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Abstract: The piezocomposites from poly-(vinylidene fluoride) (PVDF) with BaTiO3 (BT) are largely 

presented in literature, but the composites from polydimethylsiloxane (PDMS) with BT consist a very 

new scientific preoccupation. The novelty of the paper lies in a new simpler route of preparation of the 

two composites with PDMS and respectively PVDF matrix, with tailored deposition on specific 

substrates for microelectronic use (e.g. indium-tin-oxide ITO/glass, Si/Pt, polyethylene terephthalate 

PET), along with an extensive comparation of their dielectric features, a consistent comparison of the 

influence of polymer matrix upon the piezoelectric features, and a demonstration of direct use for 

microelectronic applications of the composites of BT with PDMS. An interesting effect is observed 

around 100 kHz domain, determined by the activity and architecture of BT particles mainly for the BT-

PDMS composites, which induce an additional ionic-dipolar conjugated polarization, as a displacement 

due to the balance between the resonance and anti-resonance frequency. Such phenomena explain the 

potential use of such composites as resonators/filters, and BT-PDMS composites should be further 

investigated for tailored applications in radiofrequency electronic field. We can appreciate that superior 

piezoelectric features are offered by the composites of BT with PDMS, comparing to the composites with 

PVDF, which means that the composites of BT with PDMS were worth to study, leading to more versatile 

variants of electronic characteristics and with superior values. 
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1. Introduction 
Piezoelectricity, which refers to stress-induced electricity, is derived from the Greek words "piezein," 

which means "to press," and "lektron," which means "amber" [1]. The piezoelectric result characterizes 

a material's capacity to develop opposing electrical charges that are spatially separated in response to 

mechanical deformation brought on by an external force [1]. An electric dipole or piezo-potential is 

created when electrical charges of different polarities are generated at opposite sides of a single piece of 

deformed material. Inorganic piezoelectric ceramics-based alternative approaches for piezoelectric 

materials and composites have been proposed [2], including lead-free inorganic materials like 

(Na,K)NbO3 [3] and organic polymer hybrids, including PHB/PANi [4]. In comparison to inorganic 

materials, polymer-based piezoelectric materials, like PVDF or its copolymer poly-(vinylidene 

fluoride)-trifluoroethylene (PVDF-TrFE), have a number of distinct advantages, including good 

mechanical flexibility, ease of molding, chemical stability, and biocompatibility [5]. The ferroelectric, 

piezoelectric, pyroelectric, and enhanced dielectric characteristics of these polymers make them 

multifunctional [6-8]. 
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A piezoelectric polymer's degree of crystallinity affects the d33 piezoelectric response, which rises 

with crystallinity [9], enabling for higher piezoelectric potential values to be attained. A PVDF harvester, 

for instance, delivered an average output power of 1mW while moving at a frequency of about 1Hz [10]. 

By adjusting the direction of the applied force, it is possible to tailor the output power produced by 

altering the quantity and direction of the strain that is created in a PVDF film.  

By adjusting the direction of the applied force, it is possible to tailor the output power produced by 

altering the quantity and direction of the strain that is created in a PVDF film. When an input force of 4 

N (2 Hz) was applied at angles of 0°, 45°, and 90°, respectively, the harvester's greatest output peak 

voltages were measured to be 1.75, 1.29, and 0.98 V; the corresponding maximum output power values 

were 0.064, 0.026, and 0.02 W. The harvester also produced a consistent output voltage for 1.4 104 

cycles and effectively detected and converted strain energy - a multidirectional input force produced by 

different human motions - into electrical energy [11]. 

The well-known dielectric ceramic barium titanate BT has relevant piezoelectric coefficients (d33) 

along the [001] and [111] orientations of the perovskite cubic crystal, respectively, of 90 and 190 pC/N 

[12]. Due to its distinctive properties, which include excellent piezoelectric and ferroelectric properties, 

catalysis, optical, and photoluminescence properties, BT has found a wide range of applications for use 

in high dielectric capacitors and energy storage devices [13-17], transducers [18-20], actuators [21,22], 

flexible piezoelectric sensors [23-26], and nanogenerators, electro-optic sensors, photocatalysts. 

Particularly, BT has been widely used as a dielectric material in ceramic capacitors due to its dielectric 

properties. At ambient temperature, the dielectric constant (r) of BT may reach as high as 7000, and it 

reaches its maximum values across a limited temperature range close to the Curie temperature, which is 

between 120 and 130 C [26]. Kuo et al. [27-29] also found a very high value of 25,000 for sintered BT 

ceramic at room temperature. It has been discovered that the dielectric characteristics of BT depend on 

the grain size [30-32]. When the grain size is more than 200 nm, the reported dielectric constant of BT 

in the literature [33-35] ranges from 1000 to 5000. The dielectric permittivity falls as the particle size 

does. Hoshina [36-40] shown that the dielectric constant of BT ceramic reduces from 8000 to around 

600 when the grain size is reduced from 1.1 m to 20 nm. 

