equation (Eq. (4)) [75, 76]. An increase in
mass indicates a decrease in the frequency of quartz vibration [76]. When this mass becomes too
great (>2%) this relationship becomes inaccurate, and a better approximation is needed [74]. In this
type of sensor, biological molecules are imbedded or attached to piezoelectric materials. This
technology can also be used for detection of bacteria and biomolecules.

Δf
f 0

¼ �Δm
m

(4)

The detection of bacteria or biomolecules usually involves the incorporation of a biomolecule
in an exterior film. One method of detecting glucose uses the enzyme hexokinase embedded in
a polymer matrix. The glucose binds to the enzymes at a rate proportional to its concentration
in solution [77]. In another glucose detection system, the frequency of the quartz was
increased. The sensor was coated with dextran and Concanavalin A. The dextran preferentially
binds to the glucose, therefore the presence of glucose causes the release of Concanavalin A.
Glucose has a lower molecular weight, and therefore the frequency increased with its detach-
ment. This method of glucose detection is advantageous because it does not involve the use of
enzymes; however has a lower detection range [78]. The quartz microbalance may also be
applicable to developing bioelectronic olfactory replacements. It has been used to detect
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hazardous odorants such as diacetyl, which can cause damage to the lung if inhaled, and could
be used to measure other odors [79]. Unfortunately, some of the quartz microbalance equip-
ment is bulky and requires complicated molecules as indicators. One of the olfactory biosen-
sors is 14 mm in diameter [80]. If the synthetic nose to be used for many compounds, the size
may be too large to be practical. In addition, sensors based on biomolecules, such as the
glucose have problems with biological stability [78]. These problems need to be fixed before
they can be viewed as commercially viable.

3.1.3. Cochlear implants

The destruction of inner ear cells results in severe hearing loss and is most commonly treated
by cochlear implants. Though the current technology allows for recovery from deafness, it is
incompatible with water and has very high-power requirements [81]. Piezoelectric materials
can be used for creating an artificial basilar membrane (ABM). The membrane performs
mechanical frequency selectivity for the cochlea. Varying physical rigidity and thickness of
the basilar membrane allows it to perform its duty, and likewise piezoelectric materials can
filter out frequency based on their physical properties [82]. Ceramics, such as PZT or AlN
films, can be fabricated in beam or cantilever arrays with lengths corresponding with different
resonance frequencies [81, 83]. Alternatively, devices based on PVDF or P(VDF-TrFE) mem-
branes have been fabricated [47, 83–85]. The typical range of human hearing is 20 Hz–20 kHz.
The fabricated PVDF membrane was able to detect signals in the 100 Hz–10 kHz range, which
encompasses the range of human vocalizations [84]. Many experimental cochlear ABMs need
increased sensitivity, stability, and size reduction to be practically used [83].

3.2. Beyond sensors

3.2.1. Piezoelectric surgery

In addition to creating implants, piezoelectricity can be used in a variety of medical treatments,
most of which depend on the vibrational properties of the piezoelectric device. Unlike
implanted devices, piezoelectric devices needed for surgery do not need to be biocompatible,
because they do not come in contact with human cells. Therefore, many external devices will
make use of lead zirconate titanate (PZT), as it is easier to produce [86]. The typical
piezosurgical devices will consist of stacked rings which are given an applied voltage. The
stacked actuator design increases the actuator efficiency because the electric field is determined
by the applied voltage and the thickness (Eq. (5)) [87]. The strain is proportional to the electric
field if the thickness of the actuator is decreased, a higher strain can be generated for the same
amount of voltage.

E ¼ V
t

(5)

