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Abstract: Owing to the escalating adoption of IoT systems across various domains, the demand for mobile and wireless
power sources has surged. Although conventional batteries typically serve as energy storage components, the current
low-power consumption devices necessitate eco-friendly alternatives. In this study, we designed, fabricated, and char-
acterized an energy harvesting device that repurposes mechanical vibrations. A three-beam design was employed to
harvest energy across a broader range of potential frequencies. Finite element models were simulated to ascertain the
first bending moment for both sets of beams. A nanostructured piezoelectric multilayer film made of ZnO was depos-
ited onto an AISI 304 steel substrate, and a photosensitive resin seismic mass was implemented. Low-cost techniques
generating minimal environmental waste were leveraged in the fabrication process. The piezoelectric film was depos-
ited using a spray nebulization technique involving recycled materials and cost-effective equipment. Micrographs of
the layers unveiled the presence of nanospheres with diameters of 250 nm. Employing a custom-made shaker, output
voltages of 1.08 V and 180 mV, and power outputs of 1.849 uW and 16.2 nW were achieved for each set of beams. The
electrical characterization was conducted using a custom-made shaker, repurposing materials for this objective.

Keywords: ZnO; multilayer film; vibration energy harvester; spray deposition; piezoelectric generator; nanostructured
material

1. Introduction

The demand for energy continues to rise due to the increasing use of portable electronic devices and the growing
global population. However, the use of fossil fuels for energy generation has resulted in significant ecological damage
to the planet's flora and fauna [1]. To address this issue, researchers are exploring the use of energy harvesting technol-
ogies to collect and reuse surrounding energy to power low-power devices.

According to a recent study, it is projected that the number of interconnected devices will grow in the coming
years, reaching 50 billion by the year 2030 [2-4], many of which are constantly connected due to the growing use of the
Internet of Things (IoT) concept [5,6]. This trend has been fueled by the development of micro and nano devices, which
can serve as actuator designs or data transfer devices and can be installed ubiquitously due to their small size [7-9].
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Therefore, the increasing implementation of IoT devices and the recent emergence of Artificial Intelligence of
Things (AloT) systems in various areas have brought about a greater demand for innovative solutions for mobile and
wireless power sources [10,11]. In spite of the prevalence of traditional batteries, used as energy storage elements, the
current technology landscape is marked by limitations in its development that restrict their performance [12-15]. Fur-
thermore, in some applications such as remote structural monitoring, battery charging or replacement may be expensive
or infeasible, making it necessary to maintain a constant and uninterrupted power supply for IoT networks [16,17].

For mitigating this obstacle, researchers are improving the utilization of energy harvesting technologies to gather
and repurpose surrounding energy to power low-power consumption devices. These generators utilize micro and nano
electromechanical systems (MEMS/NEMS) technology, which enables its operation with low energy consumption,
thereby driving research into more efficient energy harvesting generators [18,19]. Hence, the demand for smaller and
more portable power supply has been increasing, driving research towards more efficient energy harvesting technolo-
gies [20].

The concept of energy harvesters (EHs) has become an important area of research due to their potential as a sus-
tainable and portable energy source for small-scale electronics. EHs are capable of powering electronic devices without
the need for traditional batteries, offering advantages such as lower weight, reduced size, longer lifetime, and lower
environmental impact [21]. This emerging technology has gained significant attention from researchers as a promising
solution to the increasing demand for sustainable and portable electronics due to the development of low-energy con-
sumption devices [22].

Consequently, EH technology has become a has become a crucial topic, necessitating evaluations of EH generator
designs and manufacturing techniques to address current energy demands. Furthermore, the development of more
efficient energy harvesting technologies has led to the creation of new opportunities for powering low-power devices
[23]. Moreover, the areas in which this technological development can be leveraged are extensive, encompassing
healthcare, environmental monitoring, military, home automation, and industrial automation, among others [24,25].
This study introduces a new design for a piezoelectric EH microgenerator, which comprises two sets of beams surfaced
by a nanostructured multilayer of zinc oxide (ZnO) to transduce energy. The fabrication process used in this research
to achieve the acquisition of multilayer films for converting mechanical vibrations into electrical power, exhibited a
nanostructure composed of nano-spheres, with the novelty of utilizing low-cost equipment for their deposition onto the
device beams. The EH was characterized and found to produce an output voltage of 180 millivolts and a power of 16.2
nW at 58.5 Hz, and an output voltage of 1.08 volts and a power of 1.84 uW at 35 Hz. Our findings suggest that the novel
EH generator design holds potential for applications in sustainable and portable electronics.

