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Abstract— 

We report the study of piezoelectric transducer based on the 

copolymer P(VDF:TrFE) for energy harvesting based on 

deformation of the film. The bending characteristics, sensitivity, 

charge generation and frequency response at typical machine 

component frequencies of printed piezoelectric transducer was 

studied. Interestingly piezoelectric transducer shows response 

towards a different level of frequency and the bending forces. As 

expected, increased frequency and deformation yield increased 

energy harvesting. A harvester system integrated on flexible foil 

and comprising a printed piezoelectric element, integrated 

rectifier and printed supercapacitor was demonstrated, which 

harvests sufficient energy for low power measurements or radio 

transmission.  

 

I.  INTRODUCTION 

Energy harvesting is a method for obtaining or capturing the 

possible amounts of energy from our surroundings available 

in the form of heat, motion, mechanic, solar, pressure 

gradients etc. A large amount of energy in a macro scale can 

be obtained from solar, wind, kinetic for domestic as well as 

industrial purposes. Energy harvesting is also a useful and 

important means of making low power distributed transducers 
energetically autonomous and environmentally sustainable. 

[1]  Harb mentioned there are a number of approaches to 

energy harvesting. One way is energy conversion of 

mechanical to electrical energy using piezoelectric transducer 

materials. Such harvested energy can be used for low powered 

systems such as wireless transducers, biomedical implants, 

military monitoring services, structure-embedded 

instrumentation, remote weather station, calculators, watches, 

Bluetooth headsets etc. [2]  

 

A recent trend in electronics has been a decrease of the size 
and power consumption of devices and components. This has 

enabled the creation of new applications with low power 

requirements. Furthermore, environmental issues and imposed 

regulations are associated with portable energy sources. The 

use of conventional batteries is not an optimal solution 

because of the limited cycle life and the requirement for 

recycling due to problematic materials. Due to advances in 

low power electronics, harvesting ambient energy and storage 

in supercapcitors is becoming a viable and more sustainable 

alternative approach, including piezoelectric harvesting. [3]  

 

Future mobile electronics technologies will focus on light 

weight, flexible, bendable and stretchable devices as well as 
large area interactive and learning environments. For such 

products, flexible piezoelectric materials can play important 

role both for sensing and energy harvesting. [4] 

Polyvinylidene fluoride (PVDF) is the most frequently used 

piezoelectric polymer. It has four phases out of which only the 

β-phase exhibits spontaneous polarization. It is semi-

crystalline (about 50-60% crystallinity) with a repeating unit 

of (CH2-CF2). The size of the crystallites and chain packing 

is influenced by annealing. [5] Its piezoelectric properties 

arise from the strong molecular dipoles within the polymer 

chain with piezoelectric coefficients (d) in the range of 10-
40pC/N. [6] Introducing ca. 20-50% of trifluoroethylene 

(TrFE), in which one hydrogen is replaced by the slightly 

larger fluorine, forms a stable copolymer. [7] Energy 

harvesting from PVDF and its copolymer P(VDF:TrFE)  has 

been reported previously. Bhavanasi et al. used bilayer films 

of P(VDF:TrFE) that generate 4.41µWcm-2
.
  [8]  Dey et al. 

showed that electrical response of PVDF:TrFE nanofibers 

increased with excitation frequency. [9] Lee et al. reported 

micro patterned P(VDF:TrFE) based nano generators 

releasing 15µW power. Kymissis et al. used 16 sheets of 

PVDF connected in parallel in a sandwich structure in a shoe 

sole and was able to produce 1mJ/step. [10] Wang et al. used 
a synchronized switch harvesting on inductor (SSHI) rectifier 

for a PVDF stack configuration and harvested 11-13mW 

power. [11] Zirkl et al demonstrated an all printed matrix 

transducer array fabricated by screen printing an ink solution 

of piezoelectric copolymer P(VDF:TrFE). [12] Ink jet 

deposition of patterned metal layers on PVDF film to realize 

a scalable, bendable and low costing sensing system for large 

area artificial skin was reported by Seminara et al. [13]. 