The resulting vibration will be transduced to the tip, which is installed in such a way that it
will amplify vibrations, because traditionally ceramics are more brittle and do not display
much displacement [88].
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[70]. Polymers can be molded to emulate human characteristics, such as fingerprints to
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purposes, such as gas detection [73], composition analysis, and chirality classification [74]. It can
also sense changes in liquid density or viscosity [75]. This method relies on mass changes in a
coating film around the crystal. Quartz microbalances generally operate in a 5–10 MHz range; the
accumulation of mass can be quantified by the Sauerbrey equation (Eq. (4)) [75, 76]. An increase in
mass indicates a decrease in the frequency of quartz vibration [76]. When this mass becomes too
great (>2%) this relationship becomes inaccurate, and a better approximation is needed [74]. In this
type of sensor, biological molecules are imbedded or attached to piezoelectric materials. This
technology can also be used for detection of bacteria and biomolecules.
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The detection of bacteria or biomolecules usually involves the incorporation of a biomolecule
in an exterior film. One method of detecting glucose uses the enzyme hexokinase embedded in
a polymer matrix. The glucose binds to the enzymes at a rate proportional to its concentration
in solution [77]. In another glucose detection system, the frequency of the quartz was
increased. The sensor was coated with dextran and Concanavalin A. The dextran preferentially
binds to the glucose, therefore the presence of glucose causes the release of Concanavalin A.
Glucose has a lower molecular weight, and therefore the frequency increased with its detach-
ment. This method of glucose detection is advantageous because it does not involve the use of
enzymes; however has a lower detection range [78]. The quartz microbalance may also be
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ment is bulky and requires complicated molecules as indicators. One of the olfactory biosen-
sors is 14 mm in diameter [80]. If the synthetic nose to be used for many compounds, the size
may be too large to be practical. In addition, sensors based on biomolecules, such as the
glucose have problems with biological stability [78]. These problems need to be fixed before
they can be viewed as commercially viable.

3.1.3. Cochlear implants

The destruction of inner ear cells results in severe hearing loss and is most commonly treated
by cochlear implants. Though the current technology allows for recovery from deafness, it is
incompatible with water and has very high-power requirements [81]. Piezoelectric materials
can be used for creating an artificial basilar membrane (ABM). The membrane performs
mechanical frequency selectivity for the cochlea. Varying physical rigidity and thickness of
the basilar membrane allows it to perform its duty, and likewise piezoelectric materials can
filter out frequency based on their physical properties [82]. Ceramics, such as PZT or AlN
films, can be fabricated in beam or cantilever arrays with lengths corresponding with different
resonance frequencies [81, 83]. Alternatively, devices based on PVDF or P(VDF-TrFE) mem-
branes have been fabricated [47, 83–85]. The typical range of human hearing is 20 Hz–20 kHz.
The fabricated PVDF membrane was able to detect signals in the 100 Hz–10 kHz range, which
encompasses the range of human vocalizations [84]. Many experimental cochlear ABMs need
increased sensitivity, stability, and size reduction to be practically used [83].

3.2. Beyond sensors

3.2.1. Piezoelectric surgery

In addition to creating implants, piezoelectricity can be used in a variety of medical treatments,
most of which depend on the vibrational properties of the piezoelectric device. Unlike
implanted devices, piezoelectric devices needed for surgery do not need to be biocompatible,
because they do not come in contact with human cells. Therefore, many external devices will
make use of lead zirconate titanate (PZT), as it is easier to produce [86]. The typical
piezosurgical devices will consist of stacked rings which are given an applied voltage. The
stacked actuator design increases the actuator efficiency because the electric field is determined
by the applied voltage and the thickness (Eq. (5)) [87]. The strain is proportional to the electric
field if the thickness of the actuator is decreased, a higher strain can be generated for the same
amount of voltage.
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The resulting vibration will be transduced to the tip, which is installed in such a way that it
will amplify vibrations, because traditionally ceramics are more brittle and do not display
much displacement [88].
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In surgery, piezoelectric devices, such as the ultrasonic lancet, are used for delicate operations
to preserve surrounding tissue. By controlling the micromovements of the oscillating device,
damage to soft tissues can be avoided, and the separation between interfaces is easily accom-
plished. Alternatives to piezosurgery, such as a chisel and hammer or rotating saw are seen as
more invasive, have potential to lacerate non-discriminatorily [89]. Hard tissues, such as
mineralized bones are damaged by frequencies of 25–39 kHz, however neurovascular tissue
is cut at frequencies higher than 50 kHz. There are no macrovibrations which may cause
discomfort to the patient or disturbance of surrounding tissue [90]. The tip oscillates in a linear
direction, and can span the distance of 60–200 μm [86].

