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Abstract

:

Wind, as a ubiquitous energy, is an important power source for intelligent monitoring systems in smart agriculture applications, and its efficient collection can greatly improve the long-term performance of monitoring systems. However, it is difficult to achieve the broadband and efficient harvesting of wind energy using the existing energy collection technology. Herein, a broadband energy conversion device (ECD), consisting of a triboelectric nanogenerator (TENG) and an electromagnetic generator (EMG), is proposed for wind energy collection under different wind speeds. The introduction of an optimized Scotch yoke mechanism greatly improves the utilization of wind energy by the TENG, thus reducing energy dissipation. Moreover, the addition of a deflector into the fan greatly reduces the start-up wind speed and improves the ability of the device to capture breeze energy. By doping multi-walled carbon nanotubes, the output voltage and current of the TENG can be improved by 108.89% and 116.61%, respectively. Furthermore, the adopted all-directional conductive foam can greatly prolong the service life of the ECD. The peak power of the ECD is 68.49 mW at 9.6 m/s, with the EMG and TENG producing approximately 64.80 mW and 3.69 mW, respectively. The proposed ECD provides a new technical strategy for the practical application of wind energy harvesters.
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1. Introduction


In the Loess Plateau region of China, crops are affected by monsoon and drought, resulting in some crops being unsuitable for planting or reducing their overall yield. Agricultural modernization plays an indispensable role in the modern industrial system. The accurate and real-time sensing of agricultural information is an important guarantee for improving the comprehensive agricultural production capacity. Traditional agricultural information sensing methods usually exhibit the typical shortcomings of fixed monitoring and a small number of sampling points [1]. The application of the Internet of things (IoT) technology, connecting multi-sensing nodes to agricultural monitoring, effectively improves the accuracy of agricultural information sensing. However, traditional IoT nodes rely on external power, which not only makes replacement, charging, and maintenance inconvenient, but also results in environmental pollution [2,3,4,5,6,7,8,9]. Therefore, collecting renewable energy, including solar energy [10,11], wind energy [12,13], raindrop energy [14], and blue energy [15,16], to power these low-power electronic devices through energy management circuits is of great significance in dealing with energy shortages that accompany the development of economies [17]. Among renewable energy sources, wind energy has the advantages of wide distribution, convenient collection, and independence from weather conditions. Thus, collecting wind energy is considered an ideal solution for providing green energy for self-powered sensor nodes [18,19,20].



With the development of sustainable energy technologies, piezoelectric nanogenerators (PENG) [21,22], electromagnetic generators (EMG) [23,24,25], and triboelectric nanogenerators (TENG) [26,27], coupled with the triboelectric effect and electrostatic induction, have become good strategies for collecting distributed wind energy. Among these, TENGs exhibit high voltages and low current densities, as well as good performance under low-frequency motion [19]. In contrast, EMGs usually exhibit excellent current output characteristics, especially in the high-frequency response range [28]. Therefore, most researchers combine TENGs and EMGs to harvest a wider range of wind energy in order to achieve their complementary advantages and obtain higher current and voltage outputs [19,29,30]. However, in a large number of studies of composite energy harvesters based on TENGs and EMGs, the design of the TENG often uses relative sliding or rolling between friction electrode pairs to achieve wind energy capture [31,32,33,34]. Such a design will generate continuous friction between the friction layers, so that a large amount of energy is dissipated in the form of heat energy [35]. If operated over a long period of time, excessive wear and tear of the device may occur, resulting in a significant reduction in output performance [36,37]. By converting the rotating motion generated by wind energy excitation into reciprocating linear motion, the problem of low energy exchange efficiency in the contact separation mode of the TENG can be effectively reduced [38,39,40,41]. In addition, due to the randomness and instability of wind, especially for the Loess Plateau region, achieving a wide wind speed response range is also an important technical means to improve the performance of wind energy harvesting. However, most researchers focus on the optimization of the structure and materials of these composite energy harvesting devices, and only a few have focused on the improvement and optimization of the wind turbine’s structure [33,41,42,43], making it impossible to fully collect and widely utilize distributed wind energy. Therefore, optimizing and improving the composite energy harvesting device from the aspects of structure, material, and wind turbine design is an effective means to achieve highly efficient wind energy collection.



