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Abstract

:

Mechanical vibrational energy, which is provided by continuous or discontinuous motion, is an infinite source of energy that may be found anywhere. This source may be utilized to generate electricity to replenish batteries or directly power electrical equipment thanks to energy harvesters. The new gadgets are based on the utilization of piezoelectric materials, which can transform vibrating mechanical energy into useable electrical energy owing to their intrinsic qualities. The purpose of this article is to highlight developments in three independent but closely connected multidisciplinary domains, starting with the piezoelectric materials and related manufacturing technologies related to the structure and specific application; the paper presents the state of the art of materials that possess the piezoelectric property, from classic inorganics such as PZT to lead-free materials, including biodegradable and biocompatible materials. The second domain is the choice of harvester structure, which allows the piezoelectric material to flex or deform while retaining mechanical dependability. Finally, developments in the design of electrical interface circuits for readout and storage of electrical energy given by piezoelectric to improve charge management efficiency are discussed.
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1. Introduction


The use of electronic devices has grown swiftly and continues to rise rapidly as technology advances. Electronic equipment is often powered by electrical outlets or batteries. The increased use of nonrenewable energy sources, such as batteries, has resulted in increased pollution and the emergence of severe energy crisis scenarios. Batteries have a substantial environmental impact when they are disposed of, in addition to having a limited lifespan that is generally shorter than that of electronic devices. This is an important issue nowadays because, in addition to requiring frequent recharging and replacement, they can also be found in difficult-to-access areas or disrupt the manufacturing cycle. In an industrial environment, for example, replacing batteries in nodes with sensors on machines that monitor the manufacturing process causes downtime, waste that reduces production efficiency, delays, and increased maintenance costs. Consider changing batteries in difficult-to-reach locations such as the middle of the sea or in devices implanted in the human body, as well as the associated expenses. Energy harvesters are considered among the most promising technologies to overcome battery-induced difficulties due to qualities such as miniaturization, high computational power, multi-functionality, and low-power communication [1,2,3,4].



Energy harvesters are devices or systems that gather and transform ambient energy from their surroundings into electrical energy. They are also known as energy scavengers or power harvesters. The energy harvested can be used to power small electronic devices or charge batteries, reducing battery replacement and the need for traditional power outlets. Energy harvesters are especially beneficial in isolated or difficult-to-reach areas where changing or charging batteries is impractical. Energy harvesters range in size and complexity, from micro-scale devices to power sensors to bigger systems capable of generating significant amounts of electricity. Their efficiency is determined by the type of energy source and technology employed. Energy harvesting technologies are being developed and improved by researchers and engineers to make them more efficient, dependable, and usable in a variety of industries, including IoT (Internet of Things), wireless communication, remote sensing, and biomedical applications. The latter, primarily in the form of wearable sensors, enable monitoring of human health and physiological performance by nonintrusive, continuous, and real-time assessment of human physiological parameters [5,6,7,8,9,10,11]. Depending on the type of energy conversion, nanogenerators can be classified as piezoelectric nanogenerators (PENG) [12,13,14], triboelectric nanogenerators (TENG) [15,16,17,18,19], pyroelectric nanogenerators (PYNG) [20], thermoelectric [21,22], and solar cells [23,24].



Depending on the application and energy need, energy harvesters may draw on a variety of environmental energy sources. Figure 1 includes information about each of them [25,26,27,28,29,30].



Mechanical energy is the most common of the sources discussed since continuous or intermittent mechanical motion is an energy that is present and available to everyone in everyday life [31,32]. Mechanical energy harvesters typically use electromagnetic, electrostatic, and piezoelectric systems [32,33,34]. The last environmental energy harvesting technology is the most promising.



Erturk and Inman [35] have defined piezoelectricity as “a form of coupling between the mechanical part and the electrical behaviors of ceramics and crystals belonging to certain classes”. Piezoelectric energy harvesting is the conversion of mechanical energy, such as vibration, strain, or pressure, into electrical energy using the piezoelectric principle. This idea is based on the capacity of some materials, known as piezoelectric materials, to create an electrical potential difference when subjected to mechanical stress. Piezoelectric generators are tiny and compact, and they may be easily incorporated into micro-electromechanical systems. Moreover, they are unaffected by environmental conditions such as humidity [36,37]. Piezoelectric generators are more reliable, have a longer lifetime, are more sensitive to low stresses, and generate a far greater charge density and voltage output than other energy harvesting systems [12,38,39,40,41,42]. The quality of the piezoelectric material employed, the frequency and intensity of vibration or strain, and the system design and management of the charge collected from the piezoelectric generator all influence the effectiveness of piezoelectric energy harvesting. We emphasize the most relevant factors in the design of a piezoelectric energy harvester in the schematic displayed in Figure 2.



Section 2, then, delves into the technology that characterizes piezoelectricity, and the classification of piezoelectric materials based on their origin and usage. In Section 3, this review attempts to categorize the many forms of structural layouts that characterize piezoelectric vibration energy harvesters (PVEHs), from the most traditional to the most creative. Section 4 presents the various electronic interface circuits used in extracting and managing the electrical energy delivered by the piezoelectric generator.




