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A B S T R A C T   

In the last years, ultrasound energy harvesting has emerged as the most promising technique for wireless power 
supply of implanted medical devices. These devices require flexible piezoelectric materials with high piezo
electric response in the ultrasonic range. Here we report on bio-compatible NBT-BT/PVDF flexible composites, 
with variable filler content up to 50 vol%, prepared by a properly designed and optimized process, which in
corporates in a complex connectivity pattern fully sintered NBT-BT crystalline powders in a PVDF matrix. The 
dielectric constant of the flexible composites increased from 10 of pure PVDF polymer to 110 of composite films 
with 50 vol% NBT-BT content, while the high frequency piezoelectric d33 constant increased from 0.2 pC/N to 
33 pC/N for the same samples. The composite with 50 vol% NBT-BT exhibits the figure of merit for the harvested 
ultrasound energy d33g33 ≅ 1.54 × 10− 12 m3/J, which is comparable to the figure of merit for the NBT-BT 
piezoelectric ceramic (1.8 × 10− 12 m3/J) and higher than other reported results for random composites. 
Based on these results, this study provides an easy method to fabricate random flexible piezoelectric composites 
with enhanced high frequency piezoelectric response and high energy density harvested from an ultrasound 
source.   

1. Introduction 

In the last years different wireless energy harvesting solutions have 
been proposed for the reliable and stable powering of implanted 
biomedical devices (IBDs) [1]. The research in this field was boosted by 
the necessity to solve the well-known weak point of IBDs, that is, elec
trochemical batteries being needed to power the device. Indeed, since 
batteries’ duration is short, more surgical operations should be done on 
patients to change the batteries, resulting into higher infection proba
bilities. Besides, wireless energy harvesting devices would be useful for 
other important applications, such as wireless stimulation of stem cells 
for nerve growth [2,3], improved wound medication [4] etc. Therefore, 
an important amount of research has been dedicated to promote the 
development of wireless energy harvesting devices for biomedical ap
plications. Unlike energy harvesting from environmental sources, this 

technique relies on a stable source of energy. During the last years, 
different wireless energy harvesting solutions have been explored, 
including electromagnetic field, inductive power transfer and ultrasonic 
energy transfer [1]. Compared to the electromagnetic field, the ultra
sound field radiation is more safe and less attenuated in the tissues. 
Moreover, it can be better focused due to the smaller wavelength. 
Therefore, ultrasound energy harvesting is an attractive technique for 
implanted devices powering. For efficient energy conversion, piezo
electric ceramics are the materials of choice in these devices. In addition 
to their non-toxicity and bio-compatibility, there are other requirements 
which are imposed on the materials for an efficient design: the piezo
electric ceramics must have a high figure of merit (FOM), the latter 
being defined as the product of their piezoelectric charge (d33) and 
piezoelectric voltage (g33) constants. Although pure piezoelectric ce
ramics have high d33, their g33 constant (which is the d33/ε33 ratio, 
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where ε33 is the dielectric constant) is generally low, due to the high 
dielectric constant. Along with other advantages that will be further 
discussed, piezoelectric ceramic/polymer composites can have higher 
FOM than ceramics, due to the low dielectric constant of the polymer. 
Another requirement is related to the sound transmission at the inter
face. A large mismatch between the acoustic impedance of the tissue and 
that of the implanted material leads to reflection of ultrasound and loss 
of energy transfer efficiency. Taking into account that piezoelectric ce
ramics have high acoustic impedance (~30 MRayls), whereas the tissues 
have much lower acoustic impedance (~1.5 MRayls), a piezoelectric 
material with lower acoustic impedance than that of piezoceramics 
should be chosen. A further requirement concerns the minimization of 
energy losses. The largest part of power losses for ultrasound-based 
implants is due to the divergence of the acoustic beam, which is 
related to the ratio of the ultrasound source diameter to the wavelength. 
For an efficient energy harvesting in a small volume, the ultrasound 
beam should be focused. Moreover, short-wavelength high-frequency 
ultrasound allows excellent spatial resolution by making it possible to 
focus the power on millimeter-sized regions. By summarizing these re
quirements, flexible bio-compatible piezoelectric composites with high 
d33 and g33 piezoelectric coefficients (i.e. high FOM) at high frequencies 
should be used for efficient wireless ultrasonic powering of IBDs. 

In a piezoelectric composite the d33 charge coefficient depends not 
only on the filler’s volume fraction but also on the connectivity of the 
phases [5]. A common type is the 0–3 composite, where the filler phase 
particles are randomly dispersed inside the polymer matrix, which is 
connected along all three directions. While 0–3 composites are easy to 
prepare, at low volume fraction of ceramic filler the electric field re
mains confined in the polymer, leading to poor dielectric and piezo
electric properties. Alternatively, 1–3 composites, comprising aligned 
ceramic bars inside the polymer matrix, can have high functional 
properties [5] but they require a much more difficult fabrication 
method. Different results have been reported on these systems [5–13]. 
To ensure easy industrial scalability of the production process of 
piezoelectric composites, simple production routes should be pursued as 
far as possible. Thus, in this study we have investigated random 0–3 
composites which can be prepared by a simple process. 

Depending on the intended application, the ceramic fillers normally 
employed in piezoelectric composites range from fine powders with 
dimensions from a few tens of nm to coarser powders up to a few hun
dreds of nm. It is well known that the ferroelectric properties are 
strongly decreased in nanoparticles with dimensions smaller than a few 
tens of nanometers [14]. In fact, the reduction of functional properties 
occurs when the grain size decreases already below 1 μm [14]. This is 
due to the reduced contribution of the ferroelectric domain walls. 
Indeed, domain walls mobility depends on the size of the confining re
gion and it is maximum in micrometer-sized grains, where complex 
domain structures are observed. These domain structures become 
simpler with decreasing grain size and, below ~200 nm only simple 
configurations are observed. In these particles the domain wall motion is 
strongly hampered. 