Herein, we propose an energy conversion device (ECD) made of an elastic contact-array mode TENG and an EMG for collecting wind energy. The TENG adopts an optimized Scotch yoke mechanism, which effectively improves the working contact separation frequency between the friction pairs and enhances the energy conversion efficiency. In addition, the fan, designed with an added deflector, greatly reduces the start-up wind speed of the ECD and improves the ability to capture breeze energy. Moreover, thanks to the introduced surface-modified and multi-walled carbon nanotube (MWCNT) doping, the friction effect and charge accumulation property of the silicone rubber used have been effectively improved. Furthermore, the use of elastic electrodes (conductive foam) can effectively buffer the impact between the friction materials and prolong their service life. As a result of the optimized TENG material, the introduction of a wind turbine with a deflector, and the integration of a TENG and an EMG, the ECD can efficiently collect wind energy in real time to power unattended wireless sensing nodes. This study provides a potential technical path for self-powered sensors to monitor environmental parameters in smart agriculture applications.




2. Materials and Methods


2.1. Materials and Fabrication of the ECD


The base and curing agent (1:1 volume ratio) of silicone rubber (Ecoflex 00-30) were fully mixed in a beaker, and then the MWCNT (3% weight ratio) was added to the mixed liquid silicone rubber. After being thoroughly stirred and mixed, the composite silicone rubber solution was coated in a Polytetrafluoroethylene (PTFE) mold with sandpaper and cured at room temperature for 24 h, and a soft negative triboelectric layer was obtained. In addition, the positive triboelectric layer, made of metal conductive sponge, was pasted on the fixed inner wall of the device.



The copper coils in the EMG unit exhibited the following properties: coil diameter of 15 mm, thickness of 5 mm, copper wire diameter of 0.1 mm, and 3000 coil turns. Eight NdFeB-N35 magnets (diameter: 15 mm; thickness: 5 mm) with high magnetic field strength were fixed in the rotor disk in a circular array with interlacing polarity, allowing it to rotate with the disk to make the coil cut the magnetic induction line.




2.2. Measurement System


In the experiment, a blower (YR412) was used as the wind source, and the wind speed at six different positions was calibrated by an anemometer (TASI TA8164). To visualize the output performance of the ECD, the voltage and short-circuit current were measured with a digital oscilloscope (Tektronix MSO2024B) and a Keithley 6514 electrometer, respectively.





3. Design and Working Principle of the ECD


The designed ECD mainly includes a wind energy capture unit and a hybrid power generation unit consisted of TENG and EMG. The whole shell, rotor and stator structures were prepared through 3D printing technology. Through the simulation analysis of electric field strength and magnetic field strengths, as well as the comparison of output performance, the structure and material of ECD were optimized to achieve the double enhancement of output performance.



3.1. The Structure of ECD


The detailed structural design of the ECD is shown in Figure 1a. The ECD consists of two parts: the wind energy capture unit and the power generation unit. The upper part of the device is a wind energy capture unit that collects wind energy and provides rotating torque for the generator unit. The TENG consists of friction layers, the optimized Scotch yoke structure, and an all-directional conductive sponge electrode, while the EMG consists of the highest-performance NdFeB35 magnets and multi-copper coils connected in a series.



The all-directional conductive sponge and modified silicone rubber constitute the friction layer, with positive and negative polarity; the preparation of the modified silicone rubber is shown in Figure 1b. Furthering the research on silicone rubber, this study mainly improves the output performance of TENG from two aspects. On the one hand, the silicone rubber was doped with MWCNT powder to increase its dielectric constant. On the other hand, the microstructure of the modified silicone rubber surface increases its effective contact area with the conductive foam. A picture of the modified silicone rubber is shown in Figure 1c.