2. Materials


Piezoelectric materials are a type of material that may create an electrical charge in reaction to mechanical stress or deformation, as well as undergo mechanical deformation when exposed to an electric field. The piezoelectric effect is a reversible feature of this characteristic. When a piezoelectric material is subjected to mechanical force or stress, the locations of charged atoms or ions inside the material’s crystal lattice structure alter. This charge transfer causes an electrical potential or voltage to be generated across the substance. It is possible to distinguish between the direct and reverse piezoelectric effects [43,44,45]. When mechanical stress causes a buildup of electrical charge in a material, the direct piezoelectric effect occurs. This effect is widely employed in a variety of applications, including piezoelectric sensors and transducers. The inverse of the direct effect is the reverse piezoelectric effect. When a piezoelectric material is subjected to an electric field, it deforms or changes shape. This phenomenon is employed in piezoelectric actuators and motors. Piezoelectricity is found in materials that lack the center of symmetry and have a total dipole moment other than zero. A piezoelectric material has three operating modes. Mode   d 33  , also known as longitudinal mode, is the operating mode in which the polarization and stress directions are parallel; it is recommended for applications such as piezoelectric energy harvesting. The   d 31   mode, also known as the transverse mode, is the mode in which the polarization and applied stress directions are perpendicular to one other. The third mode is parallel shear mode   d 15  , which occurs when charge is collected on electrodes perpendicular to the initial polarization electrodes and shear mechanical force is applied [46]. This property is not inherent in all materials labeled as piezoelectric. To gain the property, ferroelectrics must be polarized. Figure 3 depicts a first categorization [47].



Ferroelectric materials, despite enjoying high electromechanical processing efficiency and good manufacturability, are subject to the following:




	
Depolarization occurs when materials are exposed to the following conditions: high electric fields in the opposite direction of the polarizing field or high alternating electric fields.



	-

	
Significant mechanical stresses;




	-

	
Above the so-called Curie temperatures, a phase change in the crystal structure occurs, resulting in the loss of piezoelectric characteristics.







	
Aging: the loss of piezoelectric capabilities with time as one advances away from the moment of polarization.








This section compares and examines the various subclasses of synthetic piezoelectric materials (ceramics, polymers, and composites), as seen in Figure 4.



2.1. Piezoelectric Ceramics


Piezoelectric ceramics are widely used in various applications due to their excellent piezoelectric properties, robustness, and stability. Piezoelectric materials adopt a variety of crystal structures. First of all, single-crystal and polycrystalline materials can be distinguished from one another. Due to the absence of grain boundaries, the potential to use strongly anisotropic features, and the ability to use non-ferroelectric piezoelectrics, single crystals may exhibit advantages over polycrystalline ceramics. The purity of the starting materials, the growth conditions, and the orientation of the crystals could all influence the quality of single crystals [48]. One of the most well known is quartz [49,50], which has high mechanical quality factors and great electrical resistivity [51,52]. Other single crystals with piezoelectric characteristics include Rochelle Salt [53,54] and lithium niobate (LiNbO3) crystals [55,56,57]. However, due to their increased cost, lower toughness, and significant damping [58], polycrystalline piezoelectric materials are frequently used. Piezoelectric ceramics are often lead-containing compounds with a perovskite structure [59]. One of the most extensively used and researched piezoelectric ceramic materials is lead zirconate titanate (PZT) [60,61,62,63,64,65]. Among commercially available piezoelectric materials, PZT is often selected in several applications, because of its high conversion of mechanical energy into electrical energy, being related to its good piezoelectric constant (360 pm/V) [66] and excellent electromechanical coupling coefficient. Because of the material’s Curie temperature of 350 °C [67], it can also function safely at high temperatures. PZT, on the other hand, is unsuitable for applications requiring flexibility. Because of its high Young’s modulus and density, it is a particularly brittle material. As a result, it has a very high resonance frequency and does not respond effectively to low-frequency ambient vibrations. Pressure sensors, transducers, piezoelectric actuators, and high-power piezoelectric devices are among the many applications for it [68].



Due to the environmental and human health consequences of using lead-based materials [69], research has focused on the development of lead-free piezoelectric materials. Potassium sodium niobate (KNN) [70,71,72] exhibits a low piezoelectric constant, but its performance can be improved and made closer to that of PZT by modifying its structure through reactive patterned grain growth (RTGG) methods [73,74,75,76]. Its goal is to deliver piezoelectric characteristics without the environmental disadvantages associated with lead-based materials.



Ferroelectric materials, such as barium titanate (BaTiO3) [77,78] and bismuth-sodium titanate (Bi,Na)TiO3, (BNT) [79,80] have not only high saturation polarization but also low residual polarization, allowing for high energy storage density and efficiency to be realized at the same time, which has been a hot spot in dielectric energy storage ceramics research. BNT ceramics have a high Curie temperature (Tc 290 °C) [81], a high temperature stability, and great compatibility with metallic silver electrodes, which offers significant possibilities in the field of dielectric ceramic capacitors. Changes in the domain or grain growth have the potential to improve the characteristics of piezoelectrics [82,83,84,85].



Lead-free piezoelectric ceramics include BCZT, which has excellent electrical properties [84], and potassium niobate (KNbO3), which is a ferroelectric perovskite crystal with orthorhombic structure [86] due to strong piezoelectricity [87] and high Curie temperature [88]. BiFeO3 [70] is a perovskite-structured pyroelectric ceramic with a high Curie temperature of roughly 830 °C and theoretically significant spontaneous polarization [89,90]; however, it is not extensively employed due to considerable dielectric losses and weak piezoelectricity [91].



Aluminum nitride (AlN) has greater semiconductor processing compatibility than analogous metal oxide, which is why it is usually used in micro-electromechanical systems devices [92]. Moreover, although having a low piezoelectric constant [93], it possesses a Curie temperature in the order of 1000 °C. Its wurtzite crystal structure facilitates the formation of AlN thin films [94,95]. AlN thin films are ideal for resonators and sensors due to their excellent thermal conductivity and low dielectric and acoustic losses [96].