2. Methodology

The development of the energy harvester began by designing its geometry using computer-aided design software
(CAD). Numerical modeling and simulations were subsequently performed on the design using this architecture. The
harvester comprises an AISI304 stainless steel substrate onto which a piezoelectric film is deposited, with ZnO used as
the transducer. An upper electrode is placed over the film, and both the electrode and substrate conductivity are utilized
to extract energy generated by the harvester during operation. An upper electrode is placed over the piezoelectric film,
utilizing the conductivity of both the electrode and substrate to extract the energy generated by the harvester during
operation. Finally, a seismic mass made of resin is used at each end of each beam set to increase the stresses that promote
energy production. The beam dimensions are managed within a range of 12 to 17 mm in length, following a trapezoidal
pattern. Piezoelectric energy harvesters have been demonstrated to achieve power levels in the range of 1-50 uW for
typical ambient vibrations [26], or even over 100 uW with the caveat of using large accelerations and robust harvesters
[23,27]. It is possible to improve the sensitivity of the energy harvesters in the frequency ranges available in the envi-
ronment, usually up to 624 Hz [28].

The fabrication process consists of four stages, starting by cleaning the substrate to avoid impurities affecting sub-
sequent processes. Then, micromachining is carried out, where the geometric pattern is transferred onto the substrate
to obtain the proposed geometry for the energy harvester. After obtaining the substrate with the topology of the beams
that compose it, the piezoelectric material is deposited, and a conductive electrode is placed on the top surface of the
piezoelectric film. Finally, the obtained ZnO film was characterized, along with a mechanical characterization to deter-
mine the electrical power provided by the energy harvester. The following lines provide a comprehensive explanation
of the details of each process, including the corresponding parameters, which are crucial for the successful fabrication
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of the proposed energy harvester. These details are also essential for the characterization of the device and the evalua-
tion of its performance.

2.1. Device design by CAD software

One of the current challenges in EH system design is the topology of the device, the materials utilized, and the
resonant frequency, as previously mentioned. To achieve these challenges, a system composed of two sets of beams was
designed using CAD software to harness ambient vibrations by exhibiting two distinct resonant frequencies [29]. The
proposed topology consisted of a system of two sets of clamped beams, a central beam, and a pair of external beams
connected at one end. The architecture design proposal for the geometry included beam length, piezoelectric film thick-
ness, seismic mass dimensions, and material selection, as all these factors affect the device's energy generation. AISI304
stainless steel was employed as the base material, serving as the substrate and the lower electrode for energy harvesting.
Figure 1 illustrates the designed Piezoelectric Energy Harvesting (PEH) device's schematic.

Figure 1. Schematic diagram illustrating the PEH device made in this project.

The dimensions of the beams that comprise the device are shown in Figure 2. The central beam has a base of 5.10
mm, a height of 12 mm, and a width of 3.8 mm at its opposite end. Meanwhile, the external beams have a base of 4.5
mm, a height of 17 mm, and a width of 1.8 mm at their opposite ends. These beams are proposed in a trapezoidal shape,
which promotes a better distribution of the stresses present in the beam and improves energy harvesting [30-34]. This
distributes the stresses along the beam, preventing them from accumulating at the base of each one [35], a phenomenon
that occurs when the structure is based on a rectangular design. The literature indicates that the design directly affects
the base excitation of the beam [36], resulting in a 30% increase compared to rectangular based designs [36].
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Figure 2. Measurements of the micro-power generating device.

In the literature, piezoelectric energy harvesting (EH) devices using silicon substrates have been reported, but these
devices are limited by the fragility of the material, which increases the risk of fracture with large vibrations [37]. To
overcome this issue, we designed a substrate using SS304 stainless steel, which is ductile, maintains its strength even
with thicknesses in the order of microns, and can withstand the necessary temperatures during the manufacturing pro-
cess. Additionally, a photosensitive resin seismic mass measuring 4x4x2 mm is implemented at the end of the central
beam.
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The remaining pair of beams are connected by a seismic mass of the same material, measuring 3x15x4 mm. Seismic
masses are used in resonators as elements that can increase or decrease the resonant frequency of the device. The greater
the seismic mass, the lower the resonant frequency [35]. As part of the design, the layers to be deposited on the substrate
are considered, firstly, a multilayer ZnO film with a thickness of 1 micrometer, a top electrode, and finally, the two
seismic masses mentioned above, as shown in Figure 3. In this device, the substrate also functions as the bottom elec-
trode, which is necessary for energy extraction from the microgenerator.

rl Seismic mass D Upper electrode l:l ZnO film . 55304 substrate
Figure 3. Layers of material composing the cantilever beams of the PEH device.

2.2 Finite Element Model

To predict the behavior of the beams and determine their resonance frequency, finite element models (FEM) were
developed using ANSYS® software based on the CAD design. The models considered the SS304 stainless steel substrate
(50 pm thick), the piezoelectric film (1 um thick), and the seismic masses. The upper electrode was neglected in these
calculations due to its thinness, reducing the computation time and the number of elements required.