Wind capture devices convert wind energy into power to drive triboelectric-electromagnetic power generation device. Figure 1d presents the optimized Scotch yoke structure. The eccentric shaft rotation drives the rotation of the EMG and the reciprocating movement of the TENG, which realizes the conversion from wind energy to electric energy. Based on the local degree of freedom theory in mechanical principles, an eccentric shaft is installed with deep groove ball bearings to effectively reduce the friction between the relative moving parts and prevent the sliding parts and eccentric shaft from becoming stuck due to impact during the contact separation process. Furthermore, in order to reduce friction loss, steel balls were embedded in the grooves of the fixed parts, which converts sliding friction into rolling friction. As shown in Figure 1e, the conductive sponge is pasted onto the inner wall of the device as a positive friction material and an electrode layer of the TENG. Figure 1f shows the overall structural design and layout of the EMG. The NdFeB35 magnets, with strong magnetic induction densities, were installed on the disk in a polarity-interleaved manner, and multiple coils were installed in a series. Figure 1g shows the overall assembly diagram of the ECD. The components that make up the ECD are fixed using standard connections, resulting in reliable structural stability and good sealing performance, especially in harsh environments. The detailed components of the ECD and the specific process of preparing the modified silicone rubber can be seen in Figures S1 and S2.




3.2. The Working Principle of the ECD


Under different wind speeds, the ECD can generates voltage and current pulse signals of different frequencies and amplitudes, generating power and enabling wind monitoring. Figure 2a illustrates how the TENG works. Taking TENG1 as the object of study, at the initial state (stage I), the conductive sponge (as the positive friction layer) and the composite silicone rubber (as the negative friction layer) are separated by a certain distance, and there is no charge generated on the surface of the conductive sponge and the composite silicone rubber. Therefore, no potential difference occurred.



At stage II, under the action of external force, the eccentric axis with the bearings rotates clockwise so that the two friction layers with opposite polarities come into contact and generate friction. Due to the triboelectric effect, equal amounts of opposite polarity charges are generated on the surfaces of the two friction layers. The eccentric axis with the bearings continues to rotate clockwise. At stage III, the positive and negative friction layers gradually separate from each other, and electrons are retained on the film’s surface. During the relative separation of the two electrodes, the potential difference will be generated. When the separation distance is increased to the maximum, the output voltage of TENG1 reaches saturation. Subsequently, when the two friction layers gradually become closer, the potential between the two electrodes steadily disappears with the decrease in their separation. At the same time, the open circuit voltage (Voc) gradually decreases from the peak level. When sufficient contact occurs between the friction layers, the voltage drops to zero, continuing to prepare for the next cycle. The working principle of the other three TENGs is the same as that of TENG1.



In order to illustrate the working principle of TENG more clearly, the potential distribution between two triboelectric materials was simulated using COMSOL Multiphysics 5.6, as depicted in Figure 3a. According to the change in distance between the two triboelectric materials, the simulation process is divided into four processes. From the simulation results, it can be seen that the electrical potential of the friction surface improves with the increase in the distance between the surfaces.



Figure 3a presents the working principle of the EMG. Based on the magnetoelectric effect [29], when the coil conductor in the closed loop is moved to cut the magnetic inductance line, an induced current is generated. In the initial state (stage I), there is no relative motion between the coil and magnet, and most of the magnetic induction lines pass through the coil. However, because the magnetic flux in the coil is unchanged, no induced current will be generated. When the disk embedded in the magnet rotates, the magnetic induction line passing through the coil gradually decreases, and the induced current is generated in the closed loop (stage II). With the disk continuing to rotate, the number of magnetic induction lines passing through the coil gradually increases, generating an induced current in the opposite direction of the loop (stage III). In addition, the distribution trend of the magnet’s magnetic field strength is analyzed using MAXWELL 16.0 software (Figure 3b). Moreover, in order to ensure the excellent output performance of the EMG, the relationship between the linear density of magnetic induction and the longitudinal distance of the magnet is simulated. From Figure 3c, it can be seen that the farther away the coil is from the magnet, the smaller the magnetic density. Therefore, the smaller the distance between the coil and the magnet, the better.




