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Abstract

:

Energy harvesting is a clean technique for obtaining electrical energy from environmental energy. Mechanical vibrations are an energy source that can be used to produce electricity using piezoelectric energy harvesters. Vibrations and wind in bridges have the potential to produce clean energy that can be employed to supply energy to electronic devices with low consumption. The purpose of this paper was to validate the functioning of an energy harvester and test the electrical power generation potential of a system based on the oscillation of a rod with a tip mass to stimulate piezoelectric transducers by impact. The obtained results showed the electric energy productions for different test conditions. Experimentally, the proposed structure produced 0.337 µJ of energy after 14 s of testing. In addition, after one hour of operation, an estimated production of 10.4 mJ was obtained, considering four stacks of 25 piezoelectric disks each when periodic impacts of 50 N at 5.7 Hz stimulated the transducers. In future work, we will focus on taking advantage of the vibrations produced in the proposed structure induced by the mechanical vibration of bridges and vortex-induced vibration (VIV) through interaction with wind to produce clean energy that is useful for low-power applications.
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1. Introduction


Renewable energies are a type of energy from natural sources that are supplied faster than they are consumed. This fact allows their harmful effects on the environment to be lower than those of other types of energy. This type of energy generates less greenhouse gas emissions than fossil fuels. There is a type of energy named clean energy, which has a minimal impact on the environment. Solar, wind, and hydropower are the main sources of clean energy because they do not directly generate greenhouse gases. Energy harvesting is the process of obtaining clean energy by transforming energy circulating in the environment into electricity. Examples of these types of energy are heat, movement, vibrations, and radiation. Among the multiple sources of energy that circulate naturally in the environment, human activity has generated new sources of energy that have an artificial origin and can be exploited. The mechanical vibrations of traffic or buildings are examples of this type of energy. These energy sources have a high potential for the generation of clean energy using energy harvesting techniques [1,2].



Energy harvesting devices consist of three main parts: the energy source, the transducer, and the load. Because of the nature of this technology, the energy source should be naturally and periodically available, such as water flow in rivers, waves, wind, mechanical vibration on roads [3], and heat dissipated in a domestic water heater [4].



The transducer device is the element that makes it possible to transform the primary energy source into electrical energy. The type of transducer used depends on the nature of the primary energy source. For a mechanical energy source, a piezoelectric material or an electromagnetic induction element can be used. The load (the third component) is an element that consumes or stores energy; this element is important because it defines the capabilities of the energy-harvesting device in terms of the power supply it must and can provide [5,6].



Mechanical vibrations are a type of naturally occurring phenomenon in the environment. The main sources of vibrational energy that have been studied for energy harvesting are air and water flows, body motion, and vibrations in infrastructure caused by human activity [2]. Air and water flows are energy sources that have been studied in recent years. A large number of research has focused on the exploitation of the deformation produced in piezoelectric elements due to wind flow [7,8,9,10]. Also, multiple investigations have been carried out to take advantage of oceanic movements and the flow of water in channels and pipes [11,12].



Human activity in cities has generated different energy sources that can be harvested for electrical energy. The need for electronic instruments for signaling and monitoring structural conditions and the interest in installing other useful electronic devices in urban infrastructure have encouraged research into energy harvesting techniques [1,2,5]. Buildings, roads, and bridges have a high potential for piezoelectric generation of electrical energy due to the vibration generated by their interaction with wind, vehicular movement, and human traffic. Mechanical vibrations from bridges produced by pedestrian and vehicular traffic have been used to generate electrical energy by means of piezoelectric transducers [13,14,15,16]. The energy obtained has been used for lighting and monitoring the structural conditions of the bridge [1,5]. Most vibration energy harvesting systems are focused on the use of piezoelectric materials. In piezoelectric power generation systems, the use of a cantilever and cymbal are common [5,12,14,17,18]. Piezoelectric materials used in energy harvesters are mainly made of PZT, BaTiO3, and PVDF. Piezoelectric energy harvesting systems have great potential for obtaining clean electrical energy.