The first use of piezosurgery was the dental industry, with applications like removal of implants,
bone harvesting, and inferior alveolar nerve detachment [91]. Many such surgeries require work-
ing in small spaces and do not require larger incisions on the bone material. The removal of
implants takes advantage of how the ultrasonic vibrations target the interfacial layer, and weaken
the implant’s attachment to bone. This reduces the adhesion forces and allows the implant to be
removed with fewer incisions. In a similar way, the collection of graft material is another excellent
use of an ultrasonic lancet. After making preliminary cuts with a saw, the ultrasonic vibrations
reduce the need for chisel strikes [91]. In surgery performed on the lower jawline, protecting the
inferior alveolar nerve is important to patient recovery [92]. As said previously, the use of
piezosurgery prevents the damage of these nerve tissues. Another benefit in all surgeries is particle
breakdown caused by ultrasonic activity, which makes visibility easier [92].

Piezosurgery has some other applications in neurosurgery and orthopedic surgery; however, it
is limited in equipment fragility and associated expenses [86, 90]. The tip of the device frac-
tures, creating the need for replacements [88]. It also takes longer to perform operations, and
can damage tissue through heating. Irrigation is required to keep the area cool, and larger scale
devices are used for macrosized surgeries [86].

3.2.2. Ultrasonic dental scaling

Apiezoelectric dental scalar also has piezoelectric ceramic rings (Figure 3) on the inside to induce
axial vibrations, and operates at ultrasonic frequencies [93]. Ultrasonic dental scalers operate in
the range of 25–50 kHz, and oscillate parallel to the tooth surface over a range of 10–100 μm [94].
Its purpose is to remove accumulated biofilms from the tooth surface and for treatment of root
canals. The vibrations of the tip break down the calculus (tartar) and plaque which have formed
on the tooth’s enamel surface. Because of the tip’s quick speed, when the irrigation water passes
over the scalar, micro- and nanosized bubbles form around its curve and tip [95, 96]. When these

Figure 3. The stacked actuator design and other components of an ultrasonic dental scaler. Reprinted from Engelke et al.
[93] with permission from Hindawi.
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bubbles collapse, cavitation forces create shock waves cleaning the tooth. This adds to the
ultrasonic scalar’s effectiveness, and further investigation of the cavitation’s effects could lead to
new dental technology which further reduces scaler contact with teeth [97].

The oscillation pattern of the scaler depends on the type of tip chosen [93] and the effectiveness
of the scaler varies depending on how it is used. Influencing factors can be the lateral force, tip
angle, and power setting [98]. Increasing the power on the ultrasonic scalar too much will
scratch a tooth’s protective enamel surface, increasing the tooth’s surface roughness and
causing damage to the surrounding tissues. The variety of ultrasonic scalers’ operating condi-
tions demonstrates the need for research on appropriate forces needed to remove dental tartar
without causing damage.

3.2.3. Microdosing

Microdosing is another application of piezoelectrics and has become popular because it con-
serves the amount of medication dispensed and can reduce discomfort by avoiding injections
[99, 100]. In some cases, an injected drug can be aerosolized in order to avoid injection. In this
case, piezoelectric vibrations can break the drug into fine particles which can be carried in an
air stream and inhaled by the patient [100]. In the case of solids, a stacked actuator design is
applicable by providing a single oscillation, rather than the consistent vibration of the previ-
ously mentioned ultrasonic devices. A glass tube is attached to the actuator and an electric
signal stimulates the actuator providing a force to the tube and displacing a certain amount of
the solid. Though the dispensing is very precise, it does have a minimum dosage and blockage
can occur in the glass tube [101].

Stacked actuators in fluid pumps can administer small single doses or a continuous flow [102].
Fluid administration, like those for eye drops, often require small single doses [99]. A more
complex form of controlled microdosing can be accomplished through a diaphragm pump
[103]. This is more suited for some dosing systems such as insulin dispensing. One pump
design places four chambers in series, with electrodes connecting the gate so they operate in
tandem. Here the voltage controls the degree of membrane fluctuation and the phase of the
material controls its direction [104]. An alternative design has parallel cylinders which are
filled and emptied according to a certain sequence. The number of steps in the sequence
determines the flow rate [105]. Though PZT is a popular material for biomedical pumps,
polymer actuators such as PVDF-TrFE have been used as well [106].