Lithium niobate (LiNbO3), similar to AlN, is a piezoelectric ceramic material with a low piezoelectric coefficient and a very high Curie temperature [94], and is thus more commonly utilized in high-temperature transducers. It also has a high electromechanical coefficient [97,98], which makes it suitable for usage in resonator MEMS [99]. Lithium tantalate (LiTaO3) [100] and LiNbO3 crystals are industrially manufactured piezoelectric materials that are devoid of rare earths and hazardous components, affordable, and widely employed in the construction of acoustic and optical systems [101]. They are ferroelectric at ambient temperature and, by altering orientations, electrical characteristics such as dielectric constant, pyroelectric coefficient, piezoelectric and electromechanical coupling factor may be increased [102].



ZnO has been one of the most successful materials in recent years due to its ability to optimally transfer mechanical energy into electrical energy at the micro- and nanoscale [103,104]. Zinc oxide has a crystal structure comparable to wurtzite and its piezoelectric capabilities are due to the absence of central symmetry [105]. This piezoceramic has a high tensile strength and can resist massive mechanical deformations for extended periods of time while remaining unaffected by temperature fluctuations [106]. To sinter ZnO, processes such as sputtering [107], pulsed laser deposition [108], spray pyrolysis [109], metal–organic chemical vapor deposition [110], molecular beam epitaxy [111], and 3D printing [112] can be used.



Traditional piezoceramic materials are brittle and stiff. To create more flexible systems, they are frequently produced as thin films, membranes/tapes, or nanowires. In conclusion, because of their capacity to transform mechanical energy into electrical energy and vice versa, they play an important role in many technologies and businesses. Researchers continue to investigate and develop novel materials to increase piezoelectric performance while addressing environmental problems associated with certain lead-containing materials, allowing them to be used in both low- and high-frequency applications.




2.2. Piezoelectric Polymers


Although their light weight and flexibility facilitate excellent deformation and stress absorption, piezoelectric polymers have low mechanical strength and piezoelectric coefficients. They also have low Curie temperatures, which significantly restricts their applicability range. As a result, they are considered as inefficient energy harvesters.



One of the most prevalent piezoelectric polymers is polyvinylidene fluoride (PVDF) [113,114,115]. It is flexible and has significant piezoelectric capabilities, making it appropriate for a wide range of applications such as wearable devices, sensors, and energy harvesting [116]. It may exist in five different piezoelectric crystalline states. The piezoelectric characteristics of the  β  phase are superior [117,118,119].



Siddiqui et al. [120,121] have fabricated a nanocomposite generator based on BT nanoparticles dispersed in polyvinylidene fluoride–trifluoroethylene (PVDF-TrFE) nanofibers prepared through the process of electrospinning. This copolymer is made by combining PVDF with trifluoroethylene, which improves its piezoelectric characteristics and stability. PVDF-TrFE is a material that is frequently utilized in high-performance piezoelectric devices and sensors [122,123]. A piezoelectric copolymer that exhibits a similar phase transition is polyvinylidene fluoride–tetrafluoroethylene PVDF-TeFE [124,125,126,127]. Lando and Doll [128] investigated such P(VDF-TeFE) copolymers in 1968, and it is now one of the most extensively used and significant ferroelectric polymers [129,130] because the trans conformation in the copolymers can be stabilized with TeFE units and the crystallinity may approach 90%.



Poly(L-lactic acid) (PLLA), a biodegradable and biocompatible polymer with piezoelectric capabilities, has recently gained popularity [131,132]. While it has lower piezoelectric constants than inorganic piezoelectrics, when in film form, it has a high piezoelectric shear constant. It is ideal for biomedical applications such as tissue engineering and medication delivery systems [133,134]. Zhao et al. [135] investigated the piezoelectric response of cellulose-based electroactive sheets (CEAPs), which are thin cellulose films covered with metal electrodes. The biodegradability, renewability, and biocompatibility of cellulose-based materials, as well as their intriguing structure and characteristics, contribute to their widespread use in a variety of sectors, including energy harvesting devices, strain sensors, and actuators. They are currently regarded as an important potential material and are being researched by various authors [136,137,138] because of certain intriguing qualities such as low cost, light weight, biodegradability, and increased production with reduced energy usage. In summary, because they do not include heavy metals, organic piezoelectric materials provide a unique mix of qualities, including flexibility, biocompatibility, and environmental friendliness. They are becoming increasingly crucial in the development of cutting-edge technology, notably in wearable electronics, healthcare, and energy harvesting. To increase piezoelectric performance and broaden the variety of applications, researchers are continually investigating novel organic materials and production methodologies.




