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Abstract—Lecturer-researchers, because of the duality of their 

profession, have the opportunity to introduce students directly to 

their research. Stimulating student interest through practical 

research topics enables students to see the relevance of the 

teaching/learning process and thereby enhances their motivation. 

As a major societal issue, research on renewable energies is held in 

great esteem, particularly among young students with a strong 

interest in environmental issues. The work presented here relates 

to the realization of a practical class on the testing of a flexible 

piezoelectric generator studied as part of the "N-air-J" regional 

research project. The particular characteristic of piezoelectric 

materials is that they produce electricity when compressed, which 

means that they can be used in energy recovery devices. The 

electrical model associated with this type of generator, consisting 

of an ideal current source in parallel with a linear capacitor and a 

load resistor, is sufficiently simple to be understood by first-year 

university students following a course on electricity. Using an 

appropriate mechanical excitation system (made out of Lego©), it 

is possible to generate variations in the quasi-sinusoidal 

compressions of a flexible piezoelectric film. By connecting an 

oscilloscope directly to the terminals of this experimental 

generator, students can visualize the produced current flowing 

through its input impedance, thus making it possible to use the 

laws of electrokinetics on an alternating sinusoidal current. As the 

objective of the practical class is to calculate the energy density 

produced by this type of generator, it uses the notions of Ohm's 

law, current dividers, equivalent resistances (serial/parallel 

associations), power and density of energy to provide concrete 

examples of some of the basics of electricity. High school students 

in year one of a science and laboratory technology baccalaureate 

in France have already taken this practical class as part of a 

dissemination campaign on scientific culture. 
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laws 

I.  INTRODUCTION (HEADING 1) 

 
Thanks to the two facets of their profession, teacher-

researchers have the opportunity to present their research themes 
in their lectures, since they generally teach in their favoured 
disciplines. However, if the presentation of research work in a 
Master's degree remains relatively easy, this is not the case for 
undergraduate courses, and especially for the first-year public 
who do not often have the necessary scientific background to 
understand cutting-edge research. Nevertheless, it is often at this 
time that students choose their core discipline, and it is important 
to pay particular attention to the teachings they receive. At 
present, research pertaining to renewable energies to address the 
shortage of fossil fuels is a subject of common interest. Indeed, 

young people are deeply concerned about environmental issues. 
A lot of research revolves around the development of generators 
that are able to convert ambient energies into electricity, such as 
canonical solar cells [1] and micro-power systems like 
electromagnetic [2] or electrostatic [3] generators.  

In this paper, we present a practical session based on the N-

air-J research project, the objective of which is to study the 

possibility of recovering energy from air currents using a 

synthetic blade of grass able to convert mechanical energy into 

electricity (principle of piezoelectricity). This generator 

consists of a piezoelectric thin film of lead zirconate titanate 

(PZT) 3 μm thick, deposited by a Chemical Solution Deposition 

(CSD) process onto a 16 μm thick aluminum foil [4]. An upper 

electrode of aluminum of 200 nm thick, evaporated by the Joule 

effect, makes it possible to obtain the piezoelectric capacitor. 

The last is then encapsulated by lamination into polyethylene 

terephthalate (PET, 150 µm) to make it flexible. During the 

lesson, the students will determine the piezoelectric coefficient 

d31 of the PZT film, which makes it possible to evaluate the 

piezoelectric potential of the used generator. The students will 

then characterize the flexible piezoelectric generator using the 

laws of electrokinetics. This will provide them with a concrete 

case to apply the theoretical knowledge they have learned in 

class. 

Initially, we interest the students by the presentation of the 

generator (Fig. 1), which looks like a simple piece of plastic. 

By connecting it directly to an oscilloscope, the students can see 

that an electrical signal of random shape is produced by manual 

folding of the generator (Fig. 2). 

 

 
 

Figure 1. Photograph of the piezoelectric generator. 
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Figure 2 Photograph of the harvested random shape voltage. 

 

Then, the principle of piezoelectricity is explained in a few 

words, as is the research carried out on the development of 

piezoelectric materials used for the conception of the generator 

studied during the practical class. How can one compare the 

piezoelectric materials with one another? How can we quantify 

the amount of electricity produced by this type of generator? 

What is the electrical power produced? The experiments in this 

lesson should be able to answer these questions. 