In piezoelectric energy harvesting systems, there are two main ways of coupling to maximize energy harvesting through mechanical vibrations [15,16]. One is to magnify the mechanical stress received by the transducer and the second is to take advantage of coupling modes that have higher energy conversion efficiency such as d33 (piezoelectric strain coefficient) coupling. The coupling of piezoelectric transducers for mechanical vibration energy harvesting is mostly performed in the 31 direction for ease of installation; however, this results in poor energy generation compared to 33 coupling due to its greater piezoelectric coefficient d33 compared to the d31 coefficient [19,20]. For this reason, new methods for exploiting d33 coupling have been explored. Among the d33 coupling alternatives explored, there are generators that use the impact-induced vibration of piezoelectric transducers [21]. The advantages of these systems are the simplicity of the system and their dependence on relatively low frequencies compared to other transduction mechanisms. The direction d33 indicates that the mechanical force is exerted in the same direction as the polarization of the piezoelectric material. The direction d31 indicates that the force is exerted perpendicular to the polarization of the piezoelectric element. Another way to stimulate piezoelectric materials that have been explored is to transform the kinetic energy of the wind in vibration. This vortex-induced vibration (VIV) of a circular cylinder is then used to stimulate the piezoelectric transducers [9,22,23].



The purpose of this paper is to test the functioning of a piezoelectric energy harvester and estimate the electrical power generation potential of a system (mast-type structure) based on the oscillation of a rod with a tip mass to stimulate piezoelectric disks in direction 33 by impact. In this sense, the future aim is to take advantage of the vibrations produced in the proposed structure induced by the mechanical vibration of bridges and VIV through interaction with wind to produce clean energy.




2. Materials and Methods


2.1. Characterization of Piezoelectric Transducers


The piezoelectric transducers used to test the energy generation through mechanical energy harvesting were commercial piezoelectric disks made of PZT with dimensions of 100 µm thickness and 12 mm diameter. One side contained a silver electrode and the other side had a brass electrode. The transducers were electrically characterized in order to obtain their piezoelectric and dielectric characteristics.



The d33 and g33 coefficients were obtained using a homemade piezoelectric characterization system, including a force sensor (FSR402) conditioned to provide a voltage proportional to the stimulation force and a charge amplifier based on a TL084 operational amplifier using a 100 kΩ feedback resistor and a 100 nF feedback capacitor, as shown in Figure 1a. The output of the charge amplifier and the voltage generated by the force sensor were analyzed using an oscilloscope (TBS-1000 C Tektronix). Additionally, Figure 1b shows the rectifier circuit used to charge a 1 µF capacitor in which the harvested energy was stored.



The piezoelectric disks were stimulated by a force of 50 N at 1 Hz, using an oscillating rod by displacing it 15° from its equilibrium axis. The piezoelectric coefficient d33 was calculated by dividing the peak of the charge generated on the piezoelectric disk by the peak of the stimulating force. The piezoelectric voltage coefficient g33 was obtained through Formula (1):


   g  33   =    d  33      ε r  ·  ε 0     



(1)







The permittivity of the piezoelectric transducer was obtained by measuring the capacitance on an LCR bridge meter (BK Precision 880) using Formula (2):


   ε r  =    ε 0  · A   d · C    



(2)




where A is the contact surface of the piezoelectric disk, d is the thickness, C is the capacitance, and    ε 0    is the vacuum permittivity.




2.2. Three-Dimensional Structure for Piezoelectric Impact Generation


To manufacture the mast-type structure that will allow the use of mechanical energy from the vibrations of bridges and the interaction with the wind, a 3D design was made through Solid Works software and printed in PLA through a Creality Ender V2 3D printer, considering an extruder temperature of 220 °C, a bed temperature of 60 °C, a percentage of hexagonal filling of 20%, and a printing layer height of 0.28 mm. The structure of the proposed energy harvester is composed of 4 parts: the mast (a threaded steel rod with a diameter of 6.35 mm), the support base where the mast and the cylinder containing the piezoelectric disks are fixed, and the upper cylindrical structure, which is fixed to the tip of the rod and interacts with the wind through the vibration induced by the vortex. This last part has containers to place calibrated masses of 50 g. This system allows the vertical simultaneous impact of 4 stacks of piezoelectric disks with a diameter of 12 mm induced by the oscillation of the rod. The mentioned design with its dimensions can be seen in Figure 2.