Therefore, in the fabrication of the composites we employed fully 
sintered and densified ceramic samples with well grown crystallites of 
micrometric dimension, which were crushed, milled, sieved and 
annealed, before mixing with the polymer. Thus, in our case the ceramic 
filler phase is made of particles which are good piezoelectrics in their 
own right, and do not require any further treatment except for poling 
after embedding in the polymer matrix. The issue of poling of the 
composite will be treated in Section 2. 

In this paper we propose a new strategy to design high-performance 
flexible piezocomposites by employing fully sintered lead-free NBT-BT 
ceramic filler particles distributed in the PVDF polymer matrix. These 
composites display enhanced high frequency piezoelectric properties 
which make them very attractive for wireless ultrasound-powered 
medical implants. The so-obtained structure exhibits a clear high- 
frequency electromechanical behavior, responding with a synchronous 

electrical signal to an applied mechanical deformation in the ultrasound 
range. 

2. Experimental procedure 

2.1. Preparation of NBT-BT filler powders and flexible composite films 

For the synthesis of the filler powders of 0.94[(Na0.5Bi0.5)TiO3]−
0.06BaTiO3 (NBT-BT) by the solid state route, stoichiometric amounts of 
Na2CO3 (Merck), Bi2O3 (Aldrich), TiO2 (Degussa) and BaCO3 (Merck) 
have been first mixed by ball milling in ethanol, then dried and sieved. 
The detailed process is described in Ref. [13]. After calcination at 800 ◦C 
for 1 h, the powder was ball milled, then pressed in discs and sintered at 
1150 ◦C for 30 min. After cooling, the sintered pellets were crushed into 
powder that was annealed at 700 ◦C and sieved at 40 μm. 

For the preparation of composite samples, the NBT-BT powder was 
mixed with PVDF powder (Alfa Aesar) in four different proportions: 30, 
35, 40 and 50 vol% ceramic powder. The powders were mixed in iso
propanol under sonication and the mixture was then dried in a stove at 
60 ◦C. The piezocomposite films were obtained by hot-pressing the 
powders (see sketch in Fig. 1), following a standardized procedure 
consisting of heating up to 190 ◦C, holding at the maximum temperature 
under a pressure of 5 MPa for 10 min, and then releasing the pressure as 
the temperature had decreased below 160 ◦C. The nomenclature of the 
samples corresponds to the content of filler: NBT-BT/PVDF 30, NBT-BT/ 
PVDF 35, NBT-BT/PVDF 40 and NBT-BT/PVDF 50. 

2.2. Poling of composite films 

For poling (as well as for the dielectric and piezoelectric character
ization), silver electrodes (~6 mm in diameter) were applied on the film 
surfaces with PEMCO silver paint. Polarization of the samples was 
achieved at 50 kV/cm. The DC electric field was applied for 40 min on 
the sample placed in a silicone oil bath at 135 ◦C. The sample has been 
subsequently cooled down to 50 ◦C, before removing the poling field. 

2.3. Characterization techniques 

The structure of NBT-BT powders was analyzed by X-ray diffraction 
(XRD) by using a Bruker D8 Advance X-ray Diffractometer and Rigaku 
MiniFlex 600 instrument. The morphology of particles was investigated 
by scanning electron microscopy (SEM) with a LEO 1450VP SEM mi
croscope The morphology of composite films was imaged using a Tescan 
VEGA TS 5130 MM scanning electron microscope. The images have been 
taken on film surface and on the cross section (the latter obtained by 
cryo-fracture of the samples). 

Fourier-transform infrared (FTIR) spectroscopy of composites was 
performed with a PerkinElmer Spectrum Two™ FTIR spectrometer 
operating in the attenuated total reflectance (ATR) mode. Absorbance 
spectra were collected over the 4000-400 cm− 1 wavenumber range. 

The crystallinity degree, XC, was obtained from measurements with 
differential scanning calorimetry (DSC), by using a Mettler DSC 821 
instrument. Two measurements per sample were made by heating from 
room temperature up to 220 ◦C in nitrogen with a heating rate of 10 ◦C/ 
min. The crystallinity degree was calculated as described in Refs. [13, 
15]. 

Complex dielectric permittivity measurements were made with an 
HP4284A meter fitted with a four wire probe in the 150–410 K tem
perature range at five selected frequencies between 0.2 and 200 kHz, 
and at room temperature over the 100 Hz - 1 MHz frequency range. A 
modified Linkam HFS600E-PB4 stage has been employed for heating/ 
cooling ramps. 

Piezoelectric measurements at ultrasound frequency were performed 
on poled samples with an assembled experimental set-up, basically 
similar to those used in other works [16–18]. This includes a frequency 
generator, an amplifier, a vibrating device, an oscilloscope and a data 
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acquisition system. The main differences are imposed by the specific 
frequency range of the measurement, in the MHz domain, while other 
systems work in the Hz domain (up to 50 Hz) [16–18]. Therefore, 
instead of using a classical electromechanical vibrator, which works at 
low frequency, we use a piezoceramic transducer assembled in a 
piezoelectric probe device [19], which sends an acoustical signal at 2 
MHz in the piezoelectric composite film (which was previously poled in 
a high electric field, as described in Section 2.2). The synchronous 
electrical response of the composite film (at 2 MHz) is measured by the 
oscilloscope. We use a burst-type electrical signal to drive the probe 
transducer. This is generated by a Wavetek function generator and then 
amplified by a radio frequency power amplifier. 

Piezoelectric resonance measurements were performed on poled 
samples with a HP 4194A impedance analyzer by applying a 1 V/mm 
amplitude AC signal. 