 

II. DETERMINATION OF THE PIEZOELECTRIC COEFFICIENT 

 

The first experiment consists in the determination of the 

piezoelectric coefficient d31. Even if this coefficient is not 

directly related to the power delivered by the generator, it 

makes it possible to evaluate the piezoelectric ability of the 

material used to build the generator. 

 By applying an alternative electric voltage 𝑣 =
𝑉0cos⁡(2𝜋𝑓) to an Al/PZT/Al cantilever beam, the latter 

oscillates at the same frequency f, due to the inverse 

piezoelectric effect. A laser vibrometer (Polytech OFV 2200) is 

then used to measure the tip deflection d at the free end of the 

beam (Fig. 3). The students perform these measurements at 

different frequencies and have to fit the corresponding plots to 

the canonical model of an oscillating system under sinusoidal 

excitation (eq. 1), as already used in the RLC circuit theory (Fig. 

4). 

 
 

Figure 3. Photograph of the piezoelectric characterization device. 

 

d0 is the quasi-static displacement, f0 is the resonance frequency 

of the oscillator in the free mode and Q is the quality factor [5]. 
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The fit of the plots allows the determination of the d0 value, 

which is used for the calculation of the piezoelectric coefficient 

d31 (eq.2), where the  constant depends on the structure of the 

cantilever (dimensions and Young’s moduli) [6]. 

 

 

𝑑31 = 𝛼 × 𝑑0/𝑉0  (2) 
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Figure 4. Tip deflection of the cantilever beam as a function of the frequency of 
the applied voltage and the associated fits. 

 

III. ENERGY HARVESTING MEASUREMENTS 

 

The piezoelectric generator is inserted into a mechanical 
excitation device (Fig. 5) able to generate a variation of quasi-
sinusoidal deformation of the flexible generator, leading to a 
quasi-sinusoidal signal observed on the oscilloscope 𝑢𝑅 =
𝑈𝑅 cos(2𝜋𝑓𝑡)⁡(frequency f of the signal is imposed by the motor 
speed of the mechanical excitation device), as shown in Fig. 6. 

Students then realize that piezoelectric generators deliver 
alternative, not continuous, electricity. The measurement of the 
UR amplitude of the voltage observed at the terminals of the 

input impedance (1 M) of the oscilloscope makes it possible to 
calculate the power thus delivered by the generator with the help 
of the formula given in the equation 3. 

 

𝑃 = 𝑈𝑅
2/2𝑅   (3) 

 

 

 



 

 

Figure 5. Photograph of the bending device. 

 

  

Figure 6. Output voltage of the piezoelectric harvesting device. 

 

 

 

 

 

Figure 7. Scheme of the equivalent circuit of the piezoelectric harvesting 
device. 

 

Important questions are: Is this power optimal? Can the device 
be improved to increase the level of power recovered? To 
answer these questions, the students must study the equivalent 
circuit corresponding to the assembly (Fig. 7). The piezoelectric 
generator is modeled by an ideal current generator i0 associated 
in parallel with a linear capacitance C. The input impedance of 
the oscilloscope is represented by a load resistor R connected in 
parallel to the generator. This resistance is modifiable by 
experimentally adding a resistance in parallel to the circuit. 

 At a fixed frequency f (𝜔 = 2𝜋𝑓), the students perform 
different measurements of the amplitude of the voltage UR by 
modifying the value of the load resistor R. To do this, they insert 
resistor associations in parallel with the circuit and need to use 
the equivalence resistance formula to compute the new values of 
R. Using the formula in equation 3, the Ohm's law (eq.4) and the 
formula of the current divider bridge (eq.5), Students can fit the 
experimental values of the (𝑈𝑅; 𝐼𝑅; 𝑃) = 𝑓(𝑅)curves and thus 
determine the value of the piezoelectric current’s amplitude I0, 
also called the short-circuit current (Fig. 8). Error bar of the 
voltage has been determined at the oscilloscope, and the students 
calculate the corresponding error bars of current and power. 

