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Abstract

:

Coastal areas often experience high population density and intense human activity owing to the considerable value of the ocean. Therefore, devices for monitoring marine disasters are crucial for ensuring the safety of human life. Herein, we develop hemispherical spring origami (SO) triboelectric nanogenerators (TENGs) (HSO-TENGs) for self-powered ocean wave monitoring. Optimization is performed using two approaches. First, swing machine experiments are conducted to investigate the monitoring performance of the HSO-TENGs regarding wave height and period with satisfactory accuracy. To increase power generation and monitoring accuracy, the internal inertia and centroid of gravity of the HSO-TENGs are optimized with respect to the structural parameters (i.e., magnet weight, hammer height, and external swing arm length). Second, numerical simulations are performed using the smoothed-particle hydrodynamics (SPH) method to determine the most suitable fixed condition for the HSO-TENGs for sensing wave changes. Subsequently, wave tank experiments are conducted on the HSO-TENGs to determine their ability to sense wave height, period, frequency, and direction. Tests related to supplying other sensors are also conducted. Eventually, the ability of the HSO-TENGs to monitor wave direction and spreading parameters is investigated in a numerical SPH circular wave tank. The results prove that the optimized HSO-TENGs can achieve powering and sensing through the same device.
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1. Introduction


Owing to the substantial value of the ocean for various systems, such as ecosystems, energy generation, and society, coastal areas often experience high population density and intense human activity [1,2,3,4]. Therefore, it is imperative to establish stable, sustainable, and environmentally friendly monitoring sensors to track marine disasters (i.e., high-speed winds, waves, storm surges, flooding, and tsunamis) and pollution (i.e., temperature, pH, salinity, eutrophication, and metals) [5,6]. These devices are typically required to monitor multiple ocean parameters, be easy to produce, and demonstrate low energy consumption and stable power generation [7,8,9,10].



Triboelectric nanogenerators (TENGs) have shown considerable potential in energy harvesting and sensing [11,12]. For example, TENGs are combined with piezoelectric nanogenerators (PENGs) to monitor several parameters, such as the initial distance, acceleration amplitude, and vibration amplitude [13,14,15]. In addition, a TENG with a double-float structure was developed for hydrological wave monitoring [16]. Moreover, a TENG with innovative magnetically circular layers was used to develop a self-powered speed sensor for vehicles and a crack detector [17]. Among these TENGs, origami TENGs have been widely used in self-powered monitoring applications owing to the advantages of origami metamaterials, which include their self-weight, cost effectiveness, fabrication difficulty, and performance tunability [18]. An example is found in the Miura-origami-inspired Kresling origami TENG developed for the self-powered sensing of gait, the palm-grasp state, and strength [19,20,21]. Waterbomb-origami-inspired TENGs with good deformability and flexibility were developed for traffic monitoring [22]. Elastic origami-structured TENGs were reported for ocean energy harvesting and bridge health monitoring and demonstrated an excellent feature of converting low frequencies into high frequencies [23,24]. However, these previous studies mainly used origami TENGs as power sources to charge independent monitoring systems rather than achieving powering and sensing through the same device.



Parameter selection and the optimization of developed complex structural TENGs have not been adequately investigated in previous studies, particularly when the environment comprises variable, swaying ocean waves [25,26]. A summary of several common methods used to improve the performance of TENGs in the ocean is as follows. The first common internal optimization method is to add an eccentric mass or design the device as an eccentric sphere to overcome challenges related to low frequency and high frictional forces [27,28,29]. The second method involves using a high center of gravity to increase swinging [30]. The third method is to restrict some freedoms. Some researchers have adopted the strategy of fixing only one point to maximize rotational freedom [22,31,32] while some researchers have chosen to restrict the rotational freedom of the device and allow only heaving motion [33,34]. Further, other widely used approaches are based on swing design and limit freedom in the surge, sway, and heave directions. For instance, many researchers have explored cylindrical structures equipped with a grating electrode structure wherein the sliding of brushes driven by a roller rolling can generate stable power [28,35,36]. However, such optimized devices can usually only collect swinging energy generated by ocean waves in a single direction, limiting their applicability under real sea conditions. Therefore, we must find a suitable fixed condition to satisfy the linear response to the changes in wave parameters and simultaneously realize maximum energy collection from multidirectional waves.