BT is a potential nucleating filler for PVDF-based composites since it is simple to prepare and can 

have its chemical composition precisely controlled. Recently, several authors [41-44] have shown how 

PVDF/BT nanocomposites have better dielectric and piezoelectric properties. The bulk of research have 

demonstrated that electrospun PVDF/BT fiber mats and solution-cast films have higher dielectric 

constants, which leads to higher electric energy densities [45, 46]. Flexible energy harvesting devices 

with good performance and a high current output were created using PVDF loaded with BT nanowires 

that were 4 m long and 150 nm wide [45]. According to a recent research, the piezoelectric coefficient 

rose with the weight percentage of the nanofiller, reaching a value of up to 130 p.m./V at a 20 weight 

percent loading of BT NPs in an electrospun PVDF scaffold [45]. 

In this work, the effects of the presence of various lead-free components in the structure of the 

piezoelectric polymers on their piezo-response or energy-harvesting performance are presented. The 

piezocomposites described are mostly based on poly-(vinylidene fluoride) (PVDF), and polydimethyl-

siloxane (PDMS), loaded with inorganic compounds nanofillers of barium titanate BaTiO3. Even if the 

composites from PVDF with BT are largely presented in literature in the past, they come again in 

actuality for certain application, e.g. [46, 47], and the composites from PDMS with BT consist a very 

new scientific preoccupation e.g. [48-51], with only few studies upon their features. The innovation 

presented in the paper lies in a new simpler route of preparation of the two composites with PDMS and 

respectively PVDF matrix, with tailored deposition on specific substrates for microelectronic use (e.g. 

indium-tin-oxide ITO/glass, Si/Pt, polyethylene terephthalate PET), along with an extensive 

comparation of their dielectric features, a consistent comparison of the influence of polymer matrix upon 

the piezoelectric polarization characteristics, and a demonstration of direct use for microelectronic 

applications of the composites of BT with PDMS. 
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2. Materials and methods  
2.1. Synthesis procedures  

Two types of composite films were made from thermoplastic polymer matrix: polyvinylidene 

fluoride (PVDF) and respectively polydimethylsiloxane (PDMS), doped with tetragonal BaTiO3 (BT) 

particles of irregular shape (< 2µm dimension) from Sigma Aldrich, with 2 concentrations for each 

composite type (30% and 70% BaTiO3).  

The preparation of the PVDF-BT composite is presented in Figure 1 and involves a first step of 

mixing PVDF in dimethylformamide with a ratio of 1:1, adding BT by ultrasonic mixing until 

homogenization (light mixing for approximatively 2h), depositing in a Petri dish and pre-drying the 

mixture at 100ºC for approximatively 1-2 h, then depositing the film by spin-coating at 1000-1500 rpm 

on a certain support and drying the film at 80ºC.  

 

 
Figure 1. Synthesis process for PVDF-BT composites 

 

 

The preparation of the PDMS-BT composite is presented in Figure 2 and involves an ultrasonic 

mixing step of PDMS in benzene with a ratio of 1:2, the addition of BT with light mixing for about 10h, 

the subsequent addition of PDMS in benzene in a ratio of 1:2 until homogenization, final ultrasonic 

mixing of the mixture, film deposition by spin-coating on a certain support at 1000-1500 rpm and drying 

of the film at 80ºC. 

 

 

 
Figure 2. Synthesis process for PDMS-BT composites 

 

More samples on different support (ITO/glass, Si/Pt and PET- the last one being used for extracting 

freestanding films too) were manufactured, with different thicknesses, to test their features in order to 

potentially become successful candidates for microelectronic applications with, or without support.  
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2.2. Characterization equipment   

- SEM optical scanning microscopy were performed with a field emission and focused ion beam 

scanning electron microscope (SEM) model Tescan Lyra III XMU (Libušina tř. 21 623 00, Brno—

Kohoutovice, Czech Republic). 

- Fourier transform infrared spectra of composites were recorded with a Vertex 70, Bruker, using the 

Attenuated Total Reflection (ATR) module, equipped with a single reflection diamond crystal at an angle 

of 45o. To improve the signal/noise ratio a number of 64 accumulations per spectrum was recorded, with 

standard spectral range: 370-7500 cm-1, far IR extension: 50-680 cm-1, resolution: 2 cm-1. 

- Dielectric features were determined by using the Broadband Dielectric Spec-trometer (Novocontrol 

GMBH) encompassing an Alpha frequency response an-alyzer and Quattro temperature controller with 

tailored measurement cells. The manufactured samples where sandwiched between two copper 

electrodes of 20 mm diameter and placed inside the temperature-controlled cell [52]. 

- The piezoelectric features were measured by using an Aixact TF Analyzer 2000 - Electric 

Hysteresis Curve Lift System (static and dynamic hysteresis); the volt-age that can be applied to the 

sample is +/- 100V to +/- 10kV).  

The hysteresis curves were raised starting with the frequency of 0.1 Hz, at an electric voltage 20% 

lower than the breakdown voltage of the samples. Simultaneously, the displacement of the sample can 

be measured, with a laser interferometry system. 

 

3. Results and discussions 
3.1. SEM structural analyses for BaTiO3   

SEM pictures and XRD analysis for BaTiO3 powders are presented in Figure 3. 