 

𝑈𝑅 = 𝑅 × 𝐼𝑅  (4)    𝐼𝑅 =
𝐼0

√1 + 𝑅²𝐶²𝜔²
⁄    (5) 

 

The amplitude of the open-circuit voltage UOC, another intrinsic 
property of the generator, is obtained by causing the load resistor 
R to tighten to infinity, and is given by the equation 6: 

 

𝑈𝑂𝐶 = 𝐼0/𝐶𝜔    (6) 

 

 



 

Figure 8. Amplitude of the current and voltage across the resistive load resistor 
R and the harvested power as a function of R. 

 

In addition to the generator characteristics I0 and Uoc that are 
clearly legible on the curves, students may notice that the power 
passes through a maximum for a given resistance Ropt. They are 
then asked to recover the theoretical value 𝑅𝑜𝑝𝑡 = 1/𝐶𝜔 of this 

resistance by solving the equation 
𝑑𝑃

𝑑𝑅
= 0. 

By injecting the Ropt value into the expression of 𝑃 = 𝑓(𝑅), 
we obtain the maximum value of the harvested power (eq.7). 

Figure 9. Amplitude of the output power at the optimal load resistor as function 
of the frequency of the applied mechanical excitation. 

 

𝑃𝑚𝑎𝑥 = 𝐼0
2/4𝐶𝜔    (7) 

 

To optimize the precision of the calculated values of the 
intrinsic properties of the generator, the students repeat the 
measurements at different frequencies, thus making it possible 
to plot the curve 𝑃𝑚𝑎𝑥 = 𝑔(𝑓) as shown in Fig. 9. They notice 

that the maximum power Pmax value is proportional to the 
excitation frequency. A linear regression is then required, and 

the obtained slope coefficient  is used for the calculation of the 
energy density 𝐸𝑆 = 𝛽/𝑉, where V is the volume of the 
piezoelectric capacitor. 

 

IV. FEEDBACK OF STUDENTS 

 
In the context of a dissemination campaign on scientific 

culture (“Passeport recherche”), 20 high school students in year 
one of a science and laboratory technology baccalaureate in 
France have taken this practical class (only the harvesting 
voltage part, not the determination of the piezoelectric 
coefficient). At the beginning of the school year, they had to 
choose between different subjects of scientific studies, and 
chose, along with their teachers, to work on the N-air-J project. 
Initially, two researchers from this project went to give an oral 
presentation to students in their high school. They introduced the 
context and objectives of the project, and explained the principle 
of piezoelectricity, which is the basis of the operation of the 
generators studied. Secondly, the students came to the science 
faculty of Nantes (France) to carry out a practical work on the 
piezoelectric generator, as described in  

Several weeks after doing the practical class, the students 
have answered to an anonymous survey. For each questions, 
they had to give a note ranging from 1 to 5 representing their 
agreement to the question (1: disagree; 5: totally agree). Results 
of the survey, including number of students who give the 
corresponding note and the average note per each question, are 
given in Table 1. Generally, the students did appreciate to 
experiment flexible piezoelectric generator and most of them 
understood the utility of the theoretical model to characterize the 
generator. However, they are not accustomed to fit experimental 
plots with formula, and the level of the practical session seems 
to be a little bit high for high school students. 

 

V. CONCLUSION 

 
Based on the research developed in the N-air-J project, a 

practical session has been build, in which a flexible piezoelectric 
generator is characterized. The production of a quasi-sinusoïdal 
voltage observable at an oscilloscope allows the students to 
apply theoretical knowledges, as resonance phenomenon of an 
oscillator, calculation of equivalent resistances, Ohm’s law and 
current dividers. They fit the experimental plots to the 
electrokinetic’s laws to determine the generator’s properties. 
Through this experience, they access to actual researches and 
can directly apply the basics of electricity in a concrete case. 

 

 

 

 

 



 

Table 1. Results of the anonymous survey 

 1 2 3 4 5 Note /5 

Does the renewable energies’ topic influence your 

choice of the study’s project? 
2 6 6 5 1 2.9 

Does the research’s project motivate you to learn 

electricity? 
2 7 4 7 0 2.8 

Does the research’s project allow to identify a real case 

of applied electricity? 
1 2 7 7 3 3.5 

Does the experimental course illustrate the research’s 

project? 
1 7 5 3 4 3.1 

Is the experimental course helpful to understand the 

interest of a theoretical model to study electricity?  
0 4 10 4 2 3.2 

Is the experimental course helpful to understand the 

interest the basics of electricity?  
3 4 4 7 2 3.1 
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