Considering the limitations of the experimental conditions and cost, a time-effective numerical simulation is a good optimization and prediction method [37,38,39]. To improve hydrodynamics or the aerodynamic performance of the TENGs, the grid-based computer fluid dynamics (CFD) method is used to build the shell of these devices and simulate their motion [40,41,42]. However, TENGs usually have a non-single structural mode, and only simulating the external structure is not enough to obtain the motion of the internal TENG. However, the traditional grid-based Euler method needs to rebuild the grid at each time step to deal with the grid distortion caused by the large movement of the device, which requires expensive computing resources. In addition, nonlinear phenomena such as slamming, breaking, and submerging caused by strong waves increase the difficulty of capturing free surfaces. The smoothed-particle hydrodynamics (SPH) method based on the Lagrangian method has an efficient advantage in dealing with waves, floating bodies, complex boundaries, collisions, and dynamics between solids [43,44,45,46]. Previous studies have successfully applied the SPH method to simulate the motion of wave energy converters under extreme wave impacts [47,48]. This study aims to construct comprehensive numerical models that incorporate internal structures such as springs and hinges, which can help establish a sophisticated fluid–solid coupling dynamic model and build a virtual–real interaction system.



In this study, we develop hemispherical spring origami (SO) triboelectric nanogenerators (TENGs) (HSO-TENGs) with four SO-TENGs around a swingable hammer. The hammer can swing with multidirectional waves, compressing and stretching the SO-TENGs to generate electrical power. Subsequently, swing machine experiments are conducted to simulate the wave environment to increase power generation. From the perspective of the first and second common methods (the internal inertia and overall centroid of gravity), the weight of magnet mass, the height of the hammer, and the length of the external swing arm are explored. To optimize the HSO-TENGs based on the third method (restriction of some freedoms), the three fixed conditions (no submergence, half submergence, and mooring connection) of the device are explored, and the most suitable condition is selected considering sensing wave parameters. Herein, numerical deep-water wave tanks, including the flap-type wave generator and the damping zone, are developed using the SPH method. The optimized device is tested through large-scale wave tank experiments for different wave heights and periods. Simultaneously, the connection circuit of four SO-TENGs is designed to test the performance of the power supply to the sensor. Finally, a numerical multidirectional circular wave tank based on SPH is used to predict the performance of the HSO-TENGs in sensing wave direction and wave spreading parameters.




2. Overview of the HSO-TENG


Figure 1a shows a schematic of an HSO-TENG network, showing its array in the ocean. An HSO-TENG includes a transparent hemispherical shell, a circular bottom plate, four SO TENGs, and a swingable hammer. The right-hand part of the figure shows the internal distribution of components in a disassembled HSO-TENG, which comprises four SO-TENGs and a swingable hammer. Figure 1b presents the first part: the preparation process of the SO-TENGs. First, the SO-TENGs are folded from two long strips to form a helical elastic structure. Subsequently, they are bent with one end attached to the hammer and the other to the hemisphere base. Previous studies have validated the efficacy of SO-TENGs in ocean energy harvesting and bridge monitoring [22,24].