 

 
Figure 3. Structural analysis for BaTiO3 powders 

 

Quasi-cube-like particles were noticed, most likely formed due to Volmer Weber growth procedure 

at manufacturer. According to the XRD in Figure 3, in which no clear tetragonal splitting was observed, 

the BaTiO3 cube particles do not exhibit high tetragonality. The sight asymmetry of the XRD diffraction 

line at 2Θ45° indicates that the crystal structure is also not fully cubic. 

 

3.2. Fourier transform infrared spectra  

In Figure 4 the FTIR spectrum of polydimethylsiloxane doped with BaTiO3 (30%) is presented. 

Vibrations located at 2904 and 2963 cm-1 can be noticed, attributed to the symmetric and asymmetric 

νC – H vibrations found in -CH3 and in Si-CH3 [53]. The absorption band around 1259 cm-1 is the main 

band that characterizes δC – H methyl groups bonded to silicon. The absorption bands in the range of 

1000-1109 cm-1 are attributed to the νSi - O - Si vibrations found in the siloxane matrix. Broad bands of 

the νOH vibration are observed in the 3000-3500 cm-1 region. 
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Figure 4. FTIR spectrum of polydimethylsiloxane doped with BaTiO3 (30%) 

 

On the other hand, specific vibrations of PDMS films located at 860 and 792 cm-1, are noticed, 

attributed to δSi-CH3 vibrations and also νSi-C vibrations are observed, at 1400 and 1259 cm-1 - 

symmetric and asymmetric vibrations of δCH3 in Si-CH3 groups [54]. The vibrations at 1080 and 1015 

cm-1 are assigned to νSi - O - Si, corresponding to specific vibrations in PDMS. 

Multicomponent bands of νSi-O-Si vibrations for PDMS were highlighted in the range between 900 

and 1200 cm-1. The peak at 1100 cm-1 corresponds to the νSi-O vibration and the Si-C and δ Si(CH3)2 

bands appear in the region 825-865 cm-1 and 785–815 cm-1. The significant difference in the FTIR 

spectrum is observed between a pure PDMS polymer and the filler-doped one in the spectrum, through 

the vibration located at 905 cm-1, and we are certain that the sample also contains barium titanate in 

interaction with the PDMS polymer [55]. 

Figures 5 presentes the FTIR spectra of polyvinylidene fluoride (PVDF) films doped with BaTiO3 at 

the concentrations of 30%. 

 

 
Figure 5. FTIR spectrum of polyvinylidene fluoride doped with BaTiO3 (30%) 

 

Here the bands located at 3025 and 2983 cm-1 correspond to νCH2 as asymmetric and symmetric 

vibrations in PVDF. The absorption vibrations appearing at 1401 and 1403 cm-1 respectively for PVDF-

30% and PVDF-70% were attributed to the ωCH2 vibration. The νC-C vibration in PVDF was located 

at 1185 cm-1 [56] and those at 878 and 840 cm-1 were attributed to the ν-asymmetric C - C - C and νCF 

vibrations of PVDF [57]. 

There is still no clear information on how the amorphous part of PVDF may influence the FTIR 

spectra. Therefore, the discussion was focused on the crystalline phase, particularly the most common 

α, β, and γ crystallization forms. The FTIR spectrum indicated a strong α-form of crystallization. In 

particular, there are two intense bands located at 763 and 614 cm-1 (characteristic for α-form) with a 

weak vibration at 1283 cm-1 which is exclusively for the β phase. Therefore, it can be concluded that a 
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strong α crystallization with some presence of β form are coexisting in the PVDF film, by the presence 

of vibrations located at 1283, 837 and 839 cm-1 respectively. The presence of β-crystallization is 

identified in infrared spectroscopy mainly by the characteristic absorption band at 840 cm-1 and in the 

case of the α-PVDF form by the presence of vibrations found at 763, 875 and 978 cm-1. In the infrared 

spectra of PVDF films containing BaTiO3 particles and with different concentrations, a higher intensity 

of the band located at 837 cm-1 in PVDF-70% is observed, compared to the band located at 839 cm-1 in 

PVDF-30%, and this attests the presence of BaTiO3 particles at different concentrations. 

Finally, in the PVDF solution with solvent, initially used to obtain the film, polymer-solvent 

interactions occur, that involves strong dipolar interactions between the dipole C = O and CH2 - CF2 and 

can induce the presence of weak hydrogen bonds between C = O and H - C. These interactions also play 

an important role in PVDF crystallization [58].  

In this sense, the dipolar interaction and hydrogen bonding at the interface between the crystal 

nucleus and the solvent molecules will lead to a total planar configuration of CH2 - CF2 dipoles, when 

nucleation occurs at room temperature [59, 60]. 

If there is a relatively large external energy, such as thermal energy, and this is supplied during the 

crystallization process, the forces that are at the origin of the interactions in the polymer chains become 

weak to cause the PVDF molecules to crystallize in the trans-gauche α-PVDF conformation, which is 

thermodynamically more stable. When BaTiO3 nanoparticles are added to the solution, stronger O-H 

and F-C hydrogen bonds are probably formed due to the high polarity of the hydroxyl groups; the 

ceramic nanoparticles thus act as nucleating agents for PVDF. The strong O-H and F-C hydrogen 

interaction at BaTiO3 nanoparticle/PVDF interfaces, together with the dipolar interactions between 

PVDF and the solvent, tend to produce locally oriented CH2-CF2 dipoles in the characteristic 

configuration for the β crystallization mode. The nucleation of the β phase is proportional to the increase 

in the ceramic concentration of BaTiO3 nanoparticles and is corresponding to the decrease in the "trans-

gauche" configuration characteristic of non-electroactive α-PVDF crystallization.  