Anelastic measurements were performed on strip samples (~30 mm 
long) which have been suspended on two thin thermocouple wires in 
vacuum and electrostatically excited in their flexural modes. The mea
surements of the complex dynamic Young’s modulus (Y––Y′ + iY”) in 
the kHz frequency range have been carried out in the 130–410 K tem
perature range with the free flexural resonance method [20]. 

3. Results and discussion 

3.1. Structural characterization of active phase powders and composite 
films 

The XRD pattern reported in Fig. 2 a) (bottom spectrum) shows that 
after calcination the powder is mainly composed by NBT-BT (with 4% 
BT, JCPDS 74–9529), crystallized in the rhombohedral structure with 
space group R3c, along with traces of un-reacted BT phase (JCPDS 
66–0829). Clearly the desired structure has not been reached at this 
temperature. After sintering the NBT-BT ceramic at 1150 ◦C, the powder 
obtained by crushing and annealing was again investigated by XRD. The 
obtained pattern (upper spectrum in Fig. 2 a) corresponds to the desired 
NBT-BT structure (JCPDS 63–0299), evidencing both the presence of the 
tetragonal phase and its coexistence with the rhombohedral phase, 
which is the hallmark of the composition with 6% BT, at which the NBT- 
BT solid-solution materials attain the maximum of their functional 
properties [21]. The NBT-BT powders were morphologically character
ized by SEM. Fig. 2 b) displays a SEM image of NBT-BT calcined powder, 
where aggregates of nanoparticles can be observed. Fig. 2 c) shows a 
SEM image of sintered and crushed NBT-BT powder, where well-formed 
crystallites with micrometer dimensions are observed. 

Fig. 1. Schematics for the preparation procedure of NBT-BT/PVDF composites.  

Fig. 2. a) XRD pattern of calcined and sintered & crushed NBT-BT powder b) SEM image of calcined NBT-BT powder; c) SEM image of sintered & crushed NBT-BT 
powder; d) FTIR spectra of composite film samples with various filler content. 
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In our previous paper [13], pure PVDF films prepared from polymer 
powder by hot pressing have been also investigated, in order to estimate 
the influence of hot pressing on the PVDF matrix in composites. As 
discussed in Ref. [13], the PVDF powder mainly consisted of the 
α-phase, while the hot-pressed film showed also the presence of elec
troactive (EA) β- and γ-phases. We recall that also PVDF films obtained 
by stretching show the presence of both the EA β- and γ-phases and the 
non-EA α-phase. Thus we concluded that a mix of polymeric phases 
could be present in the hot-pressed composite films. The different 
composite films have been further analyzed by FTIR spectroscopy to 
detect this polymorphism [15] and the relative phase proportion. The 
measurements have been carried out on both unpoled and poled sam
ples, in order to identify possible modifications induced by the poling 
process on the phase content of composites. At least three measurements 
for each sample were performed by recording the spectra in the range 
4000-400 cm− 1. The ATR-FTIR analysis (Fig. 2 d) evidences that the β- 
and γ- EA phases are present in all of the composites, displaying in
tensities which depend on composition (the broad band around 525 
cm− 1 is related to the stretching vibrations of metal-oxygen bond in 
NBT-BT; its intensity increases with the NBT-BT content). The relative 
fraction of the electroactive phase(s) (FEA) was determined on normal
ized spectra [12,15] by applying the equation: 

FEA =
IEA

K840
K763

I763+IEA
(1)  

where IEA is the absorbance of the band at about 840 cm− 1 that can be 
assigned to β and/or γ phase, I763 is the absorbance of a characteristic 
band of the α phase at 763 cm− 1, and K840 and K763 are the absorption 

coefficients whose values, at the corresponding wavenumbers, are 7.7 ×
104 and 6.1 × 104 cm2/mol. The FEA value expresses the amount of 
electroactive polymorphs with respect to the total crystalline phase(s) 
present in a given sample. In order to distinguish the contribution of β 
(Fβ) and γ (Fγ) phase, when they are present simultaneously, the peak-to- 
valley height ratio between the two peaks around 1275 and 1234 cm− 1 

was considered. The ATR-FTIR spectrum corresponding to neat filler 
was subtracted from the spectra of the composite material. 

The crystallinity degree, evaluated by differential scanning calo
rimetry and reported in the first column in Table S1 (Supplementary), is 
not significantly different across the various compositions (in the 
47–50% range). The electroactive phase content, Fβ/Fγ, is reported in 
Table S1, for both poled and unpoled samples. 

It seems that the highest amount (63%) of electroactive phase is 
found in the NBT-BT/PVDF 30 sample, which contains only γ phase. The 
electroactive phase content gradually decreases down to 42% when the 
NBT-BT content increases to 50 vol%. However, for NBT-BT/PVDF 50 
this is exclusively formed by the β phase, which is more electroactive 
than the γ phase. There is a relative increase of EA phase content for all 
the compositions after poling. Also the relative contribution of β and γ 
phases changes with composition and as a consequence of poling. 

It must be mentioned that ATR-FTIR measurements have been per
formed also on as-purchased PVDF Alfa Aesar powders, and compared 
with those performed on hot-pressed PVDF powders. The as-purchased 
PVDF powders are characterized by a strong predominance of the α 
phase. The hot-pressing process increases the electroactive phase 
amount (54%), leading to a high amount of γ phase (β phase is present, 
but in low quantity). 