A detailed view of the second part, the swingable hammer, is shown in Figure 1c. Figure 1c (i) shows two components. The first component comprises a hammer head, stick, and tail sphere; the second component is a cylinder with a hollow center, slightly larger than the sphere in the first component. Figure 1c (ii) demonstrates that this hammer configuration allows 30° of swinging motion perpendicular to the XY plane, ensuring that the HSO-TENG can harvest energy in any direction. Figure 2 shows the working mechanism and charge distribution map during the slapping motion. Notably, the two strips in the SO-TENG are constructed as four-layer and five-layer structures, with the layers securely fixed using 1 cm wide double-sided tape. Here, polytetrafluoroethylene (PTFE) is selected as a material with favorable electron transfer properties. The use of soft PVC also increases the overall self-recovery of the SO-TENGs. Here, the two SO-TENGs along the y-axis are hidden, and only the two along the x-axis are visible. As observed, when the HSO-TENG exhibits a swinging motion around the y-axis, this movement causes the internal pendulum to compress and stretch the SO-TENGs arranged along the x-axis. The two strips of the SO-TENG on the right, for example, contact and separate with compression and stretching, leading to a charge exchange between the paper and PTFE. The SO structure ensures that both sides of the two strips are in contact. Therefore, charges can be effectively generated on both sides of the strips, optimizing the energy conversion capability of the device. Notably, the SO-TENGs demonstrate different left-handed and right-handed rotation states upon stretching, depending on the stacking directions [49]. Therefore, each set of SO-TENGs is designed as left-handed and right-handed structures to ensure symmetry.




3. Structure Optimization Based on Swinging Experiment


3.1. Experimental Setup of Swinging Experiment


The effect of several parameters on the output voltage of the HSO-TENG is discussed in this section. The setup of the swinging experiment is displayed in Figure 3. As can be seen in this figure, the experiment setup can be divided into “excitation” and “monitor”. By adjusting the speed of the motor, the swing frequency is controlled. The swing machine can generate a low swing frequency between 0.275 and 1.45 Hz, which satisfies the low-frequency characteristics of ocean waves. To explore the relationship between the devices and wave environment, initially, the most simplified component in the HSO-TENG and two SO-TENG units connected to the swingable hammer are placed on the swing machine. Subsequently, the two SO-TENGs are stretched and compressed with the motion of the swingable hammer. During each swing experiment, three components (six SO-TENGs units) are tested more than three times to ensure consistent results. Figure 3b shows three snapshots of the movement of the SO-TENGs on the swing machine. Eventually, the two SO-TENGs are connected to the oscilloscope through separate wires, which enable real-time electrical power transmission. The output voltage is recorded and monitored on a laptop. The internal resistance of the oscilloscope is 1 mΩ.



Figure 4 illustrates the parameters used for optimization, the results of which are further elaborated in Figure 5d–g. Here, O represents the maximum swing angle. The swing frequency and O represent the wave frequency and height, respectively. Next, we explore parameter M, which represents the weight of magnet mass to overcome the challenges associated with low frequency and high frictional forces. Furthermore, to increase the magnitude of the swing, the parameters L (the height of the hammer) and D (the length of the swing arm) are selected such that they increase the gravity center. Two symmetrical SO-TENGs, labeled Part C and Part D, are positioned along the swing direction and on either side of the hammer during the swinging experiment, which is used to simulate their performance along the wave direction.




3.2. Results and Discussion


This section presents the filtered results. Figure 5a–c display the output voltage, current, and power versus time curve, respectively, covering a swinging frequency range of 0.275–1.45 Hz. The figures reveal that the two distinct waveforms of Parts C and D exhibit ordered and opposite voltage data, with their amplitudes increasing with increasing frequency. This trend demonstrates the remarkable sensitivity of the HSO-TENG to swing frequency. Figure 5d presents a plot of the absolute average voltage as a function of frequency for three maximum swing angles. Increasing the swing angle amplifies the output voltage. The two parameters shown in Figure 5a,d (swing frequency and maximum swing angle) can be associated with wave frequency and height, respectively, showcasing the HSO-TENG’s potential for wave monitoring applications. Therefore, in-depth investigations are conducted to investigate the influence of internal inertia using factors D and L. The impact of the external center of gravity is analyzed using factor M. Figure 5e–g demonstrate that enhancing D, M, and L can effectively enhance the power generation performance at a given frequency. Finally, the two SO-TENGs are rectified and connected in parallel on both sides of the capacitor to verify the possibility of powering other sensors. Figure 5h shows the circuit diagram. The charging curve illustrates that within 100 s, a 47 μF capacitor can be charged to 4 V, providing promising evidence of the HSO-TENG’s capacity to power additional sensors.