3.3. Material and Structural Optimization of the ECD


In order to improve the output performance and carrying capacity of the ECD, MWCNT doping and surface roughness modification were carried out on silicone rubber. The microscopic morphologies of composite silicone rubber with different roughnesses and the conductive sponge were observed with a scanning electron microscope (SEM, SU8020, Hitachi). The microstructures were prepared for the film using sandpaper templates of different grit sizes, resulting in different concave and convex structures, as shown in Figure 4a–d. It is worth noting that the larger the grit size of the sandpaper template, the greater the density of the concave and convex structures on the surface of the film. When the grit size of the sandpaper template is 320, the concave and convex structure on the surface of the film presents a large and sparse morphology. As the particle size of the sandpaper gradually increases, the microstructure on the surface of the film takes on a small and dense form. The composition of modified silicone rubber containing 3% MWCNT was analyzed using an EDS test (Figure 4g). The composite silicone rubber is mainly composed of C, Si, and O. It is clear to see that the MWCNT is evenly dispersed in the silicone rubber. Figure 4e shows the surface topography of the conductive sponge, which has an omnidirectional elastic structure.



The output performance of different proportions of composite silicone rubber and MWCNT was studied. The thickness and diameter of the composite silicone rubber are approximately 0.7 mm and 40 mm, respectively, and the contact separation is achieved by a very reliable bench with an operating frequency of 2 Hz. As can be seen from Figure 5a,b, the Voc of the film increases with the increase in the doping concentration. When the concentration exceeds 3%, the Voc begins to decrease. At the same time, the short-circuit current (Isc) shows the same trend, because the increase in the dielectric constant will help to enhance the charge transfer between the friction layers [42]. Therefore, MWCNT uniformly dispersed in the rubber can improve its dielectric constant, thereby significantly improving the output of the TENG. However, with the increase in the MWCNT doping concentration, the effective friction area decreases, which leads to a reduction in the triboelectric output performance of the composite silicone rubber. Based on this finding, the optimum MWCNT concentration of 3% was selected for further experiments. It can be seen that the peak-to-peak voltage of the TENG reaches 376 V, and the peak-to-peak current of the TENG is 5.96 μA. Compared with those of the undoped silicone rubber, these values are increased by 108.89% and 116.61%, respectively.



To verify the effect of the composite silicone rubber’s surface roughness on the TENG’s performance, samples of silicone rubber doped with 3% MWCNT, with different roughnesses, were also studied. They were placed on a workbench with a contact separation frequency of 2 Hz. Figure 5c,d shows the effect of the different roughnesses on the electrical outputs of the TENG. The output performance of the modified silicone rubber with the surface roughness treatment has clearly been improved compared to the modified silicone rubber with no surface treatment. This is because the surface modification of the film greatly increases the effective contact area, which improves the TENG’s output performance [43]. It can be seen from the figure that with the increase in the sandpaper’s grit size, the output performance of the TENG exhibits an obvious inflection point. When the grit size of the sandpaper ranges from 0 to 500 CW, the output performance of TENG shows an upward trend. With the increase in the grit size of the sandpaper template, the density of the concave and convex structures on the surface of the film increases, which helps to improve effective contact area and enhances the output performance of TENG. However, when the grit size of the sandpaper is gradually greater than 500 CW, the microstructure size of the film surface becomes smaller and the surface is smoother, which weakens the effective contact area and friction effect between the films, thus reducing the output performance [44]. At the sandpaper grit size of 500, the peak-to-peak voltage and current of the TENG are 532 V and 7.79 μA, respectively, reaching the maximum value. Compared with those of untreated composite silicone rubber, the peak-to-peak voltage and current of the TENG increased by 44.57% and 32.03%, respectively.



Finally, the durability and stability of the doped and surface-treated silicone rubber films were also tested. The output performance of the TENG using both films was recorded by a dataset containing multiple contact separation cycles (Figure 5e,f). The experimental results showed that the overall output performance did not change significantly after 12 h of operation. The SEM images in Figure 4f show that the surface microstructure of the film is only slightly deformed, which indicates the excellent durability and stability of the TENG.



