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As a kind of sustainable energy source, ocean wave energy has always attracted attention. Because of the characteristics of multi-directions and low-bandwidth, the harvesting of wave energy has always been difficult. To harvest broadband wave energy in multiple directions and improve power generation efficiency, we present a multi-modal energy harvesting device by using a cross beam structure. In this device, the efficient harvesting of multi-frequency vibration energy in multiple directions has been achieved by using the multi-modal characteristics of the structure and the high power generation efficiency of the electric device based on liquid metal. Contrast experiments in multiple directions show that the device not only has the capability of multi-directional energy harvesting but also can work in the sweep range of the full band. Under horizontal excitation, compared with traditional single cantilever structure, the peak power density increased to 2227% and the working frequency band increased to 6.25 times. The experimental results show that the device significantly improves the efficiency of low-bandwidth multi-directional energy harvesting, providing a new method for vibration energy harvesting.
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INTRODUCTION
Wave energy, the widely distributed vibration energy in nature, has always attracted attention (Hu et al., 2013). But the low frequency, broadband, and multi-directionality of wave energy result in its difficult harvesting, limiting the development and utilization of wave energy. There are many low-frequency, broadband, or multi-directional vibration energy harvesting technologies, but few can meet these three characteristics at the same time. Just like the linear vibration energy harvesters (Erturk and Inman, 2008, 2009) can be applied to low-frequency vibration energy harvesting, they usually only work near their resonance point, which results in the narrow frequency band of this type of vibration energy harvesters. Obviously it is a huge challenge to harvest wave energy.
There are two methods to broaden the frequency band of vibration energy harvester. The one is adding external force to the vibration energy harvester, enabling the vibrating structure to generate nonlinear multi-stable vibration (Harne and Wang, 2013; Pellegrini et al., 2013; Deng et al., 2019). Under weak external excitation, the introduction of external force will make the harvester fall into a single potential well and vibrate slightly, which will greatly reduce energy collection efficiency. The other method is designing the vibration energy harvester with a multi-modal vibration structure (Tadesse et al., 2009; Friswell et al., 2012; Ibrahim and Ali, 2012), making the vibration structure has multiple resonance frequencies in the low-frequency range, then broadening the frequency band of the harvester. A vibration-based multi-modal hybrid piezoelectric-electromagnetic energy harvester (Toyabur et al., 2018) has four resonant frequencies in the low-frequency range (below 25 Hz), and the working bandwidth reaches about 10 Hz. But the harvesters above are only sensitive to perpendicular excitations. As for excitations in other directions, they even don’t work. For multi-directional vibration like ocean waves (Wu et al., 2015; Zhang et al., 2016; Chen et al., 2018), it affects power generation efficiency. Therefore, in addition to broaden the working frequency (Arrieta et al., 2010; Kim I.-H. et al., 2011; Zhou et al., 2013, 2014), it is necessary to adapt to the multi-directional characteristics of wave energy (Xu and Tang, 2015; Zhao et al., 2015; Wu et al., 2018).
There are two ways to make the device harvest energy in multiple directions. The one is to place multiple independent vibrating structures in different directions (Andò et al., 2012). When the device is excited in a specific direction, the vibrating structure perpendicular to the direction will vibrates, but the structure utilization rate in this method is not high enough. The other way is adding coupling relationships to the vibrating structures in different directions (Xu and Tang, 2015, 2017). When the device is excited in a specific direction, not only does the vibrating structure perpendicular to the direction vibrates, but the vibrating structures in other directions also vibrate through the coupling relationship (Wang et al., 2016). This method has a high structural utilization rate. Meanwhile, because the mutual influence among vibration mechanisms, if the design is reasonable enough (Vibration mechanisms have different resonance frequencies), the energy harvester is able to have multiple modes, owning a wide frequency band. So the method of adding coupling relationships to the vibrating structures in different directions not only realizes multi-directional vibration energy harvesting, but also has the potential to harvest broadband wave energy.
The method of adding coupling relations can harvest low-frequency wave energy. When designing vibration mechanisms with different frequencies, the energy harvester can be able to harvest low-frequency wave energy by making one of the vibration mechanisms have a low resonance frequency. In addition to structural design, the choice of power generation materials also affects the harvesting of wave energy. Based on the triboelectric effect and the electric induction effect, a liquid-metal-based TENG is proposed, the power density and the energy conversion efficiency of this way can reach 133 kW/m3 and 70.6% (Fan et al., 2012a; Fan et al., 2012b; Yang et al., 2012; Tang et al., 2015). Compared to common piezoelectric and electromagnetic energy harvesting technologies (Sodano et al., 2004; Kim H. S. et al., 2011; Li et al., 2014; Toprak and Tigli, 2014), TENG can significantly improve the output power density and power generation efficiency of the device in the low-frequency range (Fan et al., 2012; Wang, 2013; Zhang et al., 2014; Wang, 2017). In addition, with fluidity, liquid metal is suitable for low-frequency, multi-directional, and broadband vibration energy harvesting (Tang et al., 2015; Zhang et al., 2017; Wang et al., 2018; Yang et al., 2018). Until now, there is no vibration energy harvester combined with liquid-metal-based TENG, which can simultaneously harvest low frequency, broadband, and multi-directional wave energy. Based on these, we propose to present a multi-modal energy harvesting device using a cross beam to achieve low frequency, broadband, multi-directional wave energy harvesting.