4. Performance of HSO-TENG in Experimental and Numerical Unidirectional Wave Tank


In this section, numerical models are built to find suitable fixed conditions for the HSO-TENG with respect to the monitoring of wave conditions. To validate the reliability of the numerical model, the experimental setup and results are introduced first (Figure 6).



4.1. Experimental Setup of Unidirectional Wave Tank


The HSO-TENG’s practicality is enhanced by incorporating an additional waterproof layer and selecting the optimal parameters mentioned in Section 3. This waterproof layer is a translucent spherical shell, slightly larger than the inner cover, which minimizes the risk of water accidentally entering the outermost spherical shell from the interior. Here, D, M, and L are 17 cm, 540 g, and 6 cm, respectively. L is not selected to be 7 cm to prevent the SO-TENG from touching the spherical shell and causing unnecessary friction interference.



The overview of the experimental setup is divided into excitation and monitor parts. In the excitation part shown in Figure 6a, the HSO-TENG is positioned at the center of the wave tank, with its bottom close to the still water level. The parameters of the experimental wave tank are listed in Table 1. During the experiments, the HSO-TENG is connected to a support shelf. Figure 6b illustrates the connection between the HSO-TENG and support shelf, which employs the same swingable structure shown in Figure 1c. Furthermore, a camera is placed above the HSO-TENG to capture the motion of the device and compare it with the experimental results. When the HSO-TENG faces upstream and encounters incoming waves, the voltage generated by its four distinct SO-TENGs in Figure 6c (Part A‘, Part B‘, Part C‘, and Part D‘) is conveyed through four wires to an oscilloscope in the monitor part. Subsequently, a laptop (Figure 6a) is used for data analysis and monitoring.




4.2. Numerical Conditions in Unidirectional Wave Tank Based on SPH Method


Next, the numerical deep-water wave tank is illustrated in Figure 7. Figure 7a shows the top and side views of the wave tank. The parameters of the wave tank are listed in Table 2. In particular, the flap-type wave generator, corresponding water depth, and damping zone are selected to replicate deep-water wave conditions. The numerical HSO-TENG is at the center of the unidirectional wave tank. Owing to the structural complexity of the SO-TENG, we use four simplified spring components to represent the SO-TENGs considering their elasticity properties, as shown in Figure 7b. An origami spring is typically fabricated using thin elastic plates rotating on straight-line hinges. Thus, the dominant source of the restoring force in the origami spring is primarily from the bending and twisting elasticity of the individual plates. The elastic responses of the origami spring were tested in a previous study [49].




4.3. Selection of Fixed Conditions Based on Numerical Model


In this section, three typical boundary conditions (no submergence, half submergence, and mooring connection) are selected in the numerical model to find the most suitable one in Figure 8. In addition, the motions of the HSO-TENG in one period and the length change of the springs in 10 s are also shown alongside the three conditions. A comparison with the no submergence condition reveals that under the half submergence condition, the HSO-TENG swings toward the streamwise direction, resulting in insufficient compression of Part C and tension of Part D. Furthermore, the mooring connection condition shows that the HSO-TENG follows the wave, leading to a considerable reduction in the compression and stretching range of the internal spring, accounting for only half of the range observed under the no submergence condition. Therefore, the no submergence condition is selected for subsequent experiments.




4.4. Validation of Numerical Model


This section presents a comparison of the numerical motion of the HSO-TENG under the no submergence fixed condition with the experimental motion. To capture and compare the HSO-TENG’s motion in experimental and numerical results, the trajectories of two points, the top point of the hemisphere (indicated by the blue point) and the hammer (indicated by the yellow point), are recorded, which are shown in Figure 9a,b. In the experiment, the camera shown in Figure 6a records a top-view video. The motion trajectories of the two points are extracted from the recorded videos through an image recognition program. The distance of the blue and yellow points’ movement in the experiment can be calculated using the measured-distance-to-pixel ratio.