2.3. Testing of Electric Power Generation


The operating principle of the proposed energy harvester is based on transforming the mechanical vibrations of a pedestrian bridge and the kinetic energy of the wind into electrical energy. The mechanical energy collected is transformed into an oscillation of the rod impacting the piezoelectric disks. This phenomenon produces electrical charges that allow a capacitor to be charged. To test the functioning of the proposed system for piezoelectric generation of energy by impact, an experimental setup was carried out (Figure 3). These tests were performed using the design shown in Figure 2 for a single piezoelectric disk without using the piezoelectric-containing cylinder to control the impact of one of the cross-type structures attached to the rod. This setup consists of a movable support for placing the force sensor and a piezoelectric transducer. The electrical energy generated by the impact of the rod on the piezoelectric disk is transformed into voltage using a charge amplifier (Figure 1a). In this first test, the force generated by the impact and the voltage obtained by the piezoelectric transducer were analyzed. Simultaneously, an accelerometer was used to detect the movement of the rod when it was stimulated. In this case, the stimulation of the rod was induced by displacing it 10° from its equilibrium axis. This displacement caused an impact force on the piezoelectric disks that was reproducible for the different test conditions. The tests were carried out three times for each of the test conditions. Steel rods of 44 cm and 88 cm with tip masses of 0 g, 100 g, and 200 g for each one were used to study the effect of such conditions on the generation of electrical energy. Subsequently, the experimental tests were repeated for charging a 1 µF capacitor using the rectifier circuit shown in Figure 1b. The response was analyzed through the oscilloscope.




2.4. Mechanical Interaction between the 3D Printing Material and the Piezoelectric Disk


To know the risk of yielding in the 3D-printed cross-type structure impacting the piezoelectric disks, the maximum contact pressure for impact from 0.1 to 55 N was calculated. The Hertz formula was applied to determine the contact area dimension (Formula (3)) and the maximum contact pressure (Formula (4)) under normal loads ranging from 0.1 to 55 N for PLA and ABS materials for comparison.  F  is the normal load,   R ′   is the reduced radius (4.95 mm for this case), and    E *    is the reduced elastic modulus.    E *    was calculated using Formula (5), where    v 1   ,    v 2    and    E 1   ,    E 2    are Poisson’s ratios and Young’s modules of contact materials, respectively. The mechanical properties used to calculate P0 are shown in Table 1.


  a =     3 × F ×  R ′    4 ×  E *     3   



(3)






   P 0  =   3 × F   2 π ×  a 2     



(4)






   1   E *    =   1 −       υ   1  2     E 1    +   1 −       υ   2  2     E 2     



(5)








2.5. Estimation of Harvested Energy Using Multiple Piezoelectric Disks


The energy harvester shown in Figure 2 proposes a structure that allows the simultaneous impact of 4 stacks of piezoelectric disks as the rod oscillates and impacts the walls of the cylinder containing the transducers. To know the energy generation potential of the proposed system considering simultaneous impacts for 4 stacks of 25 piezoelectric transducers and the natural frequencies of oscillation of the rods, the energy accumulated in a capacitor of 1 µF for the piezoelectric disks of PZT with a 12 mm diameter was calculated using Formula (6). The calculation was performed for 1 h of stimulation for periodic impacts from 0 to 50 N and frequencies of 1.1 and 1.8 Hz for the 44 cm rod with 0 and 200 g of tip mass, and 3.3 and 5.7 Hz for the 88 cm rod with 0 and 200 g of tip mass.


  E =  1 2    C ×  V 2   



(6)








2.6. On-Site Tests of the Oscillatory Behavior of the Proposed Generator on Footbridge


Pedestrian bridges are interesting sites for collecting mechanical energy since they are susceptible to vibrations generated by pedestrians and vehicle traffic. Furthermore, due to their height, the available wind resource is greater than that at ground level. Both stimuli generate an oscillation in the proposed structure, as exemplified in Figure 4. To analyze the energy potential obtained by the structure, the magnitude of the acceleration obtained in the structure was measured for 150 s. Subsequently, the data (5000 points) were processed through the Fourier Fast Transform to obtain the vibration frequencies of the 44 and 88 cm rods with masses of 0 g and 200 g. The tests were carried out on a pedestrian bridge located on a highway with a constant flow of vehicles.