The beams were fixed at one end, and only the opposite end was allowed to move. Modal analysis was performed
using FEM to obtain the first mode of vibration of the resonant structures. Each set of beams were simulated separately,
with the outer set of beams using a mesh with 55,218 nodes and the central beam using a mesh with 55,579 nodes,
creating a denser mesh and finer consistency in the area where the greatest stresses will occur due to the movement of
the beams. as shown in Figure 4.
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Figure 4. Meshing of the beams used in the simulation of this work, (a) showing the external beams device applying a
mesh with 55,218 nodes, and (b) illustrating the central beam using a mesh with 55,579 nodes.

The first mode of vibration where the largest displacements are found was at a resonance frequency of 56,942 Hz
for the central beam, while for the pair of external beams it occurs at 34,727 Hz. Figure 5 shows the results obtained
using ANSYS® software of the deformation that exists in the beams at these frequencies.
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Figure 5. Deformation at resonant frequencies of the microgenerator structure at the (a) center beam and (b) outer beams.

2.3 Micromachining

To initiate the manufacturing process, the substrates were cleaned, as impurities due to their manufacturing pro-
cess affect the adhesion of the films to be deposited on them. Sheets of SS304 steel measuring 1.5x1.5 cm were placed in
a beaker submerged in an ultrasonic bath. After rinsing with distilled water, they were introduced into a second ultra-
sonic bath, placed in a beaker with distilled water only for 5 minutes at 60°C, and then dried with compressed air.

After the cleaning process, alignment-marked masks were created in a guard-ring position to convey the geometry
of the PEH. The pattern was then printed using the pre-press technique to achieve higher resolution and image quality,
facilitating the subsequent fabrication of PEH. A photosensitive polymer or dry film was applied to protect the areas of
the stainless-steel substrate that were not intended to be etched. A mask with the desired geometry was then placed on
the substrate, and the substrate was exposed to UV light for 2 minutes. This mask protected the areas that were not to
be etched, and the substrate was developed using a mixture of 50 ml of distilled water and 0.5 grams of sodium car-
bonate. The etching process was carried out via electrolysis after applying a dry film to the substrate with a copied
topology. To etch the substrate, a mixture of 100 ml water and 100 grams of sodium chloride was prepared and placed
according to the configuration shown in Figure 6 (a). The voltage applied was 18.5 volts DC for 5 minutes, which re-
sulted in the desired geometry (Figure 6 b).

The micromachined substrate (Figure 6 c) was inspected, particularly at the corners and joints, to qualitatively
evaluate the etching, where appropriate definition was confirmed under an optical microscope. The same figure also
demonstrates that the angles obtained by the beams after micromachining were suitably defined.

185V

(a) (b) (0

Figure 6. Micromachining process by electrolysis. (a) Diagram in which the mixture of water with sodium chloride per-
forms micromachining by electrolysis when applying a voltage of 18.5 V. (b) Image showing the micromachining moment.
(c) Image captured by an optical microscope showing the substrate after the micromachining process.
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The micromachining methodology for the collector is shown in Figure 7 and is as follows:

1. Substrate protection with dry film: The substrate was protected with dry film, pre-
venting the incorporation of clusters and bubbles on the surface.

2. Lamination: The substrate with dry film is laminated with a commercial laminator.
This process is carried out on both sides of the substrate.

3. Alignment: The mask is aligned with the substrate previously protected with dry
film.

4. UV light exposure: The mask is exposed to ultraviolet light for 3 seconds.

5. Development: In a solution of 50 ml distilled water and 0.5 grams of sodium car-
bonate, the substrate is developed, and after 30 seconds, excess dry film is removed.

6. Wet etching: a mixture of 100 ml water and 100 grams of sodium chloride was pre-
pared, and a voltage of 18.5 V DC was applied for 5 minutes to remove the steel that
does not belong to the PEH device structure.

7. Dry film cleaning: The etched substrate is cleaned with acetone.

2.4 Piezoelectric Film Synthesis and Deposition

The procedure employed for synthesizing the material for multilayer film deposition consisted of a combination
of sol-gel chemistry, which involves hydrolysis and condensation reactions [38]. Zinc acetate dihydrate was utilized as
a precursor, while monoethanolamine (MEA) was used as a catalyst and ethanol as the solvent, which proved to be
more cost-effective and accessible for large-scale synthesis. The catalyst and solvent play a crucial role in the hydrolysis
and condensation rates as well as the structure of the final product [39]

A
Protection of the Protection of the
Cleaning process substrate with dry film Lamination on side A substrate with dry film
on side A on side B

Exposure to
ultraviolet light

Lamination on side B Alignment Development

Cleaning of dry film Etched substrate

Wet etching

Figure 7. Diagram summarizing the complete process of substrate cleaning, photolithography, micromachining, and wet
etching used to fabricate the PEH substrate.
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The process involved mixing 14 ml of ethanol and 1.55 mg of zinc acetate for 15 minutes at 80°C with continuous
stirring in a stirring rack. Following this, 430 pl of monoethanolamine were added to the mixture, resulting in a trans-
parent solution. The synthesis was carried out under ambient conditions, with a temperature of 25°C and a relative
humidity of 70%.