Figure 10 shows a comparison of the experimental and numerical distances to the respective reference line in the streamwise direction. Blue and yellow points exhibit good agreement between the experimental and numerical results, indicating the reliability of the numerical model.



From the perspective of electrical performance, a correlation exists between voltage and the distance between two contact plates, according to the V–Q–x model of vertical-contact TENGs [50]. The SO-TENG comprises many plates that contact each other; therefore, the sum of their distances is the length (Δl). Thus, the voltage generated by the SO-TENG parts can be predicted based on the length of the SO-TENG. The relationship between the numerical average changes in length and the experimental average voltage is depicted in Figure 11; a linear relationship is obtained via curve fitting.




4.5. Experimental Results and Discussion


In this section, the response of the HSO-TENG to wave parameters and the performance of the power supply to the sensors are discussed. Owing to inherent differences between liquid–solid coupling and swing machine simulations, a comprehensive comparison of the output voltage and motion of the HSO-TENG with a double-swing structure in the wave tank is presented and analyzed in Figure 12. Throughout the process, from the wave trough to the crest, the HSO-TENG deflects toward the downstream direction, concurrently compressing Part C and stretching Part D. This motion results in the voltage curve displaying a prominent negative peak (stage 1). Subsequently, as the HSO-TENG proceeds past the wave crest, the wave’s influence causes the hemisphere to swing toward a horizontal position. This swing exerts pressure on Part C between the pendulum and bottom plate, inducing a minor wave peak (stage 2). Subsequently, as the HSO-TENG passes from the wave crest to the trough, it deflects toward the upstream direction, resulting in a small negative peak in the voltage curve of Part D (stage 3). After passing through the trough, the HSO-TENG returns to a horizontal position, compressing Part D (stage 4). Notably, the large peaks occur during stages 1 and 4, as the wave crest accumulates more force than the pull-back force experienced during the trough. This observation allows us to effectively discern the direction of the wave through the output curve of the HSO-TENG. In addition, Parts A and B generate voltage along the spanwise direction. This enables the HSO-TENG to generate complementary voltage outputs regardless of the direction the HSO-TENG faces the waves, which is conducive to a stable power supply.



In Figure 13a,b, for different wave heights, clear linear relationships are depicted between voltage domain frequencies, wave frequencies, and wave periods, which serve as a fundamental basis for predicting the wave period. Figure 14a,b show the linear relationship between average absolute voltage, average maximum voltage, and different wave heights. This relationship demonstrates the feasibility of using these two voltage parameters to obtain wave height. Finally, the sensor test is conducted, as shown in Figure 15. The left image is the circuit diagram, and the right image is the experimental operation diagram. The four colored boxes in the left image, orange, yellow, green, and blue, correspond to the devices in the four colored circles shown in the right image, namely “HSO-TENG”, “Bridge rectifiers”, “Capacitance, temperature, and humidity sensor”, and “Multimeter”. First, as shown in the orange box, the four SO-TENG parts in one HSO-TENG are interconnected in parallel. Furthermore, they are connected to the rectifier circuit in the yellow box. Next, they charge the temperature and humidity sensor by connecting to a 47-μF capacitor in the green box. When the wave height is 100 mm and the wave period is 1 s, the sensor with a power of 0.15 mW can work continuously. Using the multimeter (blue box) connected in parallel to the sensor, the voltage can be found to be stable between 0.9 and 1 V. This continuous operation of the sensor effectively demonstrates the potential that the HSO-TENG can function as a power supply for other sensors.





5. Numerical Simulation in Multidirectional Circular Wave Tank


5.1. Introduction of Numerical Multidirectional Circular Wave Tank


Simulations within a circular numerical wave tank are conducted to thoroughly investigate the operational characteristics of the HSO-TENG when subjected to multidirectional waves. The numerical circular wave tank is built in the open-source program DualSPHysics [51]. As shown in Figure 16, the numerical model of HSO-TENG is placed at the center of the numerical circular wave tank, surrounded by 168 wave generators. Thus, a multidirectional wave can be generated. The reliability of this numerical circular wave tank has been validated using the FloWave tank at the University of Edinburgh, with comprehensive details reported in a previous study [44]. The parameters of the numerical wave tank and HSO-TENG used in this study are listed in Table 3. Within this numerical wave tank, the HSO-TENG with four spreading parameters (s = 5, 10, 25, and infinity (inf)) and four mean wave direction angles (angle = 0°, 15°, 30°, and 45°) are tested (Section 5.2).