3. Results


3.1. Characterization of Piezoelectric Transducers


The piezoelectric properties of the piezoelectric transducers used are shown in Table 2. In Table 2, the piezoelectric strain coefficient (d33), the capacitance of the piezoelectric element (Cp), the relative permittivity (εr), and the g33 coefficient can be seen. The values obtained follow the values reported in the literature, which demonstrates the validity of the piezoelectric characterization carried out.




3.2. Testing of Electric Power Generation


Figure 5a–c show the piezoelectric response graphs of the transducers when stimulated by the 44 cm rod. In each impact, an electrical charge is generated, and it is transformed into voltage by means of a charge amplifier. It is possible to observe the damped response of the generator as the impacts are of lower amplitude. Furthermore, it is evident that the impact force increases with increasing mass at the tip of the rods, which is also manifested by a greater generation of voltage in the piezoelectric transducer. Figure 5d–f show the general accelerations in the rod when it is displaced 10° in the same impact axis. The oscillation frequency decreases as the tip mass of the rod increases (from 5.8 Hz to 3.5 Hz); this behavior is expected for an oscillating rod with tip mass.



Figure 6a–c show the piezoelectric response graphs of the transducers when stimulated by the 88 cm rod. In each impact, an electrical charge is generated that is transformed into voltage by means of a charge amplifier. It is possible to observe the damped response of the generator as the impacts are of lower amplitude; however, the damping is less than that of the 44 cm rod. It is also evident that the impact force increases with increasing mass at the tip of the rods. Unlike the response obtained for the 44 cm rod, in this case, the voltage in the piezoelectric transducer decreased as the mass of the tip of the rod increased. Figure 6d–f show the accelerations generated in the rod when it is displaced 10° in the same impact axis. The oscillation frequency decreases as the mass at the tip of the rod increases (from 2.1 Hz to 1.4 Hz), which is in line with what is expected for an oscillating rod with mass at the tip. In this test, it is possible to observe how the oscillation is maintained for a greater amount of time.



Figure 7 shows the charge of a 1 µF capacitor connected to the rectified piezoelectric voltage (rectifier circuit shown in Figure 1), while it is stimulated by the oscillating rod, as shown in Figure 5 and Figure 6. In Figure 7a, it is observed that the 44 cm rod with a tip mass of 200 g charges the capacitor at a higher voltage. This corresponds to the voltage amplitude observed in the graphs shown in Figure 5. In Figure 7b, the charge of the capacitor for the 88 cm rod can be seen; in this case, the behavior is similar for the different test masses, which is consistent with the results shown in Figure 6. The proposed structure produced 0.215 µJ of energy after 3 s of testing for the 44 cm rod and 0.337 µJ of energy after 14 s of testing for the 88 cm rod.




3.3. Comparison of the Mechanical Behavior of the Impacting Material


The maximum contact pressure for the PZT disk varies with the applied load. The graph in Figure 8 details the relationship between the contact pressure and the normal load, providing a precise understanding of how these materials interact under different load conditions. This analysis is essential for predicting potential failures and optimizing the use of PLA and ABS materials impacting the PZT disks. Considering the yield strength properties of PLA and ABS at 60 MPa and 43 MPa, respectively, it can be concluded that PLA resists higher impact forces. Furthermore, PLA is a biodegradable polymer, which makes it more convenient to use for this application.




3.4. Simulated Behavior of the Power Generation System


Figure 9 shows the estimated production of energy after 1 h of continuous impacts from 0 to 50 N, considering the natural frequencies of oscillation of the rod with 0 and 200 g tip masses. The maximum energy harvested for periodic impacts at 1.1 Hz, 1.8 Hz, 3.3 Hz, and 5. 7 Hz at 50 N were 1.9 mJ, 3.2 mJ, 5.9 mJ, and 10.4 mJ, respectively.




3.5. On-Site Tests of the Oscillatory Behavior of the Proposed Generator on Footbridge


Figure 10 and Figure 11 show the accelerations in the test rods caused by the vibration of the test bridge and the wind interacting with the proposed cylindrical structure. Resonance frequencies of 5.7 Hz and 3.3 Hz were obtained for the 44 cm rod with a mass of 0 g and 200 g, respectively. Resonance frequencies of 1.8 Hz and 1.1 Hz were obtained for the 88 cm rod with a mass of 0 g and 200 g, respectively. The resonance frequencies correspond to the oscillation frequencies obtained in the laboratory tests (Figure 5 and Figure 6).