This hypothesis is supported by the absorption band between 3100 and 3700 cm-1 attributed to the 

hydrogen bond νO – H [61], this band not being characteristic for the pure polymer. 

 

3.3. Dielectric tests 

The dielectric tests presumed the broadband analysis vs. frequency of both BT-PDMS and BT-PVDF 

composites in freestanding state, as regards dielectric permittivity and dielectric loss, Figures 6-8, 

followed by the evolution vs. frequency of the impedance of the films mainly deposited on specific 

substrates, as ITO 0.05 mm thick and PET 0.1 mm thick, Figures 9-12 respectively. Due to the fact that 

composites type PVDF-BT are more widely described in literature, more attention in this paper regarding 

the dielectric and piezoelectric features is allocated to PDMS-BT composites. 

The lower values for dielectric permittivity and tgδ, comparing to the materials described in the 

literature - made exclusively from BT particles, are explained by the composite structure, which contains 

electrically active particles, but dispersed in a relatively large quantity of polymers. For PDMS 

composites, the dielectric permittivity decreases with applied frequency, and increases with the quantity 

of BT in composites, e.g. from 3.73 for 30%BT-70%PDMS to 4.52 for 70%BT-30%PDMS at 10Hz. 

The evolution with frequency for tgδ is as expected, influenced by interfacial polarization at lower 

frequencies, and the dipolar one at higher frequencies. At lower frequencies, the interfacial polarization 

is more active at larger quantities of BT particles, e.g. tgδ varies from 0.065 for 30%BT-70%PDMS to 

0.014 for 70%BT-30%PDMS at 10Hz. An interesting effect is observed at about 80 kHz, respectively a 

pic of the tgδ characteristic, to be correlated to the activity and architecture of BT particles, which induce 

an additional ionic-dipolar conjugated polarization, e.g. a displacement due to the balance between the 

resonance and anti-resonance frequency. Such phenomena explain the use of composites with ferrites or 

piezoelectric powders as resonators/filters, and BT-PDMS composites should be further investigated for 

tailored applications in radiofrequency electronic field. There can be noticed a clear correlation of the 
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frequency domain from where this phenomenon occurs, at both permittivity and tgδ characteristics (in 

the case of permittivity, a slow increase is noticed). 

 

 
Figure 6. Dielectric behavior of 30%BT-70%PDMS 320μm, freestanding 

 

 
Figure 7. Dielectric behavior of 70%BT-30%PVDF 200μm, freestanding 

 

 
Figure 8. Dielectric behavior of 30%BT-70%PVDF 110μm, freestanding 

 

As regards the PVDF composites, the evolution of the dielectric characteristics are similar, i.e. the 

dielectric permittivity decreases with applied frequency and the tgδ characteristic presents two increased 

zones for the two polarization types, as presented above. Here we can also notice a very limited domain 

of frequency around 50kHz where the effect of piezoelectric activity alters the characteristics, but the 

effect is very weak comparing to the PDMS composites.    
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Figure 9. Impedance of 30%BT-70%PDMS on 

ITO: 270μm (blue); 110μm (red) 

 

 
 

Figure 10. Impedance of 70%BT-30%PDMS 

on PET: 230μm (blue); 130μm (red) 

 

 
 

Figure 11. Impedance of 30%BT-70%PVDF 

on ITO: 220μm (blue); 120μm (red) 

 

190546.1

158489.3

1 10 100 1000 10000 100000 1000000

100

1,000

10,000

100,000

1,000,000

10,000,000

100,000,000

Frequency [Hz]

Im
p

ed
an

ce
 [
Ω

]

125892.5

95499.26

1 10 100 1000 10000 100000 1000000

100

1,000

10,000

100,000

1,000,000

10,000,000

100,000,000

Frequency [Hz]

Im
p

ed
an

ce
 [
Ω

]

95499.26

109647.8

10 100 1000 10000 100000 1000000

100.00

1,000.00

10,000.00

100,000.00

1,000,000.00

10,000,000.00

Frequency [Hz]

Im
p

ed
an

ce
 [
Ω

]

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 60 (4), 2023, 10-30                                                             18                                      https://doi.org/10.37358/MP.23.4.5683 

 

 
 

Figure 12. Impedance of 70%BT-30%PVDF 

on PET: 220μm (blue); 120μm (red) 

 

As long as the most applications of piezoelectric composites fall in the domain of wearable or tactile 

electronics, the impedance of such preliminary devices is analyzed, (Figures 9-12) not in the freestanding 

state, but as deposited on tailored support in relation with the potential applications, e.g. ITO/glass 

0.05mm thick and PET 0.1mm thick. The displacement related to the resonance and anti-resonance 

frequency is herewith also visible, the frequencies related to the picks being presented on the figures. 