5.2. Numerical Results in Sensing Wave Directions and Parameters


In this section, the fitting equation shown in Figure 11 is used to estimate the output voltage via numerical average changes in the spring length during the multidirectional wave tank simulation (Figure 17 and Figure 18).



Firstly, four distinct spreading parameters, denoted as s, were selected: namely, s = 5, 10, 25, and inf. Here, the mean wave direction angle is set as 0°. In Figure 17, the short-crested wave fields diminish with increasing s values, and only long-crested waves are observed as s approaches infinity. The HSO-TENG is placed at the center of the wave tank, while the spring modules representing four SO-TENG parts are recorded. The voltage is calculated based on the length of the SO-TENG (  Δ l  ) and the equation presented in Figure 11. Importantly, the amplitude of the voltage fluctuations of Parts A and B is high when s = 5, diminishing progressively as s decreases. When s equals inf, the fluctuation of Parts A and B virtually dissipates.



Next, the performance of testing wave directions is assessed. Four mean wave direction angles (angle = 0°, 15°, 30°, and 45°) are explored considering the symmetry of the HSO-TENG. Here, the spreading parameter is set as 5. As shown in Figure 18, green, yellow, red, and blue represent the four SO-TENGS. The voltage exhibits clear differences at the four angles. In particular, when the angle increases before reaching 45°, the   Δ l   of all the parts increases. When it equals 45°, all the parts have the same amplitudes. Here, the changes in the length of the SO-TENG (  Δ l  ) with different spreading parameters are compared. Evidently, Parts C and D, which are arrayed along the mean wave direction, exhibit more pronounced amplitude in voltage fluctuations compared with Parts A and B, which are arrayed perpendicular to the mean wave direction.



Thus, the predicted average voltages of the four SO-TENG parts with different s and angles are shown in Figure 19a and Figure 19b, respectively. These results demonstrate the feasibility of employing the HSO-TENG to monitor tiny wave direction changes and ocean wave spreading parameters using the output voltage of each SO-TENG part. In addition, based on voltage calculations derived from experiments and prediction models, the average power of an HSO-TENG device ranges from 2 to 31 μW, and the maximum power ranges from 4 to 1 μW. Thus, one or more devices can charge a capacitor and supply power to small sensors or equipment, including lighting, temperature and humidity sensors, oxygen, and wind speed sensors, to monitor the marine environment.





6. Conclusions


In summary, the HSO-TENG proposed in this study achieves good power generation and wave monitoring functions after a series of optimizations. The main findings summarized as follows:




	➢

	
From the perspective of the internal inertia and overall centroid of gravity, three structural parameters, the weight of magnet mass, the height of the hammer, and the length of the external swing arm, are found to increase the average voltage generation by 33%, 62%, and 50%, respectively.




	➢

	
The no submergence condition that fully compresses and stretches SO-TENGs is selected from three fixed conditions through a numerical model comparison analysis.




	➢

	
The optimized HSO-TENG under large-scale wave tank experiments and a numerical circular wave tank exhibits a good response to the wave height, wave period, wave frequency, direction, and wave spreading parameters based on the output voltage.




	➢

	
The maximum voltage can reach 15 V. When the four SO-TENGs are connected in parallel, the output voltage can continually supply power to a temperature and humidity sensor.




	➢

	
The SPH method can simulate the motion of HSO-TENGs and similar wave energy harvesting devices, thereby guiding device design and predicting performance.









Therefore, the HSO-TENG demonstrates efficient sensor capabilities, accurately responds to wave parameters, and simultaneously serves as an energy supply source for other sensors. In addition, the optimized methods can be applied to coupling similar self-powered ocean monitoring devices with ocean waves.