Fig. 3. a) Original SEM images and their converted binary images for NBT-BT/PVDF composite films; b) Sketch of the image analysis proposed in Ref. [22]; c) 
classification of the homogeneity levels for composites based on D index ranges; d)-g) Cross-section SEM images of cryo-fractured NBT-BT/PVDF 30, 35, 40 and 50 
samples, respectively; h) enlarged cross-section image of NBT-BT/PVDF 35 sample; i) a typical flexible NBT-BT/PVDF composite film. 
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3.2. Microstructural image analysis of NBT-BT/PVDF composite films 

Image analysis was made for characterizing the homogeneity of filler 
particles distribution in NBT-BT/PVDF composite films, following the 
method proposed in Ref. [22]. After converting the SEM images to bi
nary (i.e. B/W) format (Fig. 3 a) using the ImageJ software, the free-path 
spacing values Xi, (i = 1, ..n) between the nearby filler particles have 
been evaluated and the arithmetic mean (Xm) and the standard deviation 
(s) have been calculated on a total of 40 lines drawn both in the hori
zontal and vertical direction. The distribution index (D index), which is 
the ratio between s and Xm, was then calculated for each composite. The 
degree of homogeneity for composites is illustrated in Fig. 3 c. Four 
classes of homogeneity levels are identified, based on the values of D 
index: high (for D < 0.25), moderate (D < 0.40), low (D < 0.60) values), 
and very low (for D > 0.60 values). The results of characterization of 
NBT-BT/PVDF composite films are summarized in Table S2. A moderate 
level of homogeneity was found for low amounts of NBT-BT particles 
(NBT-BT/PVDF 30 and 35), while a high homogeneity level was regis
tered for NBT-BT/PVDF 40 and 50. 

Fig. 3 d)-g) displays cross-section SEM images of cryo-fractured NBT- 
BT/PVDF 30, 35, 40 and 50 samples, respectively, together with an 
enlarged cross-section image of the NBT-BT/PVDF 35 sample (Fig. 3 h), 
where aggregates of micrometer particles are chained across the film 
thickness, sometimes almost traversing the film along the thickness. 
Notwithstanding, the films remained flexible and resistant, as can be 
seen in Fig. 3 i) for a typical NBT-BT/PVDF composite sample. 

We will dwell further on this aspect when the electrical and me
chanical properties will be discussed. 

3.3. Dielectric relaxation spectroscopy results 

Fig. 4 a) shows the variation of the real part of permittivity and of the 
dielectric tangent loss with temperature for the NBT-BT/PVDF 50 

composite film, measured at five different frequencies from 0.2 Hz to 
200 kHz. For the other samples a similar dependence was observed, 
except for the value of the dielectric constant in the “plateau” region 
around room temperature, as can be better seen in Fig. 4 c) which dis
plays the frequency dependence of dielectric constant and loss at room 
temperature, measured on all the samples. 

In the imaginary part of dielectric permittivity of PVDF polymer, two 
peaks due to relaxation processes are usually identified, corresponding 
to the polymer transitions [23]. As the temperature is increased, the 
relaxation peaks shift to higher frequency. This is observed also in 
NBT-BT/PVDF composites, as evidenced in Fig. 4 a (bottom plot), at 
least for the lower temperature peak, which corresponds to glass tran
sition. The higher temperature peak is covered by the strong increase of 
dielectric permittivity, especially at lower frequencies, due to conduc
tivity. Indeed, in dielectric systems with finite conductivity the 
permittivity increasing at low frequencies is related to the electrode 
polarization which can cover the relaxation peak. In order to evidence 
the low frequency dielectric relaxation, one should use the electric 
modulus instead of dielectric permittivity [24]. The complex electric 
modulus is the inverse of the complex dielectric permittivity and its real 
and imaginary parts, M′ and M’’, are defined by the equations 

M’=
ε’

ε’2 + ε’2,M’ =
ε’

ε′2 + ε’2 (2)  

where ε′ and ε′′ are the real and the imaginary parts of dielectric 
permittivity. 

Fig. 4 b) shows the imaginary part of electrical modulus vs. tem
perature measured on the NBT-BT/PVDF 50 composite film at different 
frequencies. The plot evidences two relaxation processes. The peak at 
lower temperature is due to the glass transition of PVDF, usually called 
βa -relaxation [23,25]. It shifts to higher frequency with increasing 
temperature. 

By analyzing the temperature dependence of these peaks, i.e. by 

Fig. 4. a) Real part of dielectric permittivity 
(dielectric constant) and dielectric tangent loss vari
ation with temperature, for different frequencies, for 
the NBT-BT/PVDF 50 composite film; b) Imaginary 
part of electrical modulus vs. temperature measured 
at different frequencies on the NBT-BT/PVDF 50 
composite film. The inset shows the Vogel-Fulcher 
type dependence of the relaxation time on tempera
ture; c) Room-temperature frequency dependence of 
dielectric constant and dielectric tangent loss for 
composite films with different NBT-BT content; d) 
Fitting of the measured dielectric constant depen
dence on the NBT-BT content with the model pro
posed in this work; calculations made with other 
models, as discussed in the text, are also shown.   
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plotting the inverse of radial frequency (relaxation time) versus tem
perature corresponding to the maximum of electrical modulus, it is 
found that the relaxation times follow the typical Vogel-Fulcher (V–F) 
behavior [25], 

τ = τ0e
E

T− Tg (4)  

where τ0 is the relaxation time at very high temperature, E is the acti
vation energy and Tg is the glass transition temperature, where all the 
motions of the amorphous chains are frozen. The curve obtained by 
fitting the experimental points τ (T) with the function described by Eq. 
(2) is represented in Fig. 4 b (inset). The curvature of the dependence is 
related to the cooperative behavior associated with the V–F law. The 
parameters obtained by fitting are the following: E = 0.069 eV, Tg =

191.3 K, τ0 = 6.5 × 10− 11 s. These values are rather similar to those 
reported for PVDF [25], indicating that the main interactions in com
posites and polymer are similar. 