The design of the wind capture unit was based on mechanical design theory. It was modeled in SolidWorks 2018 software and analyzed using Ansys Fluent 2021 R1 software. In the fluid–structure interaction analysis, we set the initial condition of the wind speed to 8 m/s and the wind direction was horizontal to the left (as shown by the arrow in Figure 6a. Figure 6a presents the relative pressure distribution of the device in the flow field. According to the figure, the pressure difference between the surface and back of blade 1 was large, while the pressure differences between blades 2 and 3 were relatively smaller. At that moment, the pressure difference of the blade provided the reversing torque for the wind wheel. However, due to the existence of the guide blade, the pressure difference decreased, and the reversing torque for the wind wheel was also smaller. The differential pressure of the vane is the main factor affecting its rotation and torque. The flow-field velocity distribution around the blades is shown in Figure 4b. The guide blade optimized the flow field to a certain extent, resulting in the increase in the wind speed acting on the blade in the windward region of the wind wheel. In addition, because of the shielding effect of the guide blade, when the blade on the wind wheel was on the leeward side, the wind speed acting on the back of the blade was greatly reduced. Therefore, the deflector improved the wind turbine’s range of adaptation to wind speed and the efficiency of the wind turbine and played a certain protective role that prevented the wind turbine from becoming stuck on external objects.





4. Results and Discussion


To better characterize the output performance of ECDs, the electrical output characteristics and charging performance of the TENG and EMG were tested under different simulated wind speeds. The experiments regarding driving temperature, humidity, and light intensity sensor stability further confirmed the excellent power supply ability of ECD.



4.1. Output Characterization of the ECD


Figure 7 depicts the output performance of the TENG and EMG corresponding to different wind speeds. For TENG1, the Voc and Isc increased with increasing wind speed. As the wind speed gradually increased from 3.6 m/s to 9.6 m/s, TENG1’s Voc increased accordingly from 92 V to 440 V, and its Isc increased from 1.8 μA to 6.2 μA. The results show that the Voc and Isc of the other three TENG power generation units show the same growth trend. This is because, with the increase in wind speed, the separation frequency of the friction layers continues to increase, which in turn accelerates the charge transfer speed and increases the output of the TENG. The high-speed rotation of the fan blade gives the slider a certain inertia during contact separation, which increases the impact force between friction layers, resulting in the continuous increase in Voc. For the EMG, Faraday’s law of electromagnetic induction states that the greater the speed at which the coil cuts the magnetic induction line, the greater the induced current. At the same experimental wind speed as that used for the TENG, the Voc of EMG increased from 4.4 to 24.4 V, and its Isc increased from 2.9 to 10.1 mA.



In addition, the relationships between the output voltage and different external load resistance of the TENG and EMG at a wind speed of 9.6 m/s were tested. After sampling multiple sets of data, the output power under different loads is calculated by P = U2/R to fit the curve. According to the experimental results, when the resistance value of the external load is close to the internal resistance of the TENG about 1.5 × 107 Ω, the output power of the four TENGs reaches the maximum, which is 0.91 mW, 0.93 mW, 0.92 mW, and 0.90 mW, respectively. The detailed chart data of TENG2, TENG3, and TENG4 can be found in Figure S3. The output power trend of the EMG is similar to that of the TENG. As the external resistance increases to 800 Ω, the EMG reaches a maximum output power of 64.8 mW. Based on the above results, it is concluded that the TENG and EMG have significantly different output characteristics for energy harvesting. The TENG generates a large voltage and a small current while the EMG outputs a large current and a low voltage.



Figure 8a,b show the physical and schematic diagrams, respectively, of the rectifier circuit of the ECD. The alternating current generated by the ECD passes through a multi-channel rectifier circuit and is connected in parallel to the energy storage capacitor. The ability of each generating unit of the ECD and their combination to charge the capacitor was tested at a wind speed of 7.2 m/s.