Because of flexibility, piezoelectric polymers it can be 

integrated into devices for human body health monitoring, 

smart clothing such as shoes, and other motion harvesters 
applications. [14] 



 

Rajala et al. measured the sensitivity of a PVDF transducer 

and observed a piezoelectric coefficient of 25.1 to 26.8 pC/N, 

using a shaker system. [15] In this work we report the use of a 

similar setup for determination of the piezoelectric sensitivity, 

and a motor-driven bending apparatus to measure harvesting 
of energy from bending deformation. In addition, a 3D 

bending model is used to analyze the results. 

 

II. EXPERIMENT AND RESULTS 

  

 A: Piezo transducer design and electrical polarizatio 

 

A transducer consists of four layers. Polyethylene 

terephthalate (PET, Melinex ST506 from DuPont) of 175 µm 

thickness was used as a substrate, printed conductive polymer    

PEDOT:PSS((poly(3,4ethylenedioxythiophene):poly(styrene

sulfonic acid)) (Clevios SV 3 from Heraeus) act as bottom and 
top electrodes, and fluoropolymer P(VDF:TrFE), 

poly(vinylidenefluoride trifluoroethylene)  (80:20) (see Ref. 

12 for details) as a transducer material is sandwiched between 

the electrodes. Screen printing was used to deposit the 

transducer material and electrodes. The thickness of the 

transducer material was ~6µm for single layer and ~12 µm for 

double layer. The samples were annealed at 100 ºC for 10 

minutes to evaporate solvents.  Additionally, silver wiring was 

printed to electrically connect the transducer to the harvester 

circuitry, but is not part of the layer stack. Figure 1 shows the 

transducer schematic diagram. 

    
Figure 1: Structure of Piezo transducer 

 

In contrast to PVDF films, the copolymer P(VDF:TrFE) 

crystallizes into the ferroelectric β-phase without the need of 
stretching or applying of very high electric fields. In 

P(VDF:TrFE), the crystallites have an electric dipole moment 

and are embedded in an amorphous matrix. After solution-

processing of P(VDF: TrFE), however, the crystalline dipoles 

are randomly oriented and need to be aligned in order to have 

a nonzero overall polarization and thus show piezoelectricity. 

This alignment of crystalline dipoles is usually performed by 

applying an electric field via attached electrodes, forcing the 

crystalline dipoles to be reoriented towards the external field. 

This process is commonly referred to as poling. [7] The poling 

current I and voltage V are monitored and the polarization in 

the ferroelectric layer can be derived using the relation 
 

𝑃 =
1

𝐴
∙ ∫ 𝐼 𝑑𝑡,     (1) 

 

where, A is the area spanned by the electrodes. A triangular 

shaped alternating signal of frequency 1Hz was used for 

poling over several cycles until a saturation in the remanent 

polarization or charge, respectively, was observed (Figure 2). 

Plotting the polarization P over the voltage V gives the typical 

hysteresis loop of ferroelectrics (Figure 3). A PUND poling 

method was applied to separate the remanent polarization Pr 

due to crystalline dipole reorientation (dotted line) from the 

total displacement (solid line in Figure 3). To reach a high 

remanent polarization and thus piezoelectric coefficient (d33), 

the poling voltage amplitude was chosen such as to apply 
about two times the coercive field strength Er [16] 

 

   
                                           (a) 

                                         

 
 

  

Figure 2: Poling of the ferroelectric P(VDF:TrFE). Poling charge as calculated 

from the monitored current and poling voltage (a); The remanent charge 

increases with every poling cycle and saturates, (b) 

 

 

 
Figure 3: Typical hysteresis loop of the studied Piezoelectric transducer 

showing the remanent polarization Pr and coercive field strength Er. 