In future research, tests will be conducted on the HSO-TENG in real sea areas to further validate the numerical model. In addition, the method for estimating electric power based on experiments and numerical results will be further developed.
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Figure 1. Structures and operation of HSO-TENG. (a) Schematic of HSO-TENG array in the ocean and the distribution of components in a disassembled HSO-TENG. (b) Schematic of the preparation process of SO-TENG. (c) Structure and working mechanism of the swingable hammer. ((i) Side view of the rotatable hammer, (ii) schematic diagram of a hammer swinging around the x-axis, (iii) schematic diagram of a hammer swinging around the y-axis). 
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Figure 2. Working mechanism, charge distribution map, and fabrication of the SO-TENG: the width and length of the strips are 7.5 and 100 cm, respectively; the basis weight of the paper is 104 g/m2, the thickness of the PVC is 0.25 mm, the thickness of the aluminum tape is 0.08 mm, and the thickness of the PTFE is 0.1 mm; they are connected with 15 mm wide double-sided tape. ((i) contacted state, (ii) separating state, (iii) separated state, (iv) approaching state). 
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Figure 3. Swinging experimental setup, flow chart, and three snapshots during experiments. (a) Swinging experimental setup. (b) Three snapshots during experiments. ((i) Contacted state, (ii) separating state, (iii) separated state, (iv) approaching state). 
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Figure 4. Schematic of parameters selected for optimization (SO-TENGs, Part C, and Part D are positioned along the swing direction). 
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Figure 5. Power generation performance of the HSO-TENG under different parameters. (a) Output voltage versus time curve under different swinging frequencies. (b) Current versus time curve under different swinging frequencies. (c) Power versus time curve under different swinging frequencies. (d) Absolute average voltage versus frequencies under varying maximum swing angles (D = 8.5 cm, M = 540 g, and L = 7 m). (e) Absolute average voltage versus frequencies under varying swing arm lengths (O = 30°, M = 540 g, and L = 7 m). (f) Absolute average voltage versus frequencies under varying weights of magnet mass (O = 15°, D = 14 cm, and L = 7 m). (g) Absolute average voltage versus frequencies under varying heights of the hammer (O = 30°, D = 14 cm, and M = 540 g). (h) Charging curves using different capacitances. 
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Figure 6. Experimental setup in the unidirectional wave tank. (a) Overview of the experimental unidirectional wave tank. (b) The connection part between the device and support shelf. (c) Illustration of four parts in an HSO-TENG device and its working details in the wave tank. (Parts C and D stretch and compress along the direction of the wave, while Parts A and B move perpendicular to the direction of the wave). 
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Figure 7. A schematic showing the numerical unidirectional wave tank and the HSO-TENG: (a) top and side views of the numerical wave tank (including a flap-type generator, water domain, and damping zone); (b) bird view of the numerical wave tank and side view of the HSO-TENG. 
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Figure 8. Comparison between the motions of the HSO-TENG and the change in length (  Δ l  ) of the springs under three fixed conditions. (No submergence: the bottom of the hemisphere is flush with the horizontal level, and the entire device can swing around the fixed bottom of the cylinder. Half submergence: half of the hemisphere is submerged in water, and the entire device can swing around the fixed bottom of the cylinder. Mooring connection: the bottom of the hemisphere is flush with the horizontal level, and its bottom is connected to the bottom of the wave tank through mooring). (a) Comparison between the numerical motion of the HSO-TENG under the three fixed conditions. (b) Comparison between the change in the length (Δl) of the springs under the three fixed conditions. 
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Figure 9. Validation points in experiment and numerical simulation. (a) Validation points in experiment. (b) Validation points in numerical simulation. 
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Figure 10. Comparison between the experimental and numerical moving distance of HSO-TENG. 
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Figure 11. Relationship between numerical average changes in length and experimental average voltage (U: experimental average voltage (v) and   Δ l  : numerical average changes in length of numerical spring in Figure 7b). 
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Figure 12. Four stages of output voltage and motion of HSO-TENG in one experimental wave period. 
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Figure 13. Relationships between the voltage domain frequency, wave frequencies, and wave periods under different wave heights. (a) Relationships between the voltage domain frequency and wave frequencies. (b) Relationships between the voltage domain frequency and wave periods. 
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Figure 14. The average absolute voltage and the average maximum voltage under different wave heights. (a) The average absolute voltage under different wave heights. (b) The average maximum voltage under different wave heights. 
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Figure 15. The schematic diagram of supplying the temperature and humidity sensor continuously (The power of the sensor is 0.15 mW). 