The relaxation peak at high temperature in Fig. 4 b) is identified as 
fast crystalline relaxation and is denoted as αc –relaxation; it shifts 
rapidly to higher frequencies when the temperature is increased. The 
origin of this high temperature relaxation is related to the dynamics of 
the polymer crystalline lamellas [25]. In our experiment, the tempera
ture limit of the polymer and the frequency limit of the measurement do 
not allow to obtain a complete view of αc –relaxation. Therefore, we 
could not calculate the activation energy for the crystalline relaxation 
since we see only the shifting of the peak up to 1 kHz in our experimental 
window. However information reported in literature [26] show that the 
relaxation follows an Arrhenius dependence and give the activation 
energy for the crystalline relaxation in PVDF and PVDF/BaTiO3 com
posites to be ~0.4 eV, which is much higher than for βa-relaxation. 

In Fig. 4 c) the dielectric constant (ε′) and dielectric loss tangent (tan 
δ) of NBT-BT/PVDF composite films with different NBT-BT content as a 
function of frequency are displayed at room temperature. As expected, 
the dielectric constant of NBT-BT/PVDF composites increases with the 
increase in NBT-BT content. A strong increase (nearly ten times) of the 
dielectric constant value at 1 kHz is observed for the sample with 50 vol 
% NBT-BT as compared with PVDF. The variation of ε’ with NBT-BT 
content is displayed in Fig. 4 d) and it will be discussed in the following. 

3.4. Modelling the dielectric permittivity of composite films 

The present model is based on the Jayasundere-Smith (J-S) model 
which has been proposed in Ref. 27. In the light of this model, the NBT- 
BT/PVDF composite is approximated by an ensemble of spherical 
ceramic dielectric particles (with dielectric constant εc) which are ho
mogeneously distributed in the PVDF polymer matrix (with dielectric 
constant εp). The volume fractions of the two components are xc and xp, 
respectively (xp + xc = 1). With the approximation εc »εp, the J-S model 
gives the following formula for the dielectric constant of the composite 
material where the dipolar interactions between the ceramic particles 
have been included (see Section S4 in Supplementary): 

ε
(
xc, εp, εc

)
=

xpεp + xcεc
[
3εp

/(
2εp + εc

)]
Φ
(
εc, εp,xc

)

xp + xc
[
3εp

/(
2εp + εc

)]
Φ
(
εc, εp,xc

) (5)  

where Φ(εc,εp,xc) = 1+ 3xc(εc − εp)/(2εp + εc). 
This equation converges to the correct values of the permittivity 

limits of the composite, that is ε = εp for xc = 0 and ε = εc for xp = 0. 
We have tried first to use the J-S model for calculating the permit

tivity of the composite as a function of the ceramic filler volume fraction 
xc, by considering εp = 10 and εc = 2000. The last value has been 
measured on dense NBT-BT ceramic samples. The results of calculations 
are displayed in Fig. 4 d) as a continuous green line. It can be observed 
that, although dipolar interaction effects between ceramic particles has 
been included in the J-S model [27], the results are still lower than the 
experimental values towards higher xc values. However, as has also been 

observed for other materials [11], the connectivity rule in composite 
films could be more complex. Indeed, the model developed for the 
effective dielectric permittivity assumes true 0–3 connectivity in the 
composite. This is indeed the case when the size of the ceramic filler 
particles is small compared with the thickness of the composite. How
ever, for composite thin films, when the average size of ceramic particles 
becomes comparable to the film thickness, there is a non-zero proba
bility to find also 1–3 connectivity patterns. For this reason, models 
based on 0–3 connectivity assumption will underestimate the experi
mental values. Therefore, we have verified the possible presence of 1–3 
connectivity patterns, by inspection of cross-section SEM images of 
composite films with different ceramic contents. As can be observed in 
Fig. 3 d)-g), the cross-section SEM images of cryo-fractured 
NBT-BT/PVDF 30, 35, 40 and 50 samples show aggregates of chained 
ceramic particles, almost traversing the film across its thickness. This is 
better seen in Fig. 3 h) which shows an enlarged cross-section image of 
NBT-BT/PVDF 35 sample, where aggregates with overall dimension of 
about 10–15 μm can be observed. 

Thus a more complex connectivity model, which considers a minor 
fraction of the composite film being connected along the smallest 
dimension, has been employed. To calculate this fraction, a probability 
model proposed in Refs. [27,28] has been employed. Following 
Ref. [28], the reasoning goes as follows: consider a composite square 
plate with edge length L and thickness t, which is ideally divided into 
equal cubes with edge dimension l equal to the dimension of the average 
ceramic aggregates (macroparticle). Thus the sample can be seen as an 
ensemble of N columns, where N = (L/l)2. Each column comprises n = t/l 
cubes. The probability of a ceramic macroparticle occupying a cube is xc, 
and the probability of a polymer macroparticle occupying a cube is xp =

1- xc. The probability of finding a column of n cubes containing m 
ceramic macroparticles is given by the binomial distribution 

pn(m)=

(
n
m

)

(xc)
m( xp

)n− m (6) 

From the equation above, the probability of a column to be totally 
occupied by the ceramic (m = n) (thus assigning the column to the 1–3 
connectivity class) would be 

pn(n)=
(

n
n

)

(xc)
n( xp

)n− n
= xn

c (7) 

By again using the binomial distribution, the probability to find s 
columns (among the total N columns) with 1–3 connectivity is given by 

pN(s)=
(

N
s

)

(pn)
s
(1 − pn)

N− s (8) 

This is used to calculate the average of the volume fraction with 1–3 
connectivity 

13 =
1
N
∑

s
spN(s) =

1
N

Npn = xn
c (9) 

Thus by using a complex connectivity model, which assumes part of 
the composite in 1–3 connectivity (xc

n) and the rest (1-xc
n) in 0–3 con

nectivity, we obtain the effective permittivity εeff of the composite 

εeff =
(
1 − xn

c

)
ε
(
xc, εp, εc

)
+ xn

cεpar (10)  

where εpar = (1 − xc)εp + xcεc is the permittivity of the composite in 1–3 
connectivity, which is calculated using the parallel connection model 
[29], and is represented by the black line in Fig. 4 d). 