The higher values of the impedance at lower frequencies are determined by the substrate, which is in the 

class of electrical insulators. 

The impedance of 30%BT-70%PDMS on ITO, Figure 10 seems to be insensible to the sample 

thickness, a visible difference being noticed only after the 100 kHz domain, where the resonance/anti-

resonance frequency occurs. The same observation is valid also for the sample 30%BT-70%PVDF on 

ITO (Figure 11) but in this case the resonance/antiresonance frequency is slightly lower than 100 kHz 

domain. In these cases, we may say that the samples thickness has no relevant influence on impedance, 

but the polymer matrix minor influence is yet visible.   

Clear influence of sample thickness upon impedance is noticed for higher content of BT, e.g. for the 

sample 70%BT-30%PDMS on PET (Figure 10) where the resonance/antiresonance frequency is also 

visible by the same frequency domain of 100k Hz. Comparing Figures 9 and 10, one side, and 11 and 

12, on the other side, we may say that the substrate has no major influence upon the resonance/ 

antiresonance frequency for thicker samples of over 200μm. 

Particular behavior presents the sample 70%BT-30%PVDF on PET, Figure 12, where the difference 

of impedance vs. sample thickness is obvious, and the characteristic shape being amplified also by the 

feature of PVDF polymer matrix. Here, after 1k Hz domain, the characteristics are clearly divergent, 

only by comparing with Figure 10, where the PDMS matrix was used.  

After measuring the samples, it was found that in the case of the 30% BT-70% PDMS samples, the 

electrical impedance is about 30% lower than in the case of the 70% BT-30% PDMS samples after 1 

kHz domain. Contrarily, in the case of the 30% BT-70% PVDF and 70% BT-30% PVDF samples, the 

electrical impedance keeps practically the values in all frequency domain, excepting that there is a clear 

difference in resonance/antiresonance frequency value, the values being significantly lower in the case 

with more content of BT, observations in line with [62 - 64]. 

Finally, we may conclude that the thickness of the samples has a major influence in the displacement 

of the resonance/anti-resonance frequency, in the sense that it leads to the displacement to the left in the 

frequency domain. 
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3.4. Piezoelectric characteristics 

The hysteresis curves were raised at the frequency of 0.1 Hz, with an electrical voltage of about 80% 

of the respective breakdown voltage values. The study was performed at different voltages for different 

BT content and substrates, in order to have a clear picture upon the occurring phenomena.   

From the hysteresis curves, it is observed that in the case of both composites’ types of BaTiO3-

Polydimethylsiloxane and BaTiO3-Polyvinylidene difluoride clear hysteresis curves are obtained, quasi-

homogeneous, but unsaturated at the used voltages (Figures 13-18).  

A first analysis was made vs. material thickness, and in all figures, it was noticed that the increase of 

the material thickness, i.e. a larger quantity of PD powder, leads to superior values of energy and higher 

polarization. This is obvious when comparing the pair of samples exposed to the same voltage, e.g. in 

Figures 13, 14, 17 and 18, the substrate having no relevant influence. A small difference occurs when 

comparing samples in freestanding state with the ones on support, e.g. Figures 15 with 16 and 18. Here, 

the same polarization seems to need a superior voltage for the samples in freestanding state, but in this 

case the energy is substantially higher, e.g. 3.5 J/cm2 for the sample 30%BT-70%PDMS on ITO, 

comparing to 68 μJ/cm2 for similar sample freestanding. When taking into account the samples with 

higher BT content on PET, e.g. 70%BT-30%PDMS even if with low thicknesses, the substrate permits 

a major increase of the applied voltage, and the characteristics can be turned towards saturation.  

 

                  
30%BT-70%PDMS – 270 m on PET (red) 

Area[mm2]: 800 

Electrical intensity [nA]: 100 

Frequency [Hz]: 0.1 

Electric voltage [V]: 2500 

Vc+ [V]: 305.589 

Pr+ [C/cm2]: 0.000437322 

Pmax [C/cm2]: 0.00361861 

Wloss [J/cm2]: 3.42454 

30%BT-70%PDMS – 110 m on PET (blue) 

Area[mm2]: 800 

Electric intensity [A]: 1 

Frequency [Hz]: 0.1 

Electric voltage [V]: 2500 

Vc+ [V]: 307.416 

Pr+ [C/cm2]: 0.000335157 

Pmax [C/cm2]: 0.00289493 

Wloss [J/cm2]: 2.81265 

Figure 13. Hysteresis characteristics for 30%BT-70%PDMS 

composites on PET support 
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30%BT-70%PDMS - 310μm on ITO (red) 

Area [mm2] 507 

Electric intensity [μA]: 1 

Frequency [Hz]: 0.1 

Electric voltage [V]: 1800 

Vc+ [V]: 343.157 

Pr+ [μC/cm2]: 0.000810109 

Pmax [μC/cm2]: 0.00388204 

Wloss [μJ/cm2]: 3.58983 

30%BT-70%PDMS - 100μm on ITO (blue) 