3.2.4. Energy harvesting

In order to have implantable sensors within the body, they need to have a convenient source of
energy. If the sensor is battery powered, future surgery will be required to extract and replace
the battery. This is a current problem with pacemakers and limits the number of sensors placed
after surgery. Energy harvesting through the body’s movement via piezoelectricity is one way
to avoid the need for battery incorporation or replacement. Energy harvesting from organs or
the human body requires specific considerations, the most important being biocompatibility.
Like implants, energy harvesting devices ideally should not contain hazardous chemicals, like
lead, or must be sealable [107]. In the field of energy harvesting, one of the key modes of
energy harvesting, a vibrating cantilever, is not as applicable to in situ biological energy
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In surgery, piezoelectric devices, such as the ultrasonic lancet, are used for delicate operations
to preserve surrounding tissue. By controlling the micromovements of the oscillating device,
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plished. Alternatives to piezosurgery, such as a chisel and hammer or rotating saw are seen as
more invasive, have potential to lacerate non-discriminatorily [89]. Hard tissues, such as
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The first use of piezosurgery was the dental industry, with applications like removal of implants,
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ing in small spaces and do not require larger incisions on the bone material. The removal of
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the implant’s attachment to bone. This reduces the adhesion forces and allows the implant to be
removed with fewer incisions. In a similar way, the collection of graft material is another excellent
use of an ultrasonic lancet. After making preliminary cuts with a saw, the ultrasonic vibrations
reduce the need for chisel strikes [91]. In surgery performed on the lower jawline, protecting the
inferior alveolar nerve is important to patient recovery [92]. As said previously, the use of
piezosurgery prevents the damage of these nerve tissues. Another benefit in all surgeries is particle
breakdown caused by ultrasonic activity, which makes visibility easier [92].

Piezosurgery has some other applications in neurosurgery and orthopedic surgery; however, it
is limited in equipment fragility and associated expenses [86, 90]. The tip of the device frac-
tures, creating the need for replacements [88]. It also takes longer to perform operations, and
can damage tissue through heating. Irrigation is required to keep the area cool, and larger scale
devices are used for macrosized surgeries [86].

3.2.2. Ultrasonic dental scaling

Apiezoelectric dental scalar also has piezoelectric ceramic rings (Figure 3) on the inside to induce
axial vibrations, and operates at ultrasonic frequencies [93]. Ultrasonic dental scalers operate in
the range of 25–50 kHz, and oscillate parallel to the tooth surface over a range of 10–100 μm [94].
Its purpose is to remove accumulated biofilms from the tooth surface and for treatment of root
canals. The vibrations of the tip break down the calculus (tartar) and plaque which have formed
on the tooth’s enamel surface. Because of the tip’s quick speed, when the irrigation water passes
over the scalar, micro- and nanosized bubbles form around its curve and tip [95, 96]. When these

Figure 3. The stacked actuator design and other components of an ultrasonic dental scaler. Reprinted from Engelke et al.
[93] with permission from Hindawi.
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bubbles collapse, cavitation forces create shock waves cleaning the tooth. This adds to the
ultrasonic scalar’s effectiveness, and further investigation of the cavitation’s effects could lead to
new dental technology which further reduces scaler contact with teeth [97].

The oscillation pattern of the scaler depends on the type of tip chosen [93] and the effectiveness
of the scaler varies depending on how it is used. Influencing factors can be the lateral force, tip
angle, and power setting [98]. Increasing the power on the ultrasonic scalar too much will
scratch a tooth’s protective enamel surface, increasing the tooth’s surface roughness and
causing damage to the surrounding tissues. The variety of ultrasonic scalers’ operating condi-
tions demonstrates the need for research on appropriate forces needed to remove dental tartar
without causing damage.

3.2.3. Microdosing

Microdosing is another application of piezoelectrics and has become popular because it con-
serves the amount of medication dispensed and can reduce discomfort by avoiding injections
[99, 100]. In some cases, an injected drug can be aerosolized in order to avoid injection. In this
case, piezoelectric vibrations can break the drug into fine particles which can be carried in an
air stream and inhaled by the patient [100]. In the case of solids, a stacked actuator design is
applicable by providing a single oscillation, rather than the consistent vibration of the previ-
ously mentioned ultrasonic devices. A glass tube is attached to the actuator and an electric
signal stimulates the actuator providing a force to the tube and displacing a certain amount of
the solid. Though the dispensing is very precise, it does have a minimum dosage and blockage
can occur in the glass tube [101].