The results of calculation by using our model are displayed in Fig. 4 
d) as a continuous red line. It can be observed that now the results 
approximate rather well the experimental values, even at higher ceramic 
volume fraction. 
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3.5. Anelastic spectroscopy results 

The anelastic measurements have been made on strips cut out from 
composite films. The samples have been excited on their flexural modes 
and the Young’s modulus Y was evaluated from the fundamental flex
ural resonance frequency given by the formula 

f1 = 1.028
t

L2

(
Y
ρ

)1/2

(11)  

where t, L and ρ are the thickness, length and density, respectively. The 
elastic energy loss (Q− 1 = Y”/Y′) was obtained from the width of the 
resonance curves. During the same temperature run, also the third 
flexural mode (f3 ≅ 5.4f1) and higher modes have been probed. The 
temperature dependence of the Young’s modulus can be plotted as Y/Y0 
= (f/fn)2, with the absolute value Y0 given by Eq. (11) for n = 1, 
neglecting the temperature dependence of the sample dimensions with 
respect to that of Y. The resonance frequencies decrease of nearly four 
times from the highest to the lowest temperatures tested. Fig. 5 shows, 
together with a sketch of the electrostatic excitation of the composite 
sample (a), the temperature dependence of the Young’s modulus and the 
elastic energy loss for the NBT-BT/PVDF 50 composite film, measured at 
different frequencies (b). For the other samples a similar dependence 
was observed, except for the magnitude of the modulus. Fig. 5 c) dis
plays the variation of the Young’s modulus at room temperature with 
NBT-BT content and the fitting of this dependence with the model 
proposed in this work, as will be discussed in the following. As can be 
seen in Fig. 5 b), the temperature dependence of the Young’s modulus 
and of the mechanical losses looks like those of PVDF [25]. However, 
Young’s modulus is larger than that of PVDF and, as shown in Fig. 5 c), it 
increases with the NBT-BT content. The loss peaks and the modulus steps 
shift to higher frequency with increasing temperature. The first loss 
peak, which is observed at ~240 K for the frequency of ~1 kHz, is 
certainly the same as that evidenced in dielectric spectroscopy mea
surements (Fig. 4 b). There are only a few studies of relaxation processes 
in composites by combined dielectric and anelastic spectroscopies [13, 
25]. Indeed, the correlation between the two techniques can be useful to 
gain insight into the relaxation dynamics in composites. For example, in 
the case of NBT-BT/PVDF composites, it can be observed that the 
relaxation processes are the same as in PVDF. Both measurements show 
the amorphous phase relaxation,i. e. the βa relaxation (first loss peak in 
Figs. 4 b and Fig. 5 b) and the αc-relaxation related to the molecular 
dynamics in the crystalline phase (second loss peak in Figs. 4 b and Fig. 5 
b). If this is true, one must think of the hot-pressing process used to 
obtain the ceramic-polymer composite films as similar, at least in some 
aspects, to the usual stretching process imparted to change the phase in 
PVDF preparation. Indeed, stretching of the α-PVDF samples produces 
changes of the crystalline phase content, by melting of the α-PVDF 
amorphous phase under the applied stress, followed by recrystallization 
in the β crystalline phase. This reorganization process produced by the 

high deformation is not complete and affects only a part of the α crystals 
both in the stretching and hot-pressing procedures, although it is better 
and less polymorphic (minor content of γ phase) for the first method. 
The βa-relaxation process, evidenced in both dielectric and mechanical 
relaxation spectra, is related to the correlated movements of the amor
phous segments and to the glass transition dynamics of PVDF [25]. As 
previously stated for the dielectric loss, the relaxation peak at about 350 
K in Fig. 5 b) is identified as fast crystalline relaxation and is denoted as 
αc – relaxation. The origin of this high temperature relaxation is related 
to the molecular motions in the crystalline phase of PVDF [25]. 

The variation of the Young’s modulus of the composites with NBT-BT 
content, shown in Fig. 5 c), has been fitted first with a model proposed 
by Furukawa et a. in Ref. [30]. The Furukawa (F) model is based on the 
assumption that the component phases in the composite are incom
pressible. Moreover, it is assumed that the materials are characterized 
by two elastic constants, namely bulk and shear moduli. In these con
ditions, the following expression was found in Ref. [30] for the Young’s 
modulus of the composite, Y: 

Y
(
xc,Yp, Yc

)
=

3Yp + 2Yc − 3xc
(
Yp − Yc

)

3Yp + 2Yc + 2xc
(
Yp − Yc

) (12)  

where Yp and Yc are the Young’s moduli of PVDF polymer and NBT-BT 
ceramic, respectively. 

By using Eq. (12) with the Young’s modulus values for the NBT-BT 
ceramic (~100 GPa) and polymer (2.45 GPa), the Young’s modulus 
values of the composite films are calculated and plotted as the green 
curve in Fig. 5 c). It can be observed that the calculated values under
estimate the experimental values, especially at high ceramic content. 

Therefore we propose a new model, which is based on Furukawa 
model. As previously done for the dielectric permittivity, the presence of 
a fraction xc

n in 1–3 connectivity is considered and the effective Young’s 
modulus of the composite is obtained by considering the 0–3 and 1–3 
connectivity fractions as separate media in parallel connection 

Yeff =
(
1 − xn

c

)
Y
(
xc, Yp,Yc

)
+ xn

cYpar (13)  

where Ypar = (1 − xc)Yp + xcYc is the Young’s modulus of the composite 
in 1–3 connectivity, which is calculated by the parallel connection 
model, based on the assumption that the strain inside the composite is 
uniform [31], and it is represented by the black line in Fig. 5 c). 

The results of calculation are displayed in Fig. 5 c) as continuous pink 
line. It can be observed that now the results approximate the experi
mental values better, even at higher ceramic volume fraction. 