Area [mm2] 558 

Electric intensity [nA]: 100 

Frequency [Hz]: 0.1 

Electric voltage [V]: 1800 

Vc+ [V]: 338.653 

Pr+ [μC/cm2]: 0.000472076 

Pmax [μC/cm2]: 0.00392282 

Wloss [μJ/cm2]: 2.91856 

Figure 14. Hysteresis characteristics for 30%BT-70%PDMS  

composites on ITO support 

 

 
30%BT-70% PDMS – 320 m freestanding 

Area [mm2]: 158.71 

Electric intensity [nA]: 100nA 

Frequency [Hz]: 0.1 

Electric voltage [V]: 5000 

Vc+ [V]: 952.029 

Pr+ [C/cm2]: 0.0041009 

Pmax [C/cm2]: 0.0304191 

Wloss [J/cm2]: 68.2683 

Figure 15. Hysteresis characteristics for 30%BT-70%PDMS  

composite, freestanding 
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70%BT-30% PDMS – 200 m on PET (red) 

Area [mm2]: 646 

Electric intensity [nA]: 100nA 

Frequency [Hz]: 0.1 

Electric voltage [V]: 4000 

Vc+ [V]: 1515.31 

Pr+ [C/cm2]: 0.00420067 

Pmax [C/cm2]: 0.00852436 

Wloss [J/cm2]: 37.3918 

70%BT-30%PDMS – 130 m on PET (blue) 

Area [mm2]: 608.45 

Electric intensity [nA]: 100nA 

Frequency [Hz]: 0.1 

Electric voltage [V]: 3000 

Vc+ [V]: 1197.48 

Pr+ [C/cm2]: 0.00186451 

Pmax [C/cm2]: 0.0068621 

Wloss [J/cm2]: 22.4647 

Figure 16. Hysteresis characteristics for 70%BT-30%PDMS 

composites on PET support 

 

Clear piezoelectric effects are also observed for the BT-PVDF type composites, but here the 

thickness and substrate seem not to influence in a significant way the polarization values, and the energy 

values are also relatively close if comparing with freestanding state (at the same applied voltage). No 

remarkable piezoelectric effects are also observed when comparing the sample 70%BT-30%PVDF with 

the sample 30%BT-30%PVDF, the polarization and energy being very close as values. In all, we can 

appreciate that superior piezoelectric features are offered by the composites of BT with PDMS, 

comparing to the composites with PVDF, which means that the composites of BT with PDMS were 

worth to study, leading to more versatile variants of characteristics and with superior values.  

 

 
30%BT-70%PVDF - 110

 
μm on PET (blue) 

Area [mm2]: 599.02 

Electric intensity [nA]: 100nA 

Frequency [Hz]: 0.1 

Electric voltage [V]: 1400 

Vc+ [V]: 568.268 

Pr+ [C/cm2]: 0.000792963 

Pmax [C/cm2]: 0.00258135 

Wloss [J/cm2]: 3.89556 

30%BT-70%PVDF 220 μm freestanding (red) 

Area [mm2]: 590.86 

Electric intensity [nA]: 100nA 

Frequency [Hz]: 0.1 

Electric voltage [V]: 1400 

Vc+ [V]: 587.547 

Pr+ [C/cm2]: 0.00100454 

Pmax [C/cm2]: 0.00266538 

Wloss [J/cm2]: 4.63826 

Figure 17. Hysteresis characteristics for 30%BT-70%PVDF  

composites on PET support 
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70%BT-30%PVDF - 120m on PET (blue) 

Area [mm2]: 665.3 

Electric intensity [nA]: 100nA 

Frequency [Hz]: 0.1 

Electric voltage [V]: 2800 

Vc+ [V]: 287.968 

Pr+ [C/cm2]: 0.000422156 

Pmax [C/cm2]: 0.00397102 

Wloss [J/cm2]: 3.24087 

70%BT-30%PVDF - 220m freestanding (red) 

Area [mm2]: 675.46 

Electric intensity [nA]: 1uA 

Frequency [Hz]:  0,1 

Electric voltage [V]: 3000 

Vc+ [V]: 562.019 

Pr+ [C/cm2]: 0.000785376 

Pmax [C/cm2]: 0.0042818 

Wloss [J/cm2]: 6.11345 

Figure 18. Hysteresis characteristics for 70%BT-30%PVDF 

composites on PET support 

 
3.5. Development and test of flexible piezoelectric structures 

The experimental model for the vibration motion is simulated as a function of different displacement 

of the piezoelectric film, corresponding to the resonant frequency, and the variation of electrical voltage 

corresponding to the length and thickness of the film. For the development and integration of the signal 

processing circuits and the demonstration of the functionality of the energy harvesting features of the 

flexible piezoelectric structures, a special test stand was developed, as in Figure 19, to produce tailored 

vibrations to activate the devices – here with functionality as piezoelectric sensors. To realize sensorial 

features, the structures are covered on both sides with self-adhesive copper strips in order to collect the 

electrical charges obtained by piezoelectric phenomena. 