Stacked actuators in fluid pumps can administer small single doses or a continuous flow [102].
Fluid administration, like those for eye drops, often require small single doses [99]. A more
complex form of controlled microdosing can be accomplished through a diaphragm pump
[103]. This is more suited for some dosing systems such as insulin dispensing. One pump
design places four chambers in series, with electrodes connecting the gate so they operate in
tandem. Here the voltage controls the degree of membrane fluctuation and the phase of the
material controls its direction [104]. An alternative design has parallel cylinders which are
filled and emptied according to a certain sequence. The number of steps in the sequence
determines the flow rate [105]. Though PZT is a popular material for biomedical pumps,
polymer actuators such as PVDF-TrFE have been used as well [106].

3.2.4. Energy harvesting

In order to have implantable sensors within the body, they need to have a convenient source of
energy. If the sensor is battery powered, future surgery will be required to extract and replace
the battery. This is a current problem with pacemakers and limits the number of sensors placed
after surgery. Energy harvesting through the body’s movement via piezoelectricity is one way
to avoid the need for battery incorporation or replacement. Energy harvesting from organs or
the human body requires specific considerations, the most important being biocompatibility.
Like implants, energy harvesting devices ideally should not contain hazardous chemicals, like
lead, or must be sealable [107]. In the field of energy harvesting, one of the key modes of
energy harvesting, a vibrating cantilever, is not as applicable to in situ biological energy
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harvesting because a vibrating cantilever has a very high resonance frequency for peak power
generation [108]. Though a cantilever’s resonance frequency can be changed by altering its
physical characteristics, such as adding a proof mass or increasing size [109], an implant needs
to be small as to avoid interference with organ function [108]. Typically, piezoelectric biomed-
ical harvesters will be thin films that target tiny irregular vibrations caused by normal organ
deformation [110]. A piezoelectric energy harvester provides an AC power source, and the
most energy is gained near the resonance frequency of the film [111]. This adds another
engineering constraint as biological motions usually have low natural frequencies. The human
heart beats at around 39 Hz and the frequency of someone walking is around 1 Hz [108, 112].
The energy harvesting element also has to be small, as large devices may impede the normal
function of human organs or cause discomfort.

Most implanted devices should have some degree of flexibility for use in the human body.
Both polymer and ceramic flexible devices can be adhered to consistently moving body parts
to provide a source of energy. This could include wrapping a piezoelectric film around a
pulsing artery or anchoring it to an expanding diaphragm, lung, or heart [108]. The heart, or
locations near it, are advantageous places to put an energy harvesting device because they
could power a pacemaker. Ceramic nanoribbons are usually attached to some flexible film
such as polyimide, polyethylene terephthalate, or polyethylene naphthalate. The ceramic com-
ponents, made of PMN-PT, PZT, or BaTiO3, are fabricated in small units and then transferred
to the flexible film [110]. PVDF and PVDF-TrFE thin films can also be used to fabricate energy
harvesters. These films have the advantage of being biocompatible and do not have to be
transferred onto a flexible matrix [113].

In replacement joints, stacked ceramic sheets are preferred for energy harvesting. Knee surgery
is a difficult process and complications can arise after surgery [112]. The replacement joint
can become imbalanced, and be subject to wear, loosening, or even fracture. The presence of
sensors in the replacement joint vicinity would allow doctors to study how to improve knee
replacements and detect problems with greater speed. The stacked actuator is the best design
for energy harvesting in implanted joints. These actuators do not need to be as flexible, because
the downward force from the knee is compressive, rather than stretching [114]. Prospective
locations for the actuators could be in the tibial component of the joint or in the polyethylene
cartilage imitation [112, 114].

The main limitations of piezoelectric energy harvesting are low efficiency and power output.
This is large concern with biomedical devices, because they often do not operate at the device’s
resonance frequency [115]. Another avenue of research focuses on enhancing the efficiency of
energy harvesting by mechanically scraping screening charges found on the surface of piezo-
electric materials [116–119].

4. Conclusion

The purpose of this book chapter has been to give an overview of piezoelectric in the biomed-
ical industry. We have described the piezoelectric properties of biological materials and how
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they can be used to develop disease treatment. We also covered piezoelectric materials used in
sensors, and other devices to explore the current industries which can be improved by further
research. By describing these challenges, we hope to bring greater understanding of how
important piezoelectricity is to the medical industry and the opportunities it has for future
development.
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