The multi-modal energy harvesting device broadens the working frequency band of the device through the multi-modal characteristics of the cross beam structure. The multi-directional harvesting capability of the cross beam combines with the fluidity of the liquid metal realizes multi-directional energy harvesting and broadens the working frequency range in the low-frequency range. Experiments show that the device not only can harvest multi-directional vibration energy in wide working frequency bands but also has good power generation efficiency and power density. The lighting comparing in the low-frequency range and lighting under wave more intuitively reflects the broadband characteristics of the device and proves its potential to harvest ocean wave energy.
DESIGN AND MECHANISM
Figure 1 shows the overall structure of the multi-modal device, which consists of a cross beam and three triboelectric devices. The cross beam is a vertical cantilever beam connecting two branches in the middle position. Three triboelectric devices are respectively fixed on the tips of the two branches and the tip of the vertical cantilever to replace the traditional counterweight design and improve energy efficiency without increasing structural complexity.
[image: Figure 1]FIGURE 1 | Overall structure of the multi-modal device.
In order to intuitively investigate the modal characteristics of the device, we use software to simulate the natural frequencies and modal shapes of the device. Based on the fact that the energy collected by this device mainly comes from waves with frequencies below 5 Hz, 65 Mn steel was chosen as the material for this device. Since the one class resonant frequency of the cross beam structure with 0.7 mm thickness is at 2.79 Hz, which is close to 5 Hz, the selection of 0.7 mm thickness can collect wave energy better. The installation height of the branch beam on the vertical cantilever beam affects the resonant frequency of the cross beam structure. In the simulation experiment, the height is set to vary from 75 to 100 mm, and it is found that the performance best meets the working frequency requirement when the installation height is 86 mm, so 86 mm is chosen as the installation height, and the fixed restraint is added at the upper end of the vertical cantilever beam connection, and the lower part moves freely with the applied frequency. Since the liquid metal used in the device is mercury, which is denser and more complicated to set up as a flowing body for simulation, the liquid metal is approximated as a fixed structure in the simulation experiment. As shown in Figure 2, in the low-frequency range below 22 Hz, a total of five natural frequencies appear and correspond to the five vibration modes (a), (b), (c), (d), and (e), respectively. At the first-order natural frequency of 2.8 Hz, the structural deformation of the device is mainly the bending deformation of the vertical cantilever beam in the horizontal direction, which causes the three triboelectric devices to vibrate. 5.7 Hz is the second-order natural frequency and structural deformation is mainly caused by the torsional deformation of the vertical cantilever beam. At the third-order natural frequency of 8.4 Hz, the structural deformation is not only the bending deformation of the vertical cantilever beam in the horizontal direction, but also the bending deformation of the two branches in the vertical direction, the deformation in both directions is compounded. At the fourth-order natural frequency of 14.1 Hz, structural deformation is mainly the bending deformation of the two branches in the vertical direction, which drives the triboelectric device at the ends of the two branches to vibrate. The last-order natural frequency is 20.2 Hz and the structural deformation in this state mainly comes from the vertical cantilever beam. However, it is different from bending deformation at the first-order natural frequency. Instead, structural deformation occurs at the connection between the vertical cantilever beam and the two branches, causing the two branches move left and right in the horizontal direction. These five vibration modes have multi-directional vibration characteristics, which means that the device can drive the triboelectric device at the end of beams to vibrate under multiple directions and broadband external excitation, thus generating electric energy.
[image: Figure 2]FIGURE 2 | Natural frequencies and modal shapes of the device. (A) The first-order natural frequency; (B) The second-order natural frequency; (C) The third-order natural frequency; (D) The fourth-order natural frequency; (E) The last-order natural frequency.
As shown in Figure 3A, the triboelectric device based on the liquid metal (mercury, gallium or EGAIN) consists of a aluminum alloy threaded container, a aluminum alloy thread cap, a suitable amount of the liquid metal, a 3D printed material sleeve, two silicone seal rings and two triboelectric components (Kapton and copper conductor), the thickness of both copper and Kapton is 0.1 mm. In order to prevent the huge impact of the liquid metal leakage on the power generation capacity, we place two seal rings on the upper and lower surfaces and put the triboelectric components on both sides of the sleeve. The sealing ring and the sleeve are clamped with threads to make the liquid metal sealed. In addition, the sleeve, which acts as an insulation, can prevent liquid metal from contacting the outer metal shell.
[image: Figure 3]FIGURE 3 | (A) Schematic illustration showing the device configuration of the triboelectric device; (B) Step-by-step illustration showing the working principle of the triboelectric device.
The complete working principle of the triboelectric device is shown in Figure 3B. Because Liquid metal and Kapton have different capabilities to absorb electrons, when liquid metal contacts Kapton, the electrons are transformed from liquid metal to the surface of Kapton, making the Kapton has negative charges and liquid metal has positive charges. After the liquid metal contacts the upper and lower Kaptons, the Kapton has negative charges, and the liquid metal has positive charges. Take this moment as the initial state. Before the liquid metal touches the lower Kapton, the positive charges of the liquid metal strip offset the negative charges of part of the lower Kapton strip, causing the electric field balance of the upper and lower Kaptons to be broken, and generates an upward current until the liquid metal is in full contact with Kapton. When the liquid metal separates from the Kapton upwards, the electric field