Following the synthesis process, a spray deposition technique was employed to deposit multilayer films. This tech-
nique was carried out while maintaining a constant pressure of 35 psi, an ambient temperature of 36°C, and a relative
humidity of 70%. In order to maintain this pressure, a commercial-grade Trupper model COMP-50LT of 50 liters com-
pressor was utilized. A commercial-grade nebulizer cup was attached to the compressor's outlet, and the solution con-
taining the specified quantities of precursor, catalyst, and solvent employed in the sol-gel synthesis process was intro-
duced into the nebulizer cup. The constant pressure provided by the compressor agitates the liquid contained in the
nebulizer cup, converting it into a fine mist of vapors directed towards a preheated stirring grate at 100°C. The resulting
film is deposited onto a previously micromachined stainless steel substrate. A chamber made from previously sterilized
recycled materials was adapted to contain the aerosol. Once the chamber becomes saturated, the vapor droplets are
deposited onto the substrate.

A multilayer deposition was carried out, where the precursor synthesis solution was used in each layer for a du-
ration of 10 minutes at a deposition temperature of 100°C, resulting in a film with 10 layers deposited through the
aforementioned process. After the completion of the multilayer film deposition, a post-thermal treatment was executed
subsequent to rapid annealing. This procedure was implemented with the aim of transforming amorphous structures
into crystalline ones by heating them at a temperature of 150°C for a duration of 2 minutes. The treatment facilitated
the densification of the sol-gel while concurrently circumventing the condensation of agglomerated nanoparticles in-
duced by the presence of reactants.

The mist deposition process starts when a fine mist was introduced into a chamber where it comes into contact
with the surface to be coated, as shown in the following Figure 8. The mist droplets collide with the surface and adhere
to it, forming a thin film.

(b)

Figure 8. (a) Image taken before the initiation of spray deposition with the substrate positioned on the agitation rack, and

(b) deposition process within a chamber constructed from recycled materials, saturated with the spray.

Ultimately, substrate samples featuring 10-layer films each were prepared for thermal treatment in a muffle furnace
at varying temperatures, facilitating the comparison of the effects on the films. The samples were annealed at 450°C,
500°C, and 550°C for a duration of 2 hours, with the treated samples being designated as Z450, Z500, and Z550, respec-
tively.

In the final step of the device fabrication, seismic masses were produced using a mold designed on a CAD software
and printed in a 3D commercial printer, incorporating transfer patterns for mold creation, which were subsequently
saturated with a commercial photosensitive resin. The tailored seismic masses conformed to the collector's dimensions,
achieving a seismic mass of 4x4x1 mm for the central beam and a 15x3x1 mm mass for the seismic mass situated at the
junction of the outer beams. Upon introducing the photosensitive resin, it is subjected to UV light exposure for 5 minutes
to induce hardening. This process ensures adhesion to the substrate, accommodating the displacements experienced
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during device excitation throughout electrical and mechanical characterizations. After the device fabrication, character-
izations were performed on the ZnO films, and the electrical properties of the device were assessed by mounting it on
an electromagnetic exciter connected to both a function generator and a DC source. The exciter was employed to induce
vibrations at the resonance frequency of both beam sets, with the voltage generated by the collector being measured.

3. Results and discussions

Following a thorough examination under an optical microscope, it was qualitatively discerned that the films de-
picted in Figure 9 demonstrated a remarkable degree of homogeneity, consistently enveloping the entire substrate area
without manifesting any discernible cracks or crazing. This evidence suggests that the deposition process effectively
yielded a film characterized by uniform thickness and density, devoid of conspicuous defects. The absence of cracks or
crazing constitutes a critical attribute for films, as it signifies their inherent structural stability and diminished propen-
sity to delaminate or fracture under stress. Furthermore, the uniform coverage of the substrate implies that the interfa-
cial adhesion between the film and the substrate is robust, which is indispensable in averting potential film detachment.

(a) (b)

Figure 9. Images of the deposited films taken with optical microscopy. (a) Deposit on the central beam showing the step

between the substrate and the beginning of the film. (b) Multilayer film deposited on one of the outer beams, where film
homogeneity is qualitatively observed.

To determine the thickness of the ZnO films, a Veeco Dektak 150 profilometer was used. The equipment performs
a 3 mm scan over the surface using a microtip. The scan begins 1 mm before the step incorporated in the film and ends
2 mm on the film. The measurements were taken on substrates with ZnO multilayer films, obtaining an average thick-
ness of 1 um.