Figure 15. The schematic diagram of supplying the temperature and humidity sensor continuously (The power of the sensor is 0.15 mW).



[image: Energies 17 02981 g015]







[image: Energies 17 02981 g016] 





Figure 16. Overview of the numerical circular wave tank and the HSO-TENG. 
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Figure 17. Numerical simulation of HSO-TENG in a circular wave tank and the changes in SO-TENG length (  Δ l  ) with four spreading parameters: s = 5, 10, 25 and inf (mean wave direction angle = 0°). (a) Schematic of HSO-TENG in a circular wave tank with four spreading parameters. (b) The changes in the length of SO-TENG (Δl) with four spreading parameters. 
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Figure 18. Numerical simulation of HSO-TENG in a circular wave tank and the changes in SO-TENG length (  Δ l  ) with four mean wave direction angles: angle = 0°, 15°, 30°, and 45°. (spreading parameter = 5). (a) Schematic of HSO-TENG in a circular wave tank with four mean wave direction angles. (b) The changes in SO-TENG length (Δl) with four mean wave direction angles. 






Figure 18. Numerical simulation of HSO-TENG in a circular wave tank and the changes in SO-TENG length (  Δ l  ) with four mean wave direction angles: angle = 0°, 15°, 30°, and 45°. (spreading parameter = 5). (a) Schematic of HSO-TENG in a circular wave tank with four mean wave direction angles. (b) The changes in SO-TENG length (Δl) with four mean wave direction angles.



[image: Energies 17 02981 g018]







[image: Energies 17 02981 g019] 





Figure 19. Predicted average voltage of the four SO-TENG parts. (a) Predicted average voltage of the four SO-TENG parts under different spreading parameters. (b) Predicted average voltage of the four SO-TENG parts under different mean wave direction angles. 
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Table 1. Parameters of the wave tank in the experiment.
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	Dimensions
	43 m × 1.2 m × 2.0 m

(length × breadth × water depth)



	Wave period
	0.8 s, 1 s, 1.2 s, and 1.5 s



	Wave height
	40, 60, 80, and 100 mm



	Driving motor
	6.17 KW × 1










 





Table 2. Setting parameters of the numerical unidirectional wave tank.
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Scale parameters

	
Distance of particles

	
0.01 m




	
Number of particles

	
4,309,646




	
Time of simulation

	
15 s




	
Time step

	
0.025 s




	
Tank depth

	
0.78 m




	
Tank width

	
1.2 m




	
Tank length

	
4.61 m




	
Length of damping zone

	
0.78 m




	
Diameter of the HSO-TENG

	
0.37 m




	
Wave parameters

	
Wave height

	
40 mm, 60 mm, 80 mm, and 100 m




	
Wave period

	
1 s











 





Table 3. Setting parameters of the numerical multidirectional circular wave tank.
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Scale parameters

	
Distance of particles

	
0.07 m




	
Number of particles

	
3,278,609




	
Time of simulation

	
40 s




	
Time step

	
0.1 s




	
Diameter of the circular wave tank

	
25 m




	
Tank depth

	
2 m




	
Diameter of the HSO-TENG

	
1.11 m




	
Wave parameters

	
Number of wave makers

	
168




	
Wave period

	
1.5 s




	
Wave height

	
0.05 m




	
Spreading parameters (s)

	
5, 10, 25 and infinite (inf)




	
Wave direction angles

	
0, 15, 30 and 45
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