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Abstract: Energy harvesting through motion caused by wind is a unique way of finding an 

alternative energy source for several electronic devices. Piezo-electronic sensors, which harvest 

energy from small vibrations and movements, are investigated by many researchers nowadays. This 

paper conducted an experimental study to find an alternative energy source for diverse electronics 

with forced oscillations from a fan. The relations between the force applied by wind and the 

oscillation of a paper strip were studied. 
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1. Introduction 

The concept of energy harvesting is a significant trend, and methods to extract energy are being 

developed in real-time. Since electronic devices have a specific limit in secondary energy sources, such as 

pocket batteries, many can benefit from diverse energy harvesting methods. With the help of wind, it is 

possible to harvest energy from naturally occurring oscillations in electronic systems. One example is 

energy harvesting with flutter, a self-excited oscillation from a one-sided force, which takes advantage of 

the self-excitation of an object caused by wind. In this paper, piezoelectric sensors will use energy 

harvesting with oscillations induced by sinusoidal force from the wind. 

Energy harvesting with piezoelectric sensors has several advantages over electromagnetic sensors. 

They are lightweight, have high sensitivity, and have simple structures. This paper analyzes a model with 

a piezoelectric sensor attached to a paper strip by analyzing voltage change as wind speed was varied 

with a fixed frequency.  

2. Research Design, Data collection, and analysis Methods 

2.1. Study 1: Investigation of the linearity between the current and wind speed 

 As an attempt to harvest wind energy, mainly three parts were used: a fan, a paper strip, and a 

piezoelectric sensor. As shown in figure 1, the fan was at a 15cm distance from the paper strip, of 0.5-

gram weight and size of 162 x 24 x 0.11 mm. At 7 mm from the edge of the paper strip, an LDT0-028K 

piezoelectric sensor with negligible mass was attached. The fan was set to rotate, which led to a 

sinusoidal force. Then to set the force on the system as a variable, the wind speed was set to three levels, 

each of 1.3m/s, 1.7m/s, and 2.0m/s. 
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2.1.1. Design of Study 1  

Since this system is a forced oscillation, the model of the forced oscillation can be obtained as 

 

m𝑥̈ + 𝑘𝑥 + 𝑐𝑥̇ = 𝐹𝑐𝑜𝑠(𝜔𝑡) = F𝑒𝑖𝜔𝑡 

 

where 𝜔 represents the angular velocity of the oscillation, m𝑥̈ mass times acceleration, 𝑘𝑥 the returning 

force, and 𝑐𝑥̇ the damping force (15.7: Forced Oscillations, 2020). In order to find the amplitude of this 

oscillation, the following steps are taken: 

 

m𝑥̈ + 𝑘𝑥 + 𝑐𝑥̇ = 𝐹𝑐𝑜𝑠(𝜔𝑡) = F𝑒𝑖𝜔𝑡 

 

can be transformed into 

𝑋̈ +
𝑐

𝑚
𝑋̇ + 𝜔0

2𝑋 =
𝐹

𝑚
𝑒𝑖𝜔𝑡 . 

 

We can derive a function as a solution for the amplitude as 

 

𝑋 = 𝑋0𝑒
𝑖(𝜔𝑡−𝛿), 

 

where 𝛿 is the phase difference between the driving force and the natural frequency of the unforced 

system. By obtaining the solution of the equation, we finally obtain the amplitude of the oscillation, as 

shown below: 

𝑋0 =
𝐹

𝑚

√(𝜔0
2−𝜔2)2+(𝜔

𝑐

𝑚
)2

. 

  

With the equation for the amplitude derived, we now know that only the force applied on the paper 

strip and the frequency are the variables for the oscillation. However, in this specific study, the frequency 

of the driving force was set constant. Therefore, the experiment with the change of the level of wind from 

one to three is able to show the transformation of the amplitude of the oscillation at a fixed frequency. 

The oscillation amplitude is a variable for the function of output voltage, or the voltage harvested, 

leading to the function of output voltage as a function of force. Since the force applied to the system is 

also a function of the wind velocity of the fan, the output voltage can finally be modeled as 

 
𝑉𝑜𝑢𝑡 = 𝑘𝑣𝑛  

 

where 𝑣 is the air velocity and n determines the exponent of the power-law. 

 

2.1.2. Data collection and analysis methods for Study 1  

The output voltage was measured through the three wind levels and was analyzed through the chi-

squared method. 
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Figure 1. The experimental setup 

 

 
Figure 2. The LDT0-028K piezoelectric sensor 

3. Results 

3.1. Results of Study 1  

 To collect the data of the energy generated by the oscillation of the paper strip, a piezoelectric sensor 

LDT0-028K was used. Energy harvesting was done through three levels of wind, each of 1.3m/s, 1.7m/s, 

and 2.0m/s, and the voltage increased through the increase of wind speed. As shown in figure 3, as the 

wind speed increases, the voltage fluctuates around larger values. The data shows a sinusoidal shape due 

to the fan’s movement, which was applied similarly for the three data sets. 
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Figure 3. Comparison of the output voltage of 3 different wind speeds 

 

3.1.1. Linearity between wind speed and output voltage 

The data were fit to a power-law model using Chi-squared analysis. Taking the function 𝑉𝑜𝑢𝑡 = 𝑘𝑣𝑛 

and converting it to a linear model by taking natural logarithms of both sides, we obtain 𝑙𝑜𝑔𝑉𝑜𝑢𝑡 = 𝑙𝑜𝑔𝑘 +

𝑛𝑙𝑜𝑔𝑣, making the Chi-squared analysis simple. By setting x as the natural logarithms of air velocity, 

while setting y as the natural logarithms of the output voltages, a Chi-squared analysis with the six 

voltage values for each level was done to find the best fit for each parameter. A best is the best slope for x 

and y, and B best is 𝑙𝑜𝑔𝑘. The chi-square minimum was 1.87, with a good fit range of 0.55 to 5.45. With 

the constants for the A best and B best, the exponent of the power law was 2.56 and the constant k was 

found, and the constant k was found.  

 

Figure 4. Result of Chi-square analysis 
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4. Discussion and Synthesis 

The wind-driven oscillations have demonstrated the conversion of wind energy into electrical energy. 

In this paper, a model of forced oscillation has been set up to study the produced voltage through the 

oscillation of the paper strip with the piezoelectric sensor attached. The output voltage with the same wind 

frequency in different wind speeds showed a power law increase as the wind speed was controlled through 

three levels. The final equation derived through the results matched the given data. The wind harvester, 

through a piezoelectric pickup, was able to harvest electrical energy. However, the frequency may not be 

constant in natural settings; a further investigation would be needed to understand the effects of this extra 

variable. 
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