3.1 Optical analysis of ZnO films

To verify the presence of ZnO on the substrates, reflectance percentage characterizations were performed using a
Thermo Scientific EVOLUTION 600 UV-Vis spectrophotometer. The transmittance percentage results (Figure 10) reveal
an initial peak commencing at 370 nm, confirming the presence of ZnO since it absorbs light at a wavelength of approx-
imately 375 nm.

The graph also exhibits sinusoidal oscillations in all measurements following the initial peak, indicative of film
homogeneity [39]. Furthermore, a noticeable shift to the right is observed in the measurements of thermally treated
films, suggesting an increased grain size in the film [40]. Consequently, we can assert that the obtained film behaves as
anticipated by absorbing light at a specific wavelength, in line with existing literature on ZnO films.
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Figure 10. Results of ZnO films' transmittance percentage.

3.2 Scanning electron microscopy

The morphological characterization of the piezoelectric film was using a JEOL JSM-7600F scanning electron micro-
scope with a magnification of 10,000x, 20,000x and 30,000x respectively. Upon analysis of the film and its composition,
a rough surface was observed, indicating strong adhesion of the piezoelectric material to the substrate. Furthermore,
the uniformly rough surface observed suggests a homogeneous and consistent piezoelectric behavior throughout the
device.

Nanostructured flakes have been observed in micrographs of ZnO, which not only facilitate the piezoelectric phe-
nomenon, but also provide bulk material with a high level of mechanical strength [41]. This mechanical strength pre-
vents the material from fracturing or cracking when used in vibrational devices, as illustrated in Figure 11. Moreover,
an analysis of scanning electron microscope (SEM) images confirmed the presence of 250-nanometer diameter nano-
spheres, thereby confirming the successful production of nanostructured films.

Figure 11. Micrographs obtained from the piezoelectric film showing the obtaining of nanospheres. Magnified image (a)
10X times (b) 20X and (c) 30X.

The production of a ZnO nanostructured film represents a significant advantage in energy harvester manufactur-
ing. The unique physical and chemical properties of ZnO nanostructures are capable of significantly enhancing energy
collection efficiency [42]. Particularly noteworthy is the discovery of 250-nanometer ZnO nanospheres in this study,
which highlights the successful production of nanostructures using cost-effective synthesis and deposition techniques.
This finding represents an important contribution, demonstrating the potential of practical and economical equipment
in achieving the ideal form of nanostructures.
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These ZnO nanospheres exhibit a high degree of porosity, resulting in a large surface area and excellent electrical
conductivity, thereby increasing their energy capture capability [43]. Moreover, their uniform size and shape allow
them to effectively bind together in a nanostructured film, further enhancing their efficiency in energy collection [44].
It was also possible to observe the high quality of the ZnO film, exhibiting homogeneity and being free of visible defects
on the surface.

Furthermore, the thickness of the substrate was measured, resulting in 52.1 mm, as shown in Figure 12. This
measurement corresponds to the model used for the simulations of the energy harvesting device, providing important
validation of the simulation results. These significant findings provide valuable insights for the development of future
piezoelectric devices for harvesting energy.

(b)

Figure 12. SEM micrographs were obtained on the AISI 304 steel substrate and de ZnO layer. (a) Micrograph showing the
quality of the ZnO film, revealing homogeneity and freedom from visible defects on the surface, as well as a morphology
that promotes adhesion to the substrate contact. (b) Image depicting the substrate thickness at 1100X magnification and a
voltage of 15 kV, demonstrating significant similarity with the model proposed during FEM simulation.

3.3 X-Ray Diffraction (XRD)

In order to confirm the presence of zinc oxide and its growth phase in the nanostructured ZnO films, X-ray diffrac-
tion was performed to obtain the materials' crystal structure. The diffraction pattern of the ZnO samples revealed the
presence of wurtzite phase ZnO with preferential growth on the (101) plane, as Figure 13 shows). Additionally, well-
defined peaks at 35°, which are characteristic of ZnO in the wurtzite crystal structure [45], were observed.

The absence of other materials in the diffraction pattern suggests that the synthesis and deposition processes of the
piezoelectric films were successful and free of impurities. These findings provide valuable insights into the crystal struc-
ture and growth phase of ZnO nanostructured films, thus confirming their potential suitability for use in piezoelectric
energy harvesting applications.

Furthermore, all samples demonstrated high crystallinity, indicating the quality of the crystal structure and the
uniformity of crystal orientation [45]. The annealing process applied to the films was found to be within the temperature
range that promotes grain growth, which is closely related to the piezoelectric response of the material [46]. Addition-
ally, the grain size of the films plays a crucial role in light transmission, which is essential for the efficiency of the
piezoelectric energy harvester.