Figure 8c shows that the EMG charges the generated power into the capacitor for a short period of time and keeps the power constant, while the charging speed of the TENG is relatively slow, but the charging voltage is higher. Therefore, the combination of the TENG and the EMG can integrate their complementary advantages to improve charging efficiency. Figure 8d depicts the charging performance of the ECD for different capacitors. It can be seen that the smaller the capacity of the capacitor, the more energy is stored. Figure 8e shows the output comparison of the ECD charging a 4.7 mF capacitor at different wind speeds. The charging curves indicate that the ECD can charge capacitors at lower speeds, and the faster the rotation speed, the better the ECD’s charging capability.



Finally, the TENG generates an alternating current that monitors wind speed through the frequency of the waveform. When the rotating parts rotate once, each generating unit generates one alternating current, and the whole unit generates four alternating currents. Therefore, a corresponding linear relationship exists between the AC voltage frequency of TENG and the wind speed. As can be seen from Figure 8f, when the wind speed increases from 3.6 m/s to 13.2 m/s, the corresponding output frequency increases from 2.8 Hz to 18.6 Hz. The presence of a linear fit of up to 0.99431 gives the device the prospect of rotational speed and wind speed detection.




4.2. Device Application


The hybrid ECD can indirectly convert wind energy into electrical energy as a power source for small electronic devices and wireless sensing nodes. As is shown in Figure 9a, in the case of power shortage, the ECD can power a 5 W energy-saving lamp for reading or for use as an emergency lamp.



In Figure 9b, the ECD and the capacitor (6   mF  ) are connected by a full-wave rectifier to power the devices. Furthermore, in order to prevent the voltage of the charging capacitor from being too large and damaging the small electronic gadgets, a voltage regulator diode (1 W, 3.3 V) and a resistor (68 Ω) are connected in parallel to supply power to the electronic equipment to achieve a voltage-stabilizing effect. Owing to the excellent output performance of the ECD, a self-powered temperature/humidity device can work continuously by harvesting energy from the wind, as presented in Figure 9c. In addition, Figure 9d shows that the collected wind energy can be stored in a 6   mF   capacitor and successfully drive a temperature and humidity sensor node.



Figure 9e indicates that the ECD provides a power supply for sensor nodes to realize the real-time monitoring of the crop growth environment in agriculture and greenhouse planting. As shown in Figure 9f,g, the ECD can be integrated with a microprocessor chip to control temperature, humidity, and light intensity sensors. In this application, a 6 mf capacitor was selected to store the energy generated by the hybrid ECD, serving as the power supply of the micro-system.



For the Loess Plateau area, with its low precipitation, large temperature differences, and obvious seasonal changes in wind direction and wind power, the designed ECD based on the optimized Scotch yoke mechanism, with varying contact-separation frequencies and introduced deflectors, successfully optimizes the flow field and can effectively collect a wide range of wind energy, storing it in order to power IoT sensing nodes. In addition, the excellent charging performance of the ECD and its ability to stably supply power to temperature, humidity, and light intensity sensors validates its use for intelligent agricultural monitoring to supply power to wireless sensor nodes. Furthermore, precise strategies can be implemented based on real-time monitoring data collected by environmental sensors and crop growth needs. Therefore, the design of the ECD with a high output performance and wide wind speed response range is of practical significance for dealing with the impact of climate change on agriculture, especially in the Loess Plateau region.





5. Conclusions


In summary, a novel triboelectric-electromagnetic hybrid ECD based on the elastic vertical contact-separation mode was proposed. The ECD integrates a TENG with a high conversion efficiency at a low wind speed and an EMG with excellent performance at a high wind speed, effectively realizing broadband wind energy collection. The optimized Scotch yoke mechanism greatly improves the working efficiency of the TENG and reduces the energy loss. In addition, the introduction of deflectors to optimize the flow field of the wind turbine not only improves the starting characteristics of wind turbines, but also increases their efficiency. The output voltage and current of the TENG can be increased by 108.89% and 116.61%, respectively, by MWCNT doping. At the same time, the omnidirectional conductive foam adopted as the electrode and frictional material greatly extends the service life of the ECD and ensures its good stability. Based on the optimization of the structure and materials, the maximum output power of the ECD can reach 68.49 mW during strong winds, which makes it possible to continuously supply power to the sensing nodes used for agricultural monitoring located in the Loess Plateau. This study provides a new technical strategy for the practical application of wind energy harvesters in self-powered wireless monitoring systems.
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Figure 1. Structure of the ECD: (a) schematic of the ECD; (b) preparation process of modified silicone rubber; (c) photo of modified silicone rubber; (d) photo of the optimized Scotch yoke structure; (e) photo of the all-directional conductive foam electrode; (f) photo of the electromagnetic layout; (g) photo of the ECD. 