 

The coercive electric field strength measured was 47MV/m 

and the remanent polarization amounts to approximately 

58mC/m2. [12] 

 



 B: Sensitivity measurement bending and unbending setup 

 

A type 4810 Brüel & Kjær mini-shaker was used for material 

characterization. The shaker has a piston of area of 1.56 

mm2and can generate a dynamic excitation force up to 10N 
and frequencies up to 18 KHz. A sinusoidal input for the 

shaker was provided with a Tektronix AFG3101 function 

generator. Two types of sensors were used during sensitivity 

measurements. The static force sensor, with sensitivity of 

2.646 mV/N, was used to prevent the transducer from jumping 

off the stage during application of dynamic sinusoidal force. 

The dynamic force sensor, with sensitivity of 530.2mV/N, was 

used at varying amplitudes up to 10N for sensitivity 

measurements. The measurement set up using only the normal 

mode sensor was previously reported by Rajala et al. [15] 

Tuukkanen et al. [17] and Kärki et al. [18]. 

 
                            (a)                                    (b) 

Figure 4: A schematic drawing of measurement set up (a); piezo 

transducer with excitations point marked (S1 and S2) (b) 

 

Two piezo transducers, designated here as S1 and S2, were 

selected for measurements and compared. (REF. Table 1). In 

the first set of measurements in normal mode, the transducer 

was placed in the metal plate. In the second set of 

measurements (bending mode), greater sample deformation 

was allowed, as shown in Figure 5. A sinusoidal signal of 1V 
peak to peak at 2 Hz frequency was applied as input to the 

shaker, which resulted in a force of approximately 1.4 N. The 

transducer was excited at 10 different positions. The same 

positions were excited from both sides of the transducer, 

resulting in total of 20 excitations per transducer in order to 

average out effects resulting from film roughness, increases 

the statistics and thus, decreases the effect of layer variations 

in the sensing layer thickness. The charge generated was 

measured by a charge amplifier. The sinusoidal were fit to the 

charge output curve and the dynamic force curve, and the 

sensitivity was obtained by dividing charge amplitude by force 

amplitude. [15]  
 

 
                        (a)                                              (b) 
Figure 5: Bending 3d setup (a); piezo transducer excited by mini-shaker (b) 

 

Dynamic sensitivity is the charge generated based on the force 

applied in pC/N and was measured using both the normal and 

bending mode. The dynamic sensitivity is given by 

Dynamic sensitivity=
𝑄

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑓𝑜𝑟𝑐𝑒
                (2)    [15] 

 
 TABLE 1: Dynamic sensitivity measurement results, reported as mean 

value ± standard deviation  

 
Sample 

measured  

Dynamic sensitivity (pC/N) 

Normal mode Bend mode 

S1(8cm2) 24.41±3.2 286±52 

S2(7.85cm2) 23.46±2.68 268±23.84 

 

 

 
 
Figure 6: Sensitivity results with normal mode and bending mode 

 

The charge generated by deformation of the material depends 

on the amount of force applied. Figure 7 shows generated 

charge as a function of applied force. Less force was required 

to generate a higher amount of charge using the bending stage, 

as it is primarily deformation that leads to charge generation. 

When using the bending stage 240pC charge was generated by 

applying 0.866 N force, compared to 27.5 pC charge from 1.4 

N force using the rigid table. Rajala et al. [15] observed similar 
behavior. 
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                                              (a) 

          

 
             (b)                                      

Figure 7: Charge generated based on force, normal mode (a);Graph plot 

of piezo transducer S1 and S2 (b) 

 

 

C: Energy harvesting by angular bending 

 
A measurement setup for energy harvesting by bending/    

unbending is shown in figure 8. It consists of a servo motor 

that rotates from 0 to 180 º and back with pulse width 

modulation, powered and controlled by an Arduino Uno 

microcontroller platform. A piezo transducer of 8cm2 size was 

attached to the cylindrical shaft of the servo motor and this 

was flexed and unflexed as the motor rotated. The transducer 

output voltage response was 8 V peak to peak. (See figure 

9(a)) The output response of the piezo transducer was 

measured with a 10 Mega ohm NI USB-4065 multimeter from 

National Instruments. 