However, it was observed that films subjected to a thermal treatment at 550°C over time showed detachment from
the substrate, which is likely due to the mechanical stress and deformation induced by the high temperature [47]. There-
fore, it is recommended that a lower annealing temperature be used to produce suitable films for the process.
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Figure 13. The diffractogram of ZnO films annealed at different temperatures confirms high crystallinity and preferential
growth orientation, while a lower annealing temperature is recommended to prevent detachment from the substrate.

The crystal size of ZnO was theoretically calculated using equation (1) based on the (002) peak.
_ R

- BcosB (1)

The method employed for calculating the size of nano crystallites (L) using XRD radiation involves the measure-
ment of the full width at half maximum ([3) of the peaks located at any 20 angle in the pattern, given a wavelength of A
(in nm), expressed in radians. The results show a correlation between the annealing temperature and the crystallite size
in ZnO samples. It was found that as the annealing temperature increases, the crystallite size in the samples also in-
creases. Specifically, sample Z450 exhibited a crystallite size of 18.22 nm, while sample Z500 and Z550 displayed sizes
of 29.10 nm and 29.36 nm, respectively. This increase in crystallite size can be attributed to the higher thermal energy
present at higher annealing temperatures, which allows atoms to move more freely and promotes crystal growth [48].

It is worth noting that the size of the crystallite can significantly affect the piezoelectric and optical properties of
the material, thus having a significant impact on the efficiency of piezoelectric energy harvesters [43]. As shown in
Figure 14, the diffractogram of the ZnO films in the (002) crystal plane exhibited a minor shift towards compression
with increasing temperature. This shift was analyzed using the Stoney equation [49], revealing a tensile shift for the
7450, 2500, and Z550 films at 20 of 34.46, 34.54, and 34.59, respectively. These findings highlight the importance of
carefully controlling annealing temperature to optimize the crystallite size and ensure efficient performance of ZnO-
based piezoelectric energy harvesters. Figure 14 shows the X-ray diffraction patterns of ZnO films on the (002) crystal
plane. As the temperature increases, a small compression shift is observed, which was analyzed using the Stoney equa-
tion.
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Figure 14. Diffractogram of ZnO films annealed at different temperatures based on the (002) peak.

The compressive stress of the ZnO films was calculated and found to be -2.81 GPa for Z450, -2.07 GPa for Z500,
and -1.85 GPa for Z550. Based on its higher intensity in the (002) crystallographic plane, the Z450 film was selected for
electrical characterization to determine the power output of the piezoelectric generator.

3.4 Electrical characterization

A custom vibration system was designed and constructed to control a vibration source for research on vibration
energy harvesting devices. The system employs a modified subwoofer from a commercial DVD home theater audio
system as the vibration source to meet research requirements.

Figure 15 (a) illustrates the schematic for the custom vibration system, which incorporates a commercial audio
loudspeaker with a designated area for test samples mounted on the loudspeaker cone. A laboratory function generator
produces the excitation signal, and a unity gain power amplifier supplies the current necessary to drive the subwoofer's
low impedance.

A broadband vibrometer serves as the reference accelerometer, while an oscilloscope measures and displays the
energy harvesting output signal. The selection of an 8-inch subwoofer was based on its size, robust construction, and
compatibility with the intended modifications. A 3D-printed plastic plate was designed and affixed to the speaker cone
using adhesive glue, creating a flat surface at the cone's center. Additionally, a unique part was printed for the energy
harvester device pickup, elevating the test surface above the embedded cone area and mitigating the strong magnetic
influence from the loudspeaker. The subwoofer is housed in a custom acrylic enclosure.

Figure 15 (b) presents a photograph of the complete vibration system featuring the micromachined substrate with-
out deposited films and offers a close-up view of the fabricated device area with piezoelectric film and seismic masses,
displaying intricate construction details. The vibration amplitude of the exciter is assessed using a calibrated reference
vibrometer, while the size and frequency of oscillations are regulated by a function generator configured to produce a
zero-offset sine wave output. Overall, the custom vibration system delivers a controllable vibration source that is ideally
suited for research on vibration energy harvesting devices.
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Figure 15. (a) Setup of the micromachined substrate on the homemade shaker and (b) photograph of the complete vibra-

tion system featuring the micromachined substrate without deposited films.

To provide the necessary current gain for the low impedance of the subwoofer, a power amplifier was required.
Specifically, the audio mono TPA3118 60w Arduino voltage amplifier model was used. This amplifier was selected due
to its ability to provide the required gain and its compatibility with the experimental setup. The amplifier was mounted
within the setup, as shown in Figure 15, and was used to amplify the voltage signal in order to drive the subwoofer.
The use of this amplifier allowed for precise control over the output signal and ensured that the subwoofer received the
necessary amount of power to produce the desired sound.

The experiment was conducted with a total of 10 repetitions, which were deemed sufficient to obtain reliable and
meaningful results [50]. The collectors were placed within a 3D printed mold to maintain stability during the agitation
process. The excitation frequency was varied from 0 to 60 Hz to identify the resonance frequency of both sets of beams
experimentally, as shown in Figure 16. The experiment revealed the existence of a piezoelectric effect, as the vibrations
were observed to influence the generator.