4. Discussion


4.1. Testing of Electric Power Generation


Figure 12 shows a comparison of the maximum amplitudes obtained from the electrical generation tests for the 44 cm rod. In Figure 12a, it can be seen that the acceleration of the rod decreases as the tip mass of the rod increases. Despite this behavior, the impact force increases since it is directly related to the oscillating mass. The voltage produced by the transducer increases as the impact force increases, which follows the piezoelectric response to force stimuli. As there is a higher voltage, there is also a greater storage of energy in the capacitor. The evidence obtained is important because although the impact frequency decreases as the tip mass of the rod increases, the increasing impact force generates more energy. It will be necessary to do tests in the future to find the optimal mass that produces the greatest amount of energy.



Figure 13 shows a comparison of the maximum amplitudes obtained from electrical generation tests for the 88 cm rod. In Figure 13a, it can be seen that the acceleration of the rod decreases as the mass at the tip of the rod increases, in a behavior similar to that obtained for the 44 cm rod. For these conditions, the impact force also increases since it is directly related to the oscillating mass. In Figure 13b, an interesting result can be observed: the voltage produced by the transducer decreases as the impact force increases, which does not correspond to the usual piezoelectric response to force stimuli. The results shown in Figure 6d–f can explain the observed phenomenon. The acceleration in the negative direction presents an imbalance with respect to that in the positive direction. This behavior was not observed in the oscillations of the 44 cm rod (Figure 5d,e). In addition, in the second mode shape of the vibrations of the rod used as an energy harvester, the increase in rod tip mass produces a decrease in rod displacement, resulting in lower power, as reported in the literature [24]. In addition, as observed in the deformed acceleration plots in Figure 6, a second mode vibration may have occurred in the long rod with a higher tip mass, which reduced power generation. The nature of the resistive force sensor with respect to the piezoelectric response could explain the contradictory response of the lower voltage generated for a higher impact force. Since there is a lower voltage, there is also less energy storage in the capacitor; however, the frequency at which the piezoelectric transducer is stimulated is also important, so the response observed in Figure 13 b can be explained by this fact.




4.2. Simulated Behavior of the Power Generation System


The harvested energy obtained by the piezoelectric transducers when impacted by periodic 50 N forces is similar to the piezoelectric response of other energy harvesting systems, as observed in Table 3, which is evidence of the potential of the proposed structure for the generation of clean energy by taking advantage of the mechanical energy present in the vibrations of pedestrian bridges and the vibration caused by the resonance effect of the wind.




4.3. On-Site Tests of the Oscillatory Behavior of the Proposed Generator on Footbridge


The results observed in Figure 10 and Figure 11 show a coincidence in the oscillation frequencies generated in the test rods when they are mechanically stimulated. However, the accelerations obtained in the rods are around 20 times smaller than those obtained in the laboratory with displacements of 10°. This fact is manifested by the response of the piezoelectric transducer when stimulated with a lower acceleration. In preliminary tests, open-circuit voltages for the transducers used were between 50 and 100 mV. This information is useful for proposing new designs with different rod lengths, a greater amount of test masses, and other geometric structures that allow maximizing the acceleration obtained in the rods by the interaction of the system with the vibrations of the bridge and the wind.