2.3. Piezoelectric Composites


Piezoelectric composites are materials composed of a polymer matrix and a piezoelectric ceramic filler in order to obtain specific mechanical and electrical characteristics. These composites are intended to enhance or tailor the performance of piezoelectric materials for a variety of applications. Researchers can produce composites with greater sensitivity, flexibility, or other desirable features by carefully choosing the components and their order. Piezoelectric composites are classified into two types based on the intended material characteristic. Particle-reinforced composites are materials that include piezoelectric particles inserted in a polymer matrix and are used to increase mechanical and electrical qualities. Fiber-reinforced composites, on the other hand, provide stronger mechanical reinforcement and are frequently employed in structural applications [139]. PZT/PVDF [140,141] is a typical example of a piezoelectric polymer–ceramic composite material. Many investigations have found that PZT/PVDF composites exhibit comparable flexibility to native PVDF while having a greater piezoelectric coefficient [142,143,144]. ZnO-PVDF [145,146] is a great piezoelectric composite because the wurtzite structure of ZnO facilitates the nucleation of PVDF’s beta atoms, the polymer’s flexibility is paired with the piezoceramic’s outstanding piezoelectric characteristics, and it is lead-free. Piezoelectric nanostructures placed on flexible metal substrates have been researched in the realm of implantable or wearable biomedical devices to maximize mechanical, piezoelectric, and biocompatible qualities [147]. The use of nanostructures made up of a vertical array of ZnO nanowires (ZnO NW) [148] inside a polymer matrix of polymethyl methacrylate (PMMA) [149] seems promising [150]. A piezoelectric nanostructure made of ZnO nanowires and the polymer polydimethylsiloxane (PDMS) might accomplish similar results [151]. PDMS is a high-performance elastomer with outstanding optical, electrical, and mechanical capabilities. PDMS is commonly employed in biomedical applications due to its biocompatibility [152,153]. Piezoelectric composites can outperform pure piezoelectric materials in terms of mechanical strength, durability, and flexibility. This makes them suited for applications requiring mechanical strength. Piezoelectric composites’ electrical characteristics can be tailored to fit specific needs, such as improved sensitivity, decreased hysteresis, or customized frequency responses. Moreover, they may be tailored to operate under ideal circumstances throughout a larger range of frequency bandwidths. Piezoelectric composites are versatile and customizable, making them useful in a variety of areas such as aerospace, automotive, healthcare, and electronics. Researchers continue to investigate novel composite materials and production processes in order to increase their performance and broaden their uses. Table 1 concludes this section by providing a qualitative comparison of the three groups of piezoelectric materials [47], showing some of the usual values for each group, predicted from a literature survey [3,47,58,154,155,156,157]. However, treatments can change those properties.





3. Piezoelectric Energy Harvester Configuration


The creation of the piezoelectric layer structure is a critical component in the design of piezoelectric energy harvesters. A piezoelectric device that uses a vibrational energy source found in the environment may create as much charge on the structure as it can deform. As a result, the main problem is to build a piezoelectric energy harvester that can produce as much energy as possible across a wide range of stress frequencies while still fulfilling mechanical strength and reliability restrictions. During this phase, the support structure or mounting mechanism must be designed to guarantee that the piezoelectric material may flex or deform in response to vibration or mechanical stress. The mechanical interaction between the vibration source and the piezoelectric material should be optimized in the design. The limits imposed by the application and the piezoelectric material in question should be addressed in the design, since the material’s production procedures impose non-negligible dimensional constraints. Structures can be classified into four main categories:




	
Cantilever beam;



	
Circular diaphragm;



	
Cymbal transducer;



	
Stacked array type.








3.1. Cantilever Beam


In most applications, cantilever-type piezoelectric energy harvesters are the most common. The structure with one end embedded and the other free promotes the generation of enormous strains during the excitation of the structure on the limited base. Cantilever beams can be unimorphic or bimorphic, depending on the number of piezoelectric layers linked to the support structure. A piezoelectric foil plus a layer of metallic substance make up the unimorph kind. The bimorph, on the other hand, has a center layer of metal material connected to two layers of piezoelectric material on the top and bottom surfaces. Flexural excitation is chosen in the cantilever beam form since multiple publications demonstrate that the matching “mode 31” piezoelectric connection gives the highest energy conversion efficiency [158,159]. In addition, as illustrated in Figure 5, an extra mass can be supplied to the free end of the cantilever beam to enhance deformation and tune its resonance frequency with regard to the available vibration source [160,161].



Substantial contributions to the development of optimal piezoelectric devices that use vibrational energy have been recognized in the literature [45,162,163,164,165,166,167,168,169]. A cantilever beam has several advantages, including low resonance frequencies, high average strain for a given input force, and the ability to be easily generated through a microfabrication process due to its simple form. Yet, a broader study of various design configurations can increase the energy harvesting device’s performance [170,171]. Its functioning concept is based on producing a state of deformation inside the beam, the distribution of which is referred to as butterfly in a general section. It is positive on one side of the tension fiber and negative on the other, fluctuating linearly between these extremes and canceling out on the neutral axis. The bending moment and consequent normal stress in the traditional rectangular scavenger diminish linearly from the fixed end to the free end [172].



According to the uniform strength criterion, a rectangular-plan cantilever beam has a maximum stress strain in the embedment that decreases linearly along the length until it cancels out at the free tip, in contrast to a triangular-plan cantilever beam, which allows for uniform stress distribution along the beam surface. Nevertheless, due to technological limits for production and the area necessary to connect the test mass, the trapezoidal-plan cantilever beam is used as a compromise. This theory is congruent with the application at hand in that it permits the material to retain as much elastic potential energy as feasible. Many studies have been based on this configuration, including [61,173,174]. Roundy et al. [173] present research on piezoelectric energy harvesting designs capable of optimizing power production, as shown in Figure 6.



Figure 7 by Benasciutti et al. [173,174] shows a unique option provided by an inverted trapezoidal construction. When the two constructions, direct trapezoidal and inverse trapezoidal, are compared, the latter greatly increases the stress at the interlock and offers a greater area at the free end, making placing of the test mass easier.



Mantova et al. [175] investigate the effect of length-to-width ratio on piezoelectric cantilever beams. Long thin beams with a length-to-width ratio greater than one demonstrated the predicted increase in power output when the beam was tapered. In contrast, short broad beams with a length-to-width ratio of 1 indicated a drop in power output when the beam was tapered. Tapering resulted in a more equal stress distribution along the beam surface’s centerline. Tapering has a favorable influence on the mechanical and piezoelectric performance (power) of piezoelectric cantilever binders only if the device beams are long and thin, according to this construction analysis.



Gogoi et al. [176] use a mathematical method to compare the rectangular plan, trapezoidal plan, and T-model, and evaluate the influence of geometrical parameters on the structure’s electrical output performance.