Data collected from the experiment were processed, and a standard deviation of 0.084 was observed in the external
beams, while the central beam had a standard deviation of 0.097. These values indicate that the data are relatively close
to the mean and that there is little variation in the dataset [51]. Overall, the experimental setup and results demonstrate
the effectiveness of the electromagnetic shaker and provide important insights into the behavior of the fabricated col-
lectors. During the measurement, the average maximum voltage observed for the external beams was 1.08 V, while for
the central beam it was 180 mV. As depicted in Figure 16, an increase in voltage occurred as the resonance frequency
was approached, which was experimentally evaluated to be 35 Hz and 58.5 Hz for each set of beams, respectively.

This represents a 0.78% difference from the FEM simulation results for the external beams. In the case of the central
beam, there was a 2.7% difference when comparing the experimental displacement with the ANSYS simulation. These
results are within the 5% difference range that is commonly accepted in the literature when comparing simulated and
experimental data.

Furthermore, to observe the piezoelectric response, the shaker's excitation was randomly stopped, and the beams'
response was measured, obtaining the results shown in Figure 17 for the outer beams and Figure 18 for the central
beam. The results showed that the external beams had a significant piezoelectric response, reaching an average voltage
of 1.08 volts during excitation.


https://doi.org/10.20944/preprints202304.0840.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 April 2023 d0i:10.20944/preprints202304.0840.v1

0.8

0.6 -

Volts

04 -

02 -

02

04 L 1
0 5 10 15 20 25 30 35 40

Sec

Figure 16. Experimental measurement of voltages by varying the shaker excitation frequency.

When the mechanical vibrations provided by the shaker were inhibited, the voltage values approached zero. Both
Figures 17 and 18 display the voltage values obtained, and it is evident that a significant voltage drop occurs when the
excitation is interrupted.

Volts

Figure 17. Voltage produced by the external beams when oscillating in resonance and having random stops.

The results suggest that the external beams have a higher piezoelectric response than the internal beam, indicating
that they may be suitable for certain applications that require a strong piezoelectric response.
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Figure 18. Voltage produced by the central beam when oscillating at resonance.
As stated above, the results demonstrated that the piezoelectric film operated correctly, as there was no energy

collection when the device was left without movement. The central beam generated between 155 and 180 mV when
oscillating at a frequency of 58.5 Hz, as illustrated in Figure 18. The measurements taken suggest that the piezoelectric
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film on the central beam is effective at generating energy when the beam vibrates at its resonance frequency. The results
are promising and indicate that the device may have practical applications in generating energy from mechanical vi-

brations.
On the other hand, to demonstrate the measurements taken to calculate the power generated by an energy har-

vesting device, the experiment involved the use of resistors of varying values ranging from 49.5 k() to 464 kQ, while
the devices were kept at their resonance frequency at different times. The resulting data obtained from these measure-

ments have been presented in Table 1.

Table 1. Voltage and power obtained by varying the load resistance of the generator at resonance.

Resistance  Central beam voltage  External beam voltage Central beam power External beams Power

(Ohms) (mV) (mV) (UW) (UW)
464000 12 34 0.00015 0.0012
200000 80 860 0.016 1.849
100000 57 560 0.0162 1.568
98000 20 70 0.0020 0.025
93449.7 43.11 503.7 0.0064 1.3574
93000 40 504 0.0086 1.3656
49500 40 230 0.0161 0.5343

It is worth noting that the devices were maintained at their resonance frequency throughout the mentioned exper-
iment. This was likely done to ensure that the device was operating at its maximum efficiency, which would provide
more accurate results. The central beam generated a voltage of 80 mV and recorded an average maximum power output
of 16.2 nW when a resistance of 100 k() was used. In contrast, the outer beams produced a maximum voltage of 860 mV
and a maximum average power output of 1.84 uW when a resistance of 200 kQ2 was used. The behavior of power output
for the central beam is shown in Figure 17 (a), while the same behavior for the outer beams is presented in Figure 17 (b).

The voltage measurements obtained from the central and outer beams suggest that the outer beams are more ef-
fective at generating voltage than the central beam. However, the central beam recorded a higher power output at the
given resistance level. It is important to highlight that the maximum power output was achieved when the beams were
vibrating at their resonance frequency.

This suggests that the device operates most efficiently at its resonant frequency and could be optimized for perfor-
mance by tuning it to this frequency. Additionally, the graphs provided in Figure 19 (a) and (b) show how power output
varies with changing resistance values, providing a visual representation of the experiment's findings.