5. Conclusions


This study demonstrates the potential of harnessing mechanical vibrations in bridges to generate clean electrical energy using piezoelectric energy harvesters. By employing a rod with a tip mass to stimulate piezoelectric transducers through impact, the experimental setup achieved an energy production of 0.337 µJ over 14 s and an estimated 10.4 mJ after one hour under specified conditions, which is consistent with other studies on piezoelectric energy harvesters. In addition, the design of the proposed energy harvester can be amplified in size, which would allow stimulating a larger number of piezoelectric disks of larger diameter and simultaneously generating a larger amount of energy. These findings validate the system’s functionality as an energy harvester and highlight its capability to supply power to low-consumption electronic devices. The results obtained in this research will allow the design of the proposed device to be redirected to take advantage of environmental mechanical energy. Future research will focus on optimizing the use of bridge vibrations and vortex-induced vibrations (VIV) to further enhance energy production for sustainable low-power applications.
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Figure 1. (a) Charge amplifier and (b) full bridge rectifier circuits used to characterize the piezoelectric disks and store the harvested energy. 
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Figure 2. Design of the proposed structure for the generation of electrical energy from mechanical energy using simultaneous impacts on piezoelectric stacks. (1) Mast, (2) support base, (3) cylinder containing the piezoelectric disks, and (4) upper cylindrical structure. 
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Figure 3. Experimental setup for piezoelectric response to rod impact. 
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Figure 4. Interaction of bridge vibrations and wind with the proposed electrical generator. 
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Figure 5. Piezoelectric response and impact force obtained from 44 cm long rods with (a) 0 g, (b) 100 g, and (c) 200 g tip masses. Acceleration response from oscillating 44 cm long rods with (d) 0 g, (e) 100 g, and (f) 200 g tip masses. 
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Figure 6. Piezoelectric response and impact force obtained from 88 cm long with (a) 0 g, (b) 100 g and (c) 200 g tip masses. Acceleration response from 88 cm long oscillating rods with (d) 0 g, (e) 100 g, and (f) 200 g tip masses. 
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Figure 7. Voltage in the capacitor and the stored energy shown at the end of the curves were obtained by stimulating the piezoelectric transducers with the impact of the (a) 44 cm long oscillating rod and (b) 88 cm long oscillating rod, each with different tip masses. 
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Figure 8. Mechanical behavior of the polymer structure for impacts from 0 to 50 N. 
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Figure 9. Estimated production of energy obtained after 1 h of operation considering 4 stacks of 25 piezoelectric disks each for (a) 1.1 Hz, (b) 1.8 Hz, (c) 3.3 Hz, and (d) 5.7 Hz of periodic impacts from 0 to 50 N. 
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Figure 10. (a) The resonance frequency of the 44 cm rod with a mass at the tip of 0 g when stimulated by the vibration of the pedestrian bridge and the interaction with the wind (Inset: accelerations obtained during a recording of 150 s). (b) The resonance frequency of the 44 cm rod with a tip mass of 200 g when stimulated by the pedestrian bridge vibration and the interaction with the wind (Inset: accelerations obtained during a 150 s recording). 
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Figure 11. (a) The resonance frequency of the 88 cm rod with a mass at the tip of 0 g when stimulated by the vibration of the pedestrian bridge and the interaction with the wind (Inset: accelerations obtained during a recording of 150 s). (b) The resonance frequency of the 88 cm rod with a tip mass of 200 g when stimulated by the pedestrian bridge vibration and the interaction with the wind (Inset: accelerations obtained during a 150 s recording). 
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Figure 12. (a) Acceleration and maximum impact force; and piezoelectric and (b) capacitor voltage obtained from the interaction of the piezoelectric transducers and the 44 cm oscillating rod. 
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Figure 13. (a) Acceleration and maximum impact force; and piezoelectric and (b) capacitor voltage obtained from the interaction of the piezoelectric transducers and the 88 cm oscillating rod. 
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Table 1. Mechanical properties of the contact materials.






Table 1. Mechanical properties of the contact materials.





	Material
	Young’s Modulus (Gpa)
	Poisson’s Ratio
	Yield Strength (MPa)





	Brass
	89.6
	0.35
	379



	PZT
	52
	0.34
	150



	ABS
	1.9
	0.33
	43



	PLA
	2.3
	0.38
	60










 





Table 2. Piezoelectric and dielectric properties of the transducers.






Table 2. Piezoelectric and dielectric properties of the transducers.





	d33 [pC∙N−1]
	Cp [nF]
	εr
	g33 [ mV∙m∙N−1]





	224
	12.5
	1249
	20.2










 





Table 3. Comparison of the stored energy for different piezoelectric energy harvesters.
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	Piezoelectric Material
	Charging Time
	Applied Force (N)
	Stored Energy (mJ)
	Ref





	PZT
	2 h
	85 N
	110
	[25]



	PZT
	16 h
	-
	44
	[26]



	PZT
	3 h
	-
	76.3
	[27]



	PVDF
	200 s
	-
	0.023
	[28]



	PZT
	1 h
	50 N
	10.4
	This work
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