3.6. Piezoelectric response to ultrasonic signal 

High piezoelectric response at MHz frequencies is necessary for ul
trasound wireless-powered devices. The piezoelectric response at ul
trasound frequencies has been evaluated by piezoelectric probe 
measurements [19]. In Fig. 6 a) a picture of the measurement setup is 

Fig. 5. a) Sketch of the electrostatic excitation 
(double red arrow) of free flexural resonance in the 
composite sample; the red arrows show the uniaxial 
deformation, non-uniform across the sample thick
ness, through which the Young’s modulus is probed; 
b) temperature dependence of the Young’s modulus 
and the mechanical losses for the NBT-BT/PVDF 50 
composite film, measured exciting the 1st and 3rd 
flexural modes, resonating at 0.62 and 3.3 kHz at 
room temperature, respectively; c) Fitting of the room 
temperature Young’s modulus dependence on the 
NBT-BT content with the model proposed in this 
work. Calculations made with other models, as dis
cussed in the text, are also shown. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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shown. The probe itself consists of a piezoelectric plate bonded on the 
upper end of a metallic rod. The piezoelectric plate is driven at its 
resonant frequency (~2 MHz) and generates, through piezoelectric ef
fect, an ultrasound wave which propagates inside the rod. The lower end 
of the rod, which has the shape of a truncated cone terminating with a 
small flat tip (~1 mm diameter), is gently pressed on the sample surface, 
through a water droplet. The piezoelectric probe is assembled in a me
chanical system supporting a fine three-axial positioning stage that al
lows its movement parallel to the surface of the sample to be tested, as 
well as along the normal to the surface. The voltage generated by the 
transfer of ultrasound energy in the stressed region is measured by an 
oscilloscope. The ultrasound wave generated by the piezoelectric plate 
arrives at the end tip of the rod with a delay time of about 2 μs with 
respect to the electrical driving signal. Therefore, the piezoelectric 
response signal from the composite film, measured by the oscilloscope, 
has the same delay with respect to the applied electrical signal on the 
transducer generating the ultrasound signal. This is observed in Fig. 6 b) 
where both the applied electric signal to the probe and the output 
voltage signal in the composite film are displayed. The output voltage of 
the films has the same frequency as the exciting signal (2 MHz, or a time 
period of 0.5 μs). Moreover, the generated electrical signals are reversed 
when the electrodes contacts are inverted, indicating a true piezoelectric 
signal response in the composite film. Taking into account that the 
piezoelectric composite films have a thickness resonant frequency of 
~12 MHz (see Fig. S1), this resonance cannot be excited by the driving 
ultrasound signal, thus the composite films work outside resonance. 
Nonetheless, the samples show a good piezoelectric response, which is 
progressively increasing with the content of NBT-BT phase (Fig. 6 c). 
The apparent difference among the output voltages displayed in Fig. 6b) 
and c) and the output voltages obtained in Refs. [16–18] is due to the 
initial delay time (as explained above) and to the burst type of excita
tion. Indeed, the driving signal consists of ultrasound bursts of a few 

microseconds, in order to increase the signal-to-noise ratio. The burst 
duration and repetition rate are carefully chosen in order to avoid 
overlapping with unwanted parasitic signals. The obtained output 
voltage curve is a proper signal response of piezoelectric composites to 
the ultrasound bursts. 

The information about the efficiency of the piezoelectric material is 
given by the relative amplitude of the output signal. In order to calculate 
the piezoelectric constant, a reference sample like a thin LiNbO3 single- 
crystal plate is tested in the same experimental conditions, and the 
output signal is compared with that measured on the composite film. 

Fig. 6 d) displays the measured piezoelectric constant, d33, as a 
function of the NBT-BT content. The fitting of this dependence with 
various models will be discussed in the next section. 

The AC electric signal harvested at ultrasonic frequencies can be 
converted to DC power supply voltage by using a rectifying bridge 
connected in parallel to a filter capacitance. 

Using the equation relating the electrical energy U to the capacitance 
C and voltage V, U = 1

2 CV2 and the constitutive piezoelectric equations, 
a simple relationship can be derived between the harvested energy 
density u and the applied stress σ: u = 1

2 dgσ2, where d is the piezoelectric 
strain constant and g is the piezoelectric voltage constant (g = d/ε). Thus 
the electrical energy density which is harvested from an ac stress field is 
directly dependent on the product d⋅g, therefore called figure of merit 
(FOM), as previously stated. 

In our case, taking the example of NBT-BT/PVDF 50 composite film, 
with d33 ≅ 33 pC/N and g33 ≅ 46.6 mV m/N, the figure of merit is: 
d33g33 ≅ 1.54 × 10− 12 m3/J, which is comparable to the figure of merit 
for the NBT-BT piezoelectric ceramic (1.8 × 10− 12 m3/J). Thus a high 
electrical energy density is harvested from the ultrasound wave by the 
NBT-BT/PVDF 50 composite film. 

A comparison with other results obtained on different composites 
and reported in the literature is given in Table 1. It can be observed that 

Fig. 6. a) A picture of the piezoelectric probe measurement set up; b) applied ultrasound signal by the piezoelectric probe and piezoelectric response of a composite 
film; c) piezoelectric response of composite films with different NBT-BT content; d) fitting of d33 dependence on the NBT-BT content with the model proposed in this 
work; calculations made with other models, as discussed in the text, are also shown. 
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for the NBT-BT/PVDF 50 composite we have obtained superior dielec
tric constant, d33 piezoelectric constant and d33g33 figure of merit. 