3.2. Circular Diaphragm


A diaphragm is a thin membrane, constructed of a piezoelectric layer, that is used to detect or create sound waves, pressure, or strain. It is made up of a thin piezoelectric disk that is put on a metal plate that is greater in diameter than the piezoelectric disk, Figure 8. A test mass is connected to the middle of the diaphragm to boost power output and intensify performance during low-frequency operation [177]. Piezoelectric diaphragms are commonly found in microphones, loudspeakers, pressure sensors, force transducers, and vibration detecting devices. They are regarded for their sensitivity, ability to work throughout a wide frequency range, and quick reaction capabilities [178].




3.3. Cymbal Transducer


Cymbal transducers, which are effective in situations requiring larger impact pressures, are made up of a piezoelectric layer sandwiched between two metal terminal caps on either side. When an axial stress is applied to the metal terminal caps, it is amplified and turned into a radial stress, resulting in a larger piezoelectric coefficient and, as a result, more charge production by the piezoelectric energy harvester [179]. The plate structure proposed by Newnham et al. [180] is one example. It is made up of two plate-shaped metal end caps with a piezoelectric disk sandwiched between them, as seen in Figure 9. The plate-shaped metal end caps increase the piezoelectric disk’s strength under heavy loads. The metal end caps function as a mechanical transformer due to the existence of a cavity [181].



Piezoelectric cymbal transducers are the most widely accessible commercially and may be simply mounted on any flat surface using an adhesive. As a result, several research publications have concentrated on this sort of element in piezoelectric tiles [183,184,185].




3.4. Stacked and Array Structures


Designed for high-pressure applications, piezoelectric stack transducers are made up of several layers of piezoelectric material layered on top of one another with their polarization directions matching the applied force. A piezoelectric array is a grouping of piezoelectric devices that are placed in an array or in a precise sequence for sensing, signal production, or other uses. Piezoelectric arrays are utilized to take advantage of the piezoelectric capabilities of materials in a range of applications, ranging from medical imaging to ultrasound to active vibration reduction in structures. Piezoelectric arrays are essential components of ultrasonic imaging equipment. In this case, the array’s piezoelectric components create ultrasonic pulses that are transferred into the human body. As ultrasonic pulses bounce off inside tissues, the same piezoelectric devices detect the wave’s return and provide a real-time picture.



Chen et al. [186] give a demonstration of an annular piezoelectric array composed of several concentric elements, fabricated by MIP-SL (Mask-Image-Projection-based Stereolithography) technology. The array obtained by printing exhibits stable piezoelectric and dielectric properties. Compared with a conventional single-element ultrasonic transducer, the printed-matrix ultrasonic transducer successfully changes the shape of the acoustic beam and leads to a significant improvement in spatial resolution. In order to optimize the voltage output/electric charge, piezoelectric stacks are utilized [187,188,189,190]. In Cascetta et al. [191], arrays constructed of PZT diaphragm stacks under the top plate were employed to boost the power provided for piezoelectric energy harvesting. To accommodate for deformation, nine piezoelectric diaphragm stacks were employed, each consisting of five piezoelectric diaphragms separated by a ring. The design of a piezoelectric array will thus be determined by the application’s unique sensing or signal generating requirements. Piezoelectric arrays can be used to monitor pressure and detect changes in force distribution on a surface in applications such as vehicle tires or laboratory pressure measurements.




3.5. Other Innovative Configurations


Innovative architectures that increase the efficiency of piezoelectric energy harvesters while maintaining a configuration consistent with the respective field of application have been investigated in the literature over the years.



Ansary et al. [192] suggest fan-folded piezoelectric energy harvesters for powering pacemakers, which comprise bimorph piezoelectric beams folded on top of each other. They demonstrated experimentally that the fan-folded design (shown in Figure 10) may be utilized to lower the high inherent frequency of tiny devices employed in energy harvesting applications.



Dong et al. propose a piezoelectric spiral energy harvester appropriate for vibrational energy sources in [193,194]. The spiral construction, which is cantilevered at various locations along its circumference, is intended for compactness, low resonance frequency, and low damping coefficient, Figure 11. This option increases compliance in a restricted location by maximizing the length of the cantilever arm. The primary goal of this design is to magnify the input mechanical energy, the transducer of which is the cantilever beam to which this spiral is coupled, considerably increasing the device’s diameter.



It is crucial to note, however, that this geometry poses some substantial obstacles. One of the most challenging issues is the fabrication stage, which is particularly problematic for single-arm spirals due to residual tensions during the material deposition process, which can cause bending and cracks in the spiral. Moreover, the complexities of electrical charge distribution on spirals need more sophisticated electrode designs. They discovered that the output power is affected by the frequency and direction of the external force, as well as the resistance load.



Castagnetti et al. [195] present an innovative design that makes use of dynamic magnification. It entails attaching the structure to an intermediary spring–mass system that is connected to the vibrating base structure. As a result, the ambient energy that stimulates the structure will intensify the dynamic response and, as a result, enhance the energy provided. This approach is utilized in a number of literary works [196,197,198,199,200]. Figure 12 depicts Castagnetti’s proposed structure, which is inspired by fractals with dynamic magnification.



Dong et al. described an in vivo cardiac energy harvesting technique that eliminates contact of the harvesting device with the heart and interference with cardiovascular function [201]. To transfer mechanical energy from the lead of an implantation pacemaker or defibrillator into electrical energy, a piezoelectric energy harvesting device based on a porous thin film with a self-enveloping helical shape was created. Figure 13 shows the similar configuration studied by [202].



Table 2 summarizes the advantages and disadvantages of the four basic types of configurations for piezoelectric structures.





4. Piezoelectric Harvesting Circuits


A typical piezoelectric generator is represented by an equivalent electromechanical model, shown in Figure 14.