Figure 1. Structure of the ECD: (a) schematic of the ECD; (b) preparation process of modified silicone rubber; (c) photo of modified silicone rubber; (d) photo of the optimized Scotch yoke structure; (e) photo of the all-directional conductive foam electrode; (f) photo of the electromagnetic layout; (g) photo of the ECD.



[image: Electronics 12 00034 g001]







[image: Electronics 12 00034 g002 550] 





Figure 2. The working principle and simulation of the TENG: (a) working principle of the TENG; (b) simulation of the potential distribution of the TENG. 






Figure 2. The working principle and simulation of the TENG: (a) working principle of the TENG; (b) simulation of the potential distribution of the TENG.



[image: Electronics 12 00034 g002]







[image: Electronics 12 00034 g003 550] 





Figure 3. The working principle and simulation of EMG: (a) working principle of EMG; (b) simulation of magnetic field intensity distribution between two adjacent magnets; (c) simulation of the relationship between the flux lines and the magnet at different longitudinal distances (z-axis). 






Figure 3. The working principle and simulation of EMG: (a) working principle of EMG; (b) simulation of magnetic field intensity distribution between two adjacent magnets; (c) simulation of the relationship between the flux lines and the magnet at different longitudinal distances (z-axis).



[image: Electronics 12 00034 g003]







[image: Electronics 12 00034 g004 550] 





Figure 4. Surface observation of the modified silicone rubber and the conductive sponge: (a–d) SEM images of modified silicone rubber with different sandpaper templates (320, 500, 800 grit, respectively); (e) SEM image of conductive sponge; (f) SEM image of modified silicone rubber after continuous work; (g) EDS image of modified silicone rubber with 3% MWCNT concentration. 
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Figure 5. Output performance of modified silicone rubber: the (a) Voc and (b) Isc of TENG under different doping concentrations; the (c) Voc and (d) Isc of TENG under different sandpaper template grit sizes; (e,f) the durability and stability of modified silicone rubber. The output voltage of the TENG is obtained using an MSO oscilloscope, and the horizontal scanning time is set as 4 s per grid. 
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Figure 6. The dynamic analysis of the wind capture device: (a) pressure contour; (b) velocity field. 
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Figure 7. The output characteristics of TENG1 and EMG at different wind speeds: the Voc of (a) TENG1 and (c) EMG; the Isc of (b) TENG and (d) EMG; the output power of (e) TENG1 and (f) EMG at a wind speed of 9.6 m/s, with different external load resistances. The output voltages are obtained using an MSO oscilloscope, and the horizontal scanning time is set as 400 ms per grid. 
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Figure 8. The output performance of ECD: (a,b) Rectifier circuit diagram; (c) Comparison of charging capacity between TENG and EMG; (d) The curves of ECD charging different capacitors; (e) The charging curves of ECD at different speeds; (f) Linear relationship between voltage frequency and wind speed. 
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Figure 9. Schematic diagram of ECD application: (a) the energy-saving bulb powered by ECD; (b) the power management circuit of ECD; (c) charging and discharging processes of a 6 mF capacitor to power the temperature/humidity device; (d) charging and discharging processes of a 6 mF capacitor to power the temperature/humidity sensor node; (e) schematic diagram of the agricultural monitoring system; (f) scene diagram of the temperature and humidity monitoring; (g) scene diagram of the light intensity monitoring. 
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