3.7. Modelling the piezoelectric response of composite films 

The proposed model is based on the Jayasundere-Smith (J-S) model 
for random piezoelectric ceramic-polymer composites which has been 
developed in Ref. [37], with the assumptions that the piezoelectric 
constant of the polymer is negligible and the dielectric constant of 
ceramic is much higher than that of polymer. The J-S model gives the 
following formula for the piezoelectric constant of the composite ma
terial (see Section S4 in Supplementary material): 

d33
(
xc, dc

33, εc, εp,Yc,Yp
)
= dc

33
Yc

Y
Y − Yp

Yc − Yp

ε
εc

(

1+
3xcεc

2εp + εc

)

(14) 

By using this formula, with the dielectric permittivity and Young’s 
modulus values specified in the previous sections, and assuming d33

c ~ 
180 pC/N, the piezoelectric constants of the composite films for 
different xc values are calculated and plotted as the green curve in Fig. 6 
d). It can be observed that the calculated values are lower than the 
experimental values, especially at high ceramic content. 

Therefore we propose a new model, which is based on J-S model. As 
previously done for the dielectric permittivity and Young’s modulus, the 
presence of a fraction xc

n in 1–3 connectivity is considered and the 
effective piezoelectric constant of the composite films is obtained by 
considering the 0–3 and 1–3 connectivity fractions as separate media in 
parallel connection 

deff
33 =

(
1 − xn

c

)
d33

/
Ypar + xn

cdpar
33

/
Y

(
1 − xn

c

)/
Ypar + xn

c

/
Y

(15)  

where d33 = d33(xc, dc
33, εc, εp,Yc,Yp) from (Eq. (14)) corresponds to the 

0–3 connectivity composite fraction and d33
par is the piezoelectric constant 

of the composite fraction in 1–3 connectivity (recall that the d33 
contribution of the polymer is neglected), 

dpar
33 =

xcdc
33

/
Yp

(1 − xc)
/

Yc + xc
/

Yp
(16)  

which is calculated using the parallel connection model [29], and is 
represented by the black line in Fig. 6 d). The results of calculation with 
Eq. (15) are displayed in Fig. 6 d) as a continuous red line. It can be 
observed that now the calculated values are quite similar to the exper
imental values, even at higher ceramic volume fraction. 

It is now time to discuss the problem of poling operation of ferro

electric ceramic-polymer composites, which was postponed in the pre
vious sections. It has often been mentioned that low piezoelectric 
performance in piezoelectric composites could be due to insufficient 
poling of the ceramic particles inside the composite. Indeed, this is 
plausible since the electric field on the ceramic particles (as obtained 
from the electrical boundary conditions at the ceramic-polymer inter
face) is only a tiny fraction (εp /εc)E0 of the applied electric field E0 on 
the composite film, which would be clearly insufficient for poling. 
However, the results obtained from measurements of d33 show that the 
experimental values correspond to the expected values, calculated with 
the assumption that the piezoelectric ceramic particles are fully poled 
(Fig. 6 d). As shown in Ref. [38], adopting long poling times in the 
production process of composites is equally important as using high 
values of the applied electric field at high temperatures. The explanation 
is that, during the poling operation, the small instantaneous internal 
electric field of the ceramic increases in time, eventually overcoming the 
value of coercive field, due to charge accumulation at the boundaries 
related to the DC conductivity in the polymer. We remind the reader that 
poling of our samples was performed under a 50 kV/cm electric field in a 
silicon bath at 135 ◦C for 40 min, which was obviously sufficient to fully 
polarize the ceramic particles. 

4. Conclusions 

In summary, a series of flexible lead-free NBT-BT/PVDF piezo
composites with variable filler content up to 50 vol% have been pre
pared by hot pressing, by incorporating in a complex connectivity 
pattern fully sintered NBT-BT crystalline powders in the PVDF matrix. 
The composites display enhanced high frequency piezoelectric proper
ties which make them very attractive for wireless ultrasound-powered 
medical implants. The relative dielectric constant of the flexible com
posites increased from 10 of pure PVDF polymer to 110 of composite 
films with 50 vol% NBT-BT content, while the piezoelectric d33 constant 
increased from 0.2 pC/N to 33 pC/N for the same samples, at ultrasound 
frequencies. We further proposed a model which takes into account the 
complex connectivity of filler phase in order to explain the enhanced 
dielectric permittivity, elastic modulus and piezoelectric coefficients. 
Moreover, the NBT-BT/PVDF composite with 50 vol% NBT-BT exhibits 
the figure of merit for the harvested ultrasound energy d33g33 ≅ 1.54 ×
10− 12 m3/J, which is comparable to the figure of merit for the NBT-BT 
piezoelectric ceramic (1.8 × 10− 12 m3/J). Therefore, along with the 
results, this study provides an attractive strategy to fabricate random 
flexible piezoelectric composites with enhanced high frequency piezo
electric response and high energy density harvested from an ultrasound 
source. 
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Table 1 
Comparison of dielectric and piezoelectric properties, including the figure of 
merit d33g33, obtained on different random piezoelectric ceramic/polymer 
composites with comparable filler fraction.  

Composite Filler 
vol% 

ε’ (@ 
1 kHz) 

tan δ d33 

(pC/ 
N) 

g33 

(mV 
m/N) 

d33 g33 

(10− 12 

m3/J) 

Ref. 

NBT-BT/ 
PVDF 

40 65 0.04 13.5a) 30.5a) 0.41a) This 
work 

NBT-BT/ 
PVDF 

50 111 0.07 33a) 46.6a) 1.54a) This 
work 

BFO/ 
PVDF 

50 75  26 40 1.04 [32] 

PZT/PVDF 48 59.1 0.032 22b) 42b) 0.924b) [9] 
BTO/ 

PVDF 
45 70 0.025 22 35.5 0.781 [33] 

KNLN/ 
PUc) 

50 37 0.04 15 45.8 0.687 [34] 

KBT/ 
PVDF 

50 69.7d) 0.44d) 20 32.75 0.655 [35] 

PZT/PVDF 50 80 0.03 16 30 0.48 [36] 

a) @ 2 MHz; b) Values for d31 and g31; c) PU = polyurethane; d) @ 1 MHz. 
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