This circuit includes the following:




	
The source G(t): expressed in the mechanical domain by the input vibration intensity;



	
The inductor L: expressed in the mechanical domain by the equivalent inertial mass;



	
The resistor R: expressed in the mechanical domain by the damping of the material composing the piezoelectric generator and other mechanical losses;



	
The capacitor C: expressed in the mechanical domain by the elastic energy of the transducer;



	
The capacitor Cp: the value of electrical capacitance measured between the two electrodes of the piezoelectric element.








The circuit shown in Figure 14 in electronic integrated circuits is simplified with an AC current generator connected in parallel to the piezoelectric’s capacitance Cp and internal resistance Rp.



To optimize energy management and power the load, the piezoelectric energy harvested from the device must be rectified, stored, and conditioned according to the application. This section describes the most appropriate interfaces for this technology, such as standard energy harvesting circuits, also known as full-bridge rectifiers (FBRs), synchronized harvesting circuits on inductors (SSHIs), synchronous electric charge extraction (SECE), and the pulsed synchronous charge extractor (PSCE) interface circuit, which is based on the integrated design of complementary metal oxide semiconductors (CMOSs).



4.1. Standard Energy Harvesting Circuit


As explained in the introduction, a piezoelectric device subjected to an external mechanical force develops a stress/deformation condition on the structure, which generates an electric field and develops a charge on the terminals owing to the direct piezoelectric effect. This electric energy can be made up of positive or negative signals and must be rectified before it can be used by an outside user. As a result, an interface circuit is required to convert the AC current from the piezoelectric generator to DC power using an AC/DC converter. A standard energy harvesting circuit is a basic design used to capture and convert energy from various environmental sources such as solar radiation, vibration, thermal gradients, or radio frequency (RF) signals into usable electrical energy. Energy harvesting circuits are often built to be versatile and adaptable to a variety of energy sources and applications. Particular components and their arrangement may differ based on criteria such as energy source type, required output voltage and current, and efficiency requirements.



The standard single-stage energy harvesting circuit, illustrated in Figure 15, consists of a full-bridge rectifier and permits AC-to-DC conversion in the simplest method possible. It also has high stability when compared to other rectifiers.



A rectifier bridge, also known as a diode bridge, is a component that prevents the charge from moving backward from the circuit to the piezoelectric layer and rectifies the current. Every pulse may store energy, independent of charge sign, which can be both positive and negative. This sine wave rectifier speeds up charging of the linked capacity. Otherwise, when crossed by alternating current, the diode would only pass the positive half-wave and block the negative half-wave. It does, however, have a significant disadvantage in that its conversion efficiency is low due to the impossibility of impedance matching and the diode’s direct voltage drop, resulting in a large conduction loss and, as a result, a reduction in the energy extracted by the piezoelectric generator. Asis et al. [203] developed an active AC–DC full-bridge rectifier with a high-performance metal oxide semiconductor field-effect transistor (MOSFET) with PEH switching control in their research. Studies conducted by Le et al. [204] compare different passive and active half-wave and full-wave rectifiers in terms of efficiency and output power. They confirm the thesis that half-wave rectifiers are relatively inefficient because they only employ half of the input AC cycle, squandering the other half.



Sometimes, the energy delivered by a single event is insufficient to power a sensor or many electronic devices require a continuous and constant current to function properly. On the other hand, when energized, energy harvesters produce an unprocessed AC-type current that must be rectified and then stored in a temporary capacitance before being delivered to the user. As a result, an intermediary step consisting of a DC/DC converter is added downstream of the rectifier bridge to prevent a fast discharge of the battery or even saturation of the charges being stored. This mechanism regulates and adapts the temporary capacity’s output voltage. Figure 16 depicts a generalized design for two-stage energy harvesting [205].




4.2. Synchronized Switch Harvesting on Inductor (SSHI)


The models presented thus far improve the voltage drop across the rectifier bridge diode but have no effect on the impedance matching problem. Guymar et al. [206] extended the Synchronized Switch Damping (SSD) technique of Richard et al. [207] by introducing a biased rectifier dubbed Synchronized Switch Harvesting on Inductor (SSHI). They discovered that, depending on the electromechanical coupling in the system, the collected power may be enhanced (relative to the usual AC–DC conversion method) by 250 to 900% [208,209]. SSHI is a sophisticated energy harvesting technology that captures and converts energy from sources with intermittent or low-frequency vibrations, such as those present in the environment or mechanical systems. SSHI works on the notion of energy harvesting by employing synchronized switching mechanisms on an inductor and a capacitive device. It maximizes energy extraction by making use of the periodic nature of environmental vibrations or mechanical oscillations. An inductor and a switch are critical components in converting the FBR circuit to the SSHI circuit. It stores and transmits energy by generating electromagnetic fields when a current runs through it. SSHI employs a switching circuit that connects and disconnects an inductor from a storage capacitor on a regular basis. To improve energy transmission, the switching is synced with the frequency of mechanical vibration or oscillation. Negative power is created in the basic AC–DC power harvesting circuit (Figure 15) because the output current and generated voltage cannot keep the same phase; this implies that some of the captured power may return to the mechanical portion, resulting in a loss of harvested power [210]. The SSHI circuit addresses this issue by including a switch route. As the capacitor voltage hits a maximum in the opposite polarity, the switch opens instantly, causing the capacitor voltage to reverse. This permits the capacitor charge to be collected rather than discharged into the waste [211]. Synchronization guarantees that energy is caught at the ideal position in the vibration cycle, enhancing energy transfer efficiency.



SSHI circuits can be configured in two ways: in series (Figure 17) and in parallel (Figure 18). The only variable is whether the switch route is linked in series or parallel with the rectifier [212]. Lallart and Guyomar [213] created a self-powered SSHI interface that can conduct switching operations automatically whenever the output voltage reaches its maximum.