 

 
Figure 19. The test stand used for the production and acquisition of the signal, 

 where: 1 – device/sensor; 2 – vibration creation equipment; 3 – capacitor charging circuit; 4 – NI USB acquisition board – 6001;  

5 – direct current source (constant voltage 24V); 6 – autotransformer (alternating voltage supply) –  

for vibration increase/decrease regime 
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To generate the vibrations, a specialized equipment (2) with two windings was used (composed of a 

fixed part and a mobile part, the mobile part being connected to the fixed one by means of an elastic 

mechanical suspension), supplied with a constant voltage of 24V dc from the direct voltage source (5), 

and also with alternating voltage from the autotransformer (6). The vibration force is proportional with 

the currents absorbed by the two windings according to equation 1:  

 

                             Fdin=kIccIca                                                                                 (1) 

 

The vibration amplitude was proportional to Fdin.  

Firstly, it has been studied how the variations in the resonant frequencies of the structure, which 

affect the piezoelectric electric energy, are affected by the length (which varies from 1 cm to 10 cm), 

width (up to 1 cm) and thickness (up to 0.6 mm) of a cantilever made with the composite type 70%BT-

30%PDMS, deposited on a PET support of 0.1 mm thickness.  

The results of the different electromechanical simulations are showing: a) that the resonant frequency 

dramatically decreases with the length of the model, when the width and thickness are constant, and b) 

that the beam width and respectively thickness have a significant influence on the resonance frequency, 

with a saturation tendency. Basically, it is noticed that all geometric elements can influence the 

resonance frequency, which is maximum at a minimum length, at larger thicknesses and larger widths 

of the experimental model. But if we target the biomedical applications, e.g. for portable electronics, 

with resonance frequencies up to 10Hz, the ideal dimensions are about 10 cm long, 0.5 cm wide and 

0.15-0.2 mm thick.                                                             

Similarly, it is shown that the output voltage depends on the geometric dimensions, showing the 

variation of the output voltage with the model length (non-linear) and thickness. The maximum output 

voltage is obtained when the length is maximum, and thickness is lower, so in line with the optimal 

dimensions for biomedical applications. The higher voltage is explained by a larger quantity of BT in 

the model when the force is applied perpendicular to the surface, so achieved e.g. at higher length. The 

relatively low values of voltage, of under 1V, are explained by the composite structure, which contains 

electrically active particles, but dispersed in a relatively large quantity of polymers.  

The experimental model can be further customized in a versatile way depending on: the parameters 

of the piezoelectric material and the dimensional availability, to program, by adjusting the architecture 

of the piezo structure, the desired resonance frequency, and then to calculate the output voltage, 

depending on which the AC circuit and the AC/DC converter are designed. 

A brief demonstration of the behavior of composites as energy harvester devices is presented below, 

also for the composite of PDMS with 70% BaTiO3. The intelligent signal processing was made by use 

of a virtual instrument (VI) developed under LabVIEW graphical programming environment [65], 

briefly presented in Figures 20 and 21, in relation with a specialized acquisition board.  

In structure 1 from Figure 20, a CASE structure was used, in which the first time it is checked if it is 

the first run of the program. If it is the first run, the case is TRUE and a "task" is opened using the 

"DAQmx Create Task" tool. If it is not on the first run, it will pass to FALSE and the session opened the 

first time will be processed. 

In structure 2, a CASE structure was used, in the case of TRUE, the acquisition board to be used is 

selected (if there are several), and also the analog channel on which the signal acquisition will be made 

will be selected. The FALSE case occurs after the first run, in which case the board and acquisition 

channel have been set. 

In structure 3, another CASE structure was used to be able to modify the size to be applied to the 

input of the purchase board. Since the piezoelectric module at the output provides a voltage, "Voltage" 

was selected, then the RSE module will be configured. Another way the board works is differential but 

in this configuration the signal is not differential. If the CASE structure is in the "FALSE" configuration, 

the configuration tool will disappear from the diagram, which means that no acquisition board has been 

detected. 
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In area 4 of Figure 20, the configuration parameters for the analog input are highlighted. Being an 

RSE type input, the "floating" type input voltage limits were set with "-10 V" and "10 V" values. 

 

 
Figure 20. VI - part of the acquisition board configuration/programming 

 

 

 

Figure 21. VI - part of the acquisition procedure interface 
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In Figure 21, area 5 shows the diagram for configuring the number of samples acquired in a unit of 

time. The sampling rate is also set. After this, the next CASE loop is executed, denoted by 6. At this 

stage, the program opens a "task" through which the acquisition of the signal is prepared.  

Also, if in addition to signal acquisition, the generation of signals of various shapes and frequencies 

is also desired, this "task" will take care of this. 

In area 7 of Figure 21, the instantaneous values of the signal are acquired as a function of the sampling 

frequency. The results will be presented as a 1D vector. Then the data in the 1D dimension vector is 

converted to "dynamic data type" (DDT). 

In area 8, the CASE structure deals with closing the work session when the "STOP" button is pressed 

in the main loop or when an error occurs in the execution of the program and a "STOP" condition is 

activated. The demonstration device is presented in Figure 22, based on a demonstration board which 

converts the energy generated by the piezo-sensor towards lighting a LED. 
 

   

Figure 22. Demonstration device with LED, and signals evolution vs. LED activity 
 

An example of demonstration signals in relation with the LED activity is presented in Figure 22, 
which shows the evolution of the output voltage value for a multilayer piezoelectric sensor, when the 
sensor is not pressed and when the sensor is pressed with different forces (e.g. for the demonstration, 
with a finger). Depending on the pressing force, the voltage value at the sensor output varies, the higher 
the force, the higher the voltage and the stronger the light intensity of LED. Also, the longer the pressing 
time, the wider the pulse of the output signal will be, but with a decreasing value, due to the oscillation 
damping, i.e. the last signal in Figure 22.  

In principle, the experiment basically demonstrates the functionality of the piezoelectric thin film 

composites with BaTiO3, which can be successfully used both as piezo-sensors for microelectronics, or 

for energy harvesting purposes, ideally for applications in biomedical wearable electronics.  

 

4. Conclusions 
The piezocomposites from PVDF with BT are largely presented in literature, but the composites from 

PDMS with BT consist a very new scientific preoccupation. The innovation presented in the paper lies 

in the new simple route of preparation of the two composites with PDMS and respectively PVDF matrix, 

with tailored deposition on specific substrates for microelectronic use (e.g. indium-tin-oxide ITO/glass, 

Si/Pt, polyethylene terephthalate PET), along with an extensive comparation of their dielectric and 

piezo-electric features, as a consistent comparison of the influence of polymer matrix upon the 

piezoelectric features, and a demonstration of direct use for microelectronic applications of the 

composites of BT with PDMS. 

Two types of composite films were made from thermoplastic polymer matrix: polyvinylidene 

fluoride (PVDF) and respectively polydimethylsiloxane (PDMS), doped with tetragonal BaTiO3 (BT) 

particles of irregular shape (< 2 µm dimension), with 2 concentrations for each composite type (30% 
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and 70% BaTiO3). The samples were manufactured on different support (ITO/glass, Si/Pt and PET– the 

last one being used for extracting freestanding films too) were manufactured, with different thicknesses, 

to test their features in order to potentially become successful candidates for microelectronic applications 

with, or without support. 

An extensive characterization of composites via Fourier transform infrared spectra was performed, 

to account for the liaisons of the BT particles with polymer matrix.  

The dielectric tests presumed the broadband analysis vs. frequency of both BT-PDMS and BT-PVDF 

composites, as regards dielectric permittivity and dielectric loss. For both composite types, the dielectric 

permittivity decreases with applied frequency, and increases with the quantity of BT in composites. The 

evolution with frequency for tgδ is influenced by interfacial polarization at lower frequencies, and the 

dipolar one at higher frequencies. An interesting effect is observed around 100 kHz domain, determined 

by the activity and architecture of BT particles mainly for the BT-PDMS composites, which induce an 

additional ionic-dipolar conjugated polarization, as a displacement due to the balance between the 

resonance and anti-resonance frequency. Such phenomena explain the potential use of such composites 

as resonators/filters, and BT-PDMS composites should be further investigated for tailored applications 

in radiofrequency electronic field. 

The impedance of 30%BT-PVDF or PDMS composites seems to be insensible to the sample 

thickness, but the polymer matrix minor influence is yet visible. Clear influence of sample thickness 

upon impedance is noticed for higher content of BT. We may also conclude that the thickness of the 

samples has a major influence in the displacement of the resonance/anti-resonance frequency, in the 

sense that it leads to the displacement to the left in the frequency domain 

The hysteresis curves were raised at the frequency of 0.1 Hz, with an electrical voltage of about 80% 

of the respective breakdown voltage values. The study was performed at different voltages for different 

BT content and substrates, in order to have a clear picture upon the occurring phenomena. It was noticed 

that the increase of the material thickness, i.e. a larger quantity of PD powder, leads to superior values 

of energy and higher polarization, and also a small difference occurs when comparing samples in 

freestanding state with the ones on different support. No remarkable piezoelectric effects were observed 

when comparing the sample 70%BT-30%PVDF with the sample 30%BT-30%PVDF, the polarization 

and energy being very close as values. In all, we can appreciate that superior piezoelectric features are 

offered by the composites of BT with PDMS, comparing to the composites with PVDF, which means 

that the composites of BT with PDMS were worth to study, leading to more versatile variants of 

characteristics and with superior values. 

The experimental model for the vibration motion is simulated as a function of different displacement 

of the piezoelectric film, corresponding to the resonant frequency, and the variation of electrical voltage 

corresponding to the length and thickness of the film, that finally emphasized that the resonant frequency 

dramatically decreases with the length of the model, when the width and thickness are constant, and also 

that the beam width and respectively thickness, have a significant influence on the resonance frequency, 

with a saturation tendency. 

A brief demonstration of the behavior of composite of PDMS with 70% BaTiO3 as energy harvester 

devices was presented. The intelligent signal processing was made by use of a virtual instrument 

developed under LabVIEW graphical programming environment. The experiment basically 

demonstrated the functionality of the piezoelectric thin film composites of PDMS with BaTiO3, which 

can be successfully used both as piezo-sensors for microelectronics, or for energy harvesting purposes, 

ideally for applications in biomedical wearable electronics or tactile electronics. 
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