 

 
 

     Figure 8: Setup for controlling Servomotor for angular bending 

 

  
 

(a)                                             (b) 

 
              Figure 9: Piezo transducer output Voltage Ac (a); DC (b)  

 
A half wave rectifier circuit was integrated to the transducer 

to convert AC into DC. The DC obtained without smoothing 

capacitor is shown in Figure 9b. Figure 10 shows the charging 

characteristics of a smoothing/storage capacitor integrated to 

the system. The rectified voltage across a load of 10 M Ohm 

is 1.05V.  

 

 
 

Figure 10: Rectified voltage with capacitor 
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The harvested energy is given by 

 𝐸 =
1

2
𝑐𝑣2                         (3)  

where E is energy in Joule, C is capacitance in Farads and V 

is the voltage across the capacitor. This yields a harvested 
energy of 300 µJ. 

 

D: Frequency dependency of piezo transducer 

 

An energy harvester comprising a piezo transducer, rectifier 

circuit and storage capacitor was assembled; the block 

diagram is shown in Figure 11. Figure 12 shows photographs 

of a harvester circuit including a voltage doubler rectifier. 

 
 

Figure 11: Variable frequency generator and energy harvesting 

system 

 

 

   
 

                  Figure 12: Piezo transducer A and B + Energy harvester 

 

Two samples were investigated using the same excitation 

methods. The first transducer has an area of 14 cm2 (7cm 

*2cm) while the second has area transducer has an area of 

1cm2 (1cm*1cm); both were connected to a voltage doubler 

rectifier. The motor was controlled by a VFD (variable 

frequency drive) in order to rotate at different speeds. One side 

of the piezo transducer was fixed while the other side can 

oscillate freely. A small mechanical load was attached to the 

shaft of the motor. As the motor rotates, the load hits the piezo 

transducer and bends it up and down, generating an AC 
voltage. Transducer 1 has AC output response of 6 V peak to 

peak (See figure 13) whereas transducer 2 generates 3 V peak 

to peak AC at 10 Hz frequency. A National Instruments 10 

mega Ohm USB 4065 multimeter was used to measure the DC 

output. 

 
 

                  Figure 13: Response of Piezo Transducer A 

 

As the output current of the transducer is low, it takes time to 

charge a capacitor greater than 100µF.This can be observed 

with a 470µF capacitor (angular bending test), which yielded 
an output voltage of 1.04 DC. Printed supercapacitors 

typically have an area specific capacitance of ca 100 mF/cm2, 

with leakage current more or less proportional to capacitance. 

[19] Due to the small amount of energy from a single 

transducer in this work, the leakage current for a supercapcitor 

in the range of hundreds of mF would be comparable to the 

about of current generated. Therefore in these experiments we 

selected a commercial electrolytic capacitor of 22 µF and a 

printed 33 µF supercapacitor. This supercapacitor was 

fabricated using PET (polyethylene terephthalate) as substrate 

and graphite ink of about 40 µm thickness deposited by stencil 

printing, both as current collector and electrode. One Molar 
aqueous sodium chloride (NaCl) was used as an electrolyte 

and Dreamweaver cellulose paper as a separator.  

 

The capacitor charging curves are shown below for 

transducers 1 and 2 for excitation 10 Hz to 50 Hz, showing 

that the rectified voltage and speed of charging are 

proportional to the excitation frequency. This implies that the 

fundamental frequency response of the transducers is more or 

less flat over this frequency range. 
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                                             (b) 

 
Figure 14: Rectified DC voltage of transducer A (a); transducer B 

(b) from   10 Hz to 50 Hz 

 

The maximum voltage a single supercapacitor with aqueous 

electrolyte can withstand is about 1.2 V. In order to store the 

higher voltage generated by the transducer, 5 supercapacitors 

were connected in series, with total capacitance of 3µF as 

shown in Figure 15, and could  be charged up to 7 V. Figure 

15 also shows the charging curve for the series connected 

supercapacitor module at different frequencies.  

 

          
                                                 (a) 

  

 
                                                 (b) 

Figure 15: Five series connected supercapacitors (a); rectified 

voltages (b) from the harvester upon excitation in the test unit 

described in this work. 

The rectified DC voltage increases in both transducers with 

the excitation frequency. The measurement was done with 

different piezo transducers and capacitor values. Transducer B 

has very low output compared to transducer 1, about 8 times 

less at 50 Hz due to its small area.  
 

Table 2 summarizes the harvesting results. While it was not 

possible with a single transducer to charge a single 33 µF 

supercapacitor fully, due to the competition between charging 

and leakage current, both the electrolytic capacitor and the 

module were charged in less than a minute.  

 

 
                      TABLE 2:  Energy harvested from 10 Hz to 50 Hz  

 

 

 

 

 
 

Figure 16: Energy harvested as a function of excitation frequency  

 

 This is sufficient energy to operate low power circuitry. We 

constructed a low power LED drive circuit using a CMOS 555 

timer operated at 2V. The voltage stored in the capacitor was 
supplied to the LED driver circuit as shown in figure 17. The 

transistor acts as a switch and remains ON when the output 

pulse of the 555 timer drives the base of a transistor, and 

current flows to the LED. [20] 
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Electrolytic 
capacitor(EC) 
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Super 
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EC SC 
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                                        (b) 

 

      
                  (c) 

          
Figure 17: Schematic diagram of the LED driver circuit as published in 

[17] (a), photograph of the bending setup with LED driver circuit (b), and 

close-up of the LED driver circuit (c)  

 

The operation voltage of the LED driver circuit was 1.85V 

and, current required to turn on LED was 6mA. Thus, the peak 

power generated by the circuit for short durations was 

measured i.e. P=1.85*6=11.1mW. It can be observed from 

Table 3 that the power generated can be used to operate a 

number of common low power portable devices. 

 
TABLE 3: Power consumption of the portable devices [21] [3] [22] [23] [24] 

 
Device Power consumption (mW) 

MP3 player 50-97 

Wearable EEG 0.8 

Cardiac pacemaker 0.05 

Hearing aid 1 

Respiratory rate meter 0,83 
Heart rate meter 0,83 

Blue tooth (sleep mode) 0.008 

Wifi (sleep mode) 0.01 

Carbon 
monoxide 
detector 

Active 1.7 

Stand by 0,0018 

Pagers 30 

 

 

III. CONCLUSIONS 

 

We have tested printed piezoelectric transducers based on 

P(VDF:TrFE) for their potential as energy harvesters in low 

power electronic devices. The piezoelectric sensitivity was a 

strong function of the freedom of the transducer to be 

deformed, with average sensitivity value (pC/N) in bending 11 

to 12 times higher than when applying force when the sample 

was mounted on a rigid holder.  The response varied from 20 

- 31pC/N in a rigid architecture to 225.2-390 pC/N when 

bending was allowed. We have furthermore tested the energy 
harvesting potential of these transducers in a dedicated 

bending unit. In addition to determining the AC voltage 

generated by bending, an energy harvesting circuit on foil 

comprising transducer, voltage doubler rectifier and printed 

supercapacitor or electrolytic capacitor, respectively. The 

system was able to generate and store up to 1.12 mJ and 

deliver power of at least 11.1 mW, sufficient to drive an LED. 

This is sufficient power to drive a number of low power 

portable devices and confirms the potential of printed 

P(VDF:TrFE) as a potential means of harvesting energy from 

motion for distributed electronic devices. 
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