The typical SSHI circuit has significant start-up issues, limiting its performance in low-amplitude and variable-amplitude vibration settings. Du et al. [214] suggest a novel structure with an SSHI starting circuit that addresses the startup issue by restricting SSHI rectifiers. The starting circuit can be used to monitor the SSHI circuit’s working state and restart the SSHI circuit in the event of unpredictable functioning. The suggested circuit, when compared to the traditional SSHI rectifier, may greatly lower the minimum input excitation amplitude before power extraction and extend the power extraction interval. Moreover, the standard SSHI circuit’s limited operational bandwidth and low harvesting capacity limit the performance of the PEH system. In summary, Synchronized Switch Harvesting on Inductor is a sophisticated energy harvesting system that successfully absorbs energy from intermittent or low-frequency vibrations through the use of synchronized switching mechanisms. It has benefits in terms of efficiency and versatility, making it appropriate for a wide range of applications requiring energy harvesting from environmental sources. It does, however, contain architectural challenges that must be addressed for successful implementation, as precise synchronization and control methods are required. In order to maintain efficiency, the switching frequency of the circuit must be calibrated with the frequency of mechanical vibration or oscillation. Lastly, the selection of the electronic components that comprise the interface circuit, particularly the inductor and capacitors, is critical for optimizing performance.




4.3. Synchronous Electrical Charge Extraction (SECE)


Synchronous Electrical Charge Extraction, like the SSHI circuits, uses an inductor and a switch (SECE). The SECE circuit, unlike the SSHI circuit, does not have a load dependence, which improves the efficiency of the energy extracted. This enables it to be used successfully to gather broadband energy under random vibration settings. Because of these benefits, it has become one of the most often used energy management circuits for piezoelectric energy harvester systems. The SECE circuit, initially developed by Lefeuvre et al. [215], employs an LC resonant circuit to first transport the energy stored in the piezoelectric capacitor to the inductor and then to the load through a DC–DC converter. With this method, the power extracted does not depend on the load; therefore, the load can vary without affecting the efficiency. Figure 19 depicts the wiring schematic for the SECE interface circuit.



Cai et al. [216], demonstrated a way for increasing bandwidth in the classic SECE system by inserting two time delays. The circuit changes these time delays adaptively for maximal power production at out-of-resonance frequencies. The bandwidth is raised by 71% while the power consumption of the circuit remains low at 0.85 W. Synchronous electric charge extraction is a method used in energy harvesting, specifically for extracting electric energy from piezoelectric materials. It is a way for boosting the overall efficiency of energy conversion by maximizing charge extraction from piezoelectric devices. The primary idea behind SECE is to optimize the energy harvesting process by synchronizing the extraction of electrical charge from piezoelectric material with its mechanical deformation or vibration. SECE enhances the effectiveness of mechanical vibration or deformation to electrical energy conversion, resulting in improved total energy harvesting efficiency. SECE further guarantees that energy is gathered at the most appropriate periods in the vibration cycle by coordinating charge extraction with mechanical deformation. When compared to non-synchronized approaches, this circuit can result in a large increase in the quantity of electrical energy gathered by piezoelectric materials. When the electromechanical coupling coefficient is large, however, the SECE technology performs poorly because the SECE circuit collects too much energy, unduly dampening the mechanical resonator, breaching the initial fitting condition, and decreasing the ultimate energy harvesting efficiency. Leuvre et al. [217] suggest a change to the classic SECE circuit, providing a novel phase-shift SECE interface (PS-SECE). This circuit enhances the frequency bandwidth and increases the maximum cumulative power in systems with high coupling. There are critical areas where additional care is required to maintain optimal circuit efficiency. To begin, perfect timing and synchronization are required to match the mechanical strain or vibration frequency, which might be difficult. As with the SSHI circuit, component selection, including switching elements and energy storage components, is critical to optimizing the SECE system’s performance. SECE can power low-power sensors in wireless sensor networks without the need for external power sources or frequent battery changes. It can absorb energy from vibrations in infrastructure and offer a constant power supply for monitoring devices in structural health monitoring. Shareef et al. [218] offer a novel arrangement without a rectifier. They suggest an SECE technology with a bidirectional switch to perform AC–DC conversion; the inductor is only switched on for a brief duration when the PEH system’s output voltage peaks and numerous inverters can share an inductor. Wang et al. [219] introduce a high-precision active peak detector to control the switch in the SECE circuit, which is driven by a thermoelectric generator circuit and consumes little power. This circuit not only eliminates the usual rectifier bridge construction and delivers steady DC voltage, but it also increases the energy harvesting efficiency of PEH by around 41.9 percent.




4.4. Pulsed Synchronous Charge Extractor (PSCE)


To reach acceptable efficiency at the break of losses on the diodes, SSHI and SECE circuits require the employment of piezoelectric energy harvesters capable of producing several milliwatts of electricity [220]. This difficulty is alleviated by CMOS devices, which lack a full-wave rectifier, albeit at the penalty of inefficiency [221]. Kwon et al. [222] presented a CMOS that, although allowing applications with PEHs producing low voltages, lacks passive starter, restricting its practical applicability. The completely autonomous PSCE (pulsed synchronous charge extractor) chip [223] overcomes some of the constraints. PSCE is a technique that improves conversion efficiency and reduces power losses caused by parasitic series resistors. It is based on the SECE technology. To summarize, because the SECE technique’s key feature is to transfer power in a very small time frame relative to the excitation period, the current that happens during this brief term can easily reach values of many tens of milliamps for a total transmitted power of a few milliwatts. Resistors introduced to the current route as parasitic components can cause large power losses, lowering power harvesting efficiency [224]. The functional diagrams of the PSCE interface, which comprise an NVC, three switches, and an inductor, are shown in Figure 20. The NVC “rectifies” the piezoelectric voltage; however, it is not a genuine rectifier because it cannot stop reverse current. The switches are set appropriately to allow the inductor to temporarily store the energy collected from the piezoelectric harvester during the transfer procedure. This energy is subsequently released to the storage capacitor and dissipated via the load.



The low-power device is adaptable and may be utilized in a wide range of PEH frequencies, PEH voltages, and buffer voltages, making it useful in a number of circumstances. As compared to a passive full-wave rectifier with a modest voltage drop, this chip dramatically increases the power extracted. Also, the chip can start even if the buffer capacitor is drained; the buffer capacitor is passively charged by bypass until the minimum supply voltage is met. A pulsed synchronous charge extractor is a specialized circuit or device used in energy harvesting applications, especially those involving piezoelectric materials. PSCE is intended to optimize electrical charge extraction from piezoelectric devices in a synchronous pulsed manner, hence maximizing energy harvesting efficiency.





5. Energy Harvesting Technology Applications


Table 3 highlights efforts to offer the most essential information for comparing different transducer types, sizes, and output powers of different piezoelectric binders; more details of each study may be obtained in the related articles.




6. Conclusions


Piezoelectric energy harvesting is a candidate technological approach for generating electricity from renewable sources. Its tremendous potential has been proved in a variety of applications, ranging from energy harvesting from vibration to wearable devices. New applications like charging portable electronic devices and low-power sensors are gaining popularity quickly. These applications have the potential to significantly affect daily living and energy efficiency. Advanced piezoelectric material research has cleared the road for more efficient and lightweight electronics. The utilization of versatile and novel materials has the potential to transform the industry. Although PZT is the most common and has the best piezoelectric coefficients, lead toxicity limits its use today. A survey of the literature provides an overview of piezoelectric materials known to date. Piezoelectric composites made of polymer matrix and piezoceramic materials may be a promising material since the proper quality compromise may be reached depending on the composition. Piezoelectric device design and optimization remain key issues. Little changes in design can result in considerable benefits in efficiency and overall performance, according to research. After the classification of the four types of layouts that predominate in the world of energy harvesters, new configurations popular in the medical field that give the structure lightweight flexibility and operate well at low frequencies are explained. Despite substantial advances, there are still obstacles to overcome, including effective integration with other energy sources and appropriate energy management. This study discusses the energy delivery interfaces provided by terminals put on the surface of piezoelectric materials. A piezoelectric energy collector often includes an AC–DC converter, a two-stage conversion circuit, or employs nonlinear methods like SSHI, SECE, or PSCE. Although piezoelectric materials have gone a long way since their discovery, material characteristics still have a lot of space for development in order to enable new applications. Today’s electronics development trend is to minimize device size, reduce power consumption, and increase device flexibility and integration capabilities. Piezoelectric materials are progressing toward being lead-free and having a high voltage coefficient. Many research organizations are focusing on innovative green manufacturing methods such as additive manufacturing, while others are investigating biodegradable piezoelectric materials. PEHs’ bandwidth is projected to be expanded for a wide range of non-fixed external frequencies. This suggests that using a nonlinear structure to utilize the internal resonance of structures is a superior option for increasing conversion efficiency. To get the most power out of the PEH, the interface circuit must be properly constructed to accomplish impedance matching. Currently, the development trend in electronics is to lower device size and power consumption, and increase device flexibility and integration capabilities. Therefore, piezoelectric energy harvesters offer a number of beneficial perspectives to increase energy efficiency and to promote sustainable applications. Interdisciplinarity and collaboration among scientists, engineers, and designers are required to realize this technology’s full potential. In the future, the sector will expand, leading to novel solutions to global energy concerns.
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Figure 1. Power density of energy harvested from the different types of energy harvesting sources available. 
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Figure 2. Architecture of the vibration energy harvesting chain from source to user. 
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Figure 3. Preliminary classification of piezoelectric materials currently used in engineering applications into ferroelectric and non-ferroelectric materials. 
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Figure 4. Classification of piezoelectric materials. 
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Figure 5. Layout of a common piezoelectric vibration energy harvester. 
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Figure 6. Rectangular and trapezoidal beam comparison. 
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Figure 7. Direct and reverse trapezoidal cantilever. 
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Figure 8. Schematic (a) and parametric (b) structure of piezoelectric circular diaphragm [177]. 
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Figure 9. Schematic structure of piezoelectric cymbal transducer [182]. 
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Figure 10. Schematic structure of fan-folded piezoelectric energy harvesters. 
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Figure 11. Schematic structure of spiral piezoelectric energy harvesters. 
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Figure 12. Structure of fractal geometry with dynamic magnification. 
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Figure 13. (a) Schematic structure of helical piezoelectric energy harvester and (b) when a stretching force is applied to it [202]. 
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Figure 14. (a) Electromechanical model of the piezoelectric vibration energy scavenger. (b) Equivalent circuit model of the bimorph vibration energy scavenger. 
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Figure 15. The standard full-bridge rectifier (FBR) circuit. 
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Figure 16. Generalized two-stage energy harvesting circuits. 
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Figure 17. S-SSHI energy harvesting circuit. 
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Figure 18. P-SSHI energy harvesting circuit. 






Figure 18. P-SSHI energy harvesting circuit.



[image: Actuators 12 00457 g018]







[image: Actuators 12 00457 g019] 





Figure 19. SECE energy harvesting circuit. 
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Figure 20. PSCE energy harvesting circuit. 
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Table 1. The characteristics of three classes of piezoelectric materials are compared qualitatively.
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	Property
	Ceramics
	Polymers
	Composites





	Piezoelectric Constant (pC/N)