W

(@ (b)

Figure 19. a) Power values for the center beam when performing a frequency sweep. B) Power values for external beams

when performing a frequency sweep.
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In light of the gathered results from various research studies on energy harvesting by piezoelectric systems and in
comparison, with the findings of this research, which employed piezoelectric materials such as Polyvinylidene Fluoride
(PVDF) or Lead Zirconate Titanate (PZT), Table 2 warrants significant attention.

Table 2. Comparison of this project with some reported works with its main characteristics.

Year Piezoelectric ma- Piezoelectric Film Power Frequency Voltage Acceleration(g) ~Reference
terial Thickness (pm) @w) (Hz) (mV)
2018 PVDF 200 3 6 3.7x103 - [52]
2018 PZT 60 3.5 5 4x103 1 [53]
2019 PZT 150 0.50 1.53 3x103 - [54]
2020 PVDF 28 49 6.1 9x103 1.5 [55]
2021 PVDF 28 0.14 25 376.92 0.24 [56]
2021 ZnO 1.5 1.97 108.84 545 2 [57]
2022 PZT 2 0.01 28.6 40 0.07 [58]
2022  Barium Titanate - 1.6 57.1 3.7x103 1 [55]
2023 PZT 500 0.000370 - 13 1 [59]
This work ZnO 1 1.849 2 35 1.08 x 10 32 2 External beams
This work ZnO 1 0.00016 2 58.5 1802 2 Central beam

2 Test using the shaker

One notable aspect of this energy collector's production is the omission of PZT, which eliminates the release of lead
into the environment during the deposition process of the piezoelectric film. This significant change significantly di-
minishes the environmental impact that typically arises from the production of such devices.

Moreover, this study employs piezoelectric film thicknesses that are 50% lower than those used by other authors
who achieve greater power outputs, such as those reported in references [53] and [52]. It is also noteworthy that up to
200% less piezoelectric material was used during the design and fabrication of the energy harvester in this study, leading
to considerable savings in chemical use and creating a more environmentally conscious process in line with the objec-
tives of the 2030 Agenda.

In addition, the set of external beams has been found to generate a higher amount of electrical power than other
recent works in the field of energy harvesting, including those carried out by the University of Applied Sciences Zittau
Gorlitz in Germany [59] and the Department of Electrical and Electronic Engineering at Imperial College London in
England [56].

Further analysis reveals that the central beam generates 50% more power than reported in 2022 [58] and is capable
of producing up to three times more voltage when subjected to vibrations at its resonance frequency. These findings
have significant implications for manufacturing costs and potential consumer base and provide an opportunity for
greater energy harvesting in the coming decade.

4. Conclusions

This study describes the design, modeling, and fabrication of a piezoelectric-based energy harvester. The harvest-
er's geometry was designed using CAD software, which included a central beam and two outer beams with specific
dimensions to optimize energy generation. The harvester was fabricated by using an AISI304 steel substrate as the
bottom electrode, a nanostructured ZnO piezoelectric film, and a seismic mass of resin.

Finite element models were employed to simulate the harvester's behavior and determine the first resonant fre-
quencies of both the central and outer beams. The maximum displacement of the device was calculated using FEM to
ensure that the induced mechanical vibrations did not exceed the material's stress limits. Comparison of the FEM model
with experimental results revealed differences of 0.78% and 2.7% for the central and outer beams, respectively. It can
be observed that the similarity between the computational model and the experimental values obtained provides con-
fidence in the results obtained during the simulation. Therefore, it can be considered that the simulation is appropriate
and that the results obtained are accurate.

In that same context, a high-quality, uniform, and dense ZnO film was deposited using a sol-gel method, offering
advantages such as low cost and simplicity in the fabrication process. For instance, this procedure exhibited behavior
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like that reported in the literature. Also, it was compared with the latest developments in energy-harvesting materials,
but Plumb (Pb) was not used in this procedure in accordance with the objectives of the 2030 agenda for sustainable
development, which aims to prevent the release of pollutants from industrial, shipping, and agricultural activities.

The annealing process caused a reduction in the thickness of the resulting film, which can be attributed to the
evaporation of the solvent. This resulted in the formation of a hexagonal symmetry related to the wurtzite structure, as
confirmed by XRD analysis. Moreover, the use of a nanostructured ZnO film in the harvester promotes adhesion and
increases the film's surface area, leading to greater energy collection efficiency. The results obtained in this study suggest
that the film can be applied in various devices and applications.

Measurements were conducted to determine the power output of an energy harvesting device using varying re-
sistance values ranging from 45.5 kQ to 464 kQ), while ensuring the device was maintained at its resonant frequency
during each test. The central beam produced a voltage of 80 mV, while the outer beams generated a maximum voltage
of 860 mV, resulting in a maximum power output for the device. These results demonstrate that the harvester is suitable
for low-power applications and can serve as an efficient and economical alternative for powering such devices, taking
into account the environment and the exponential use of this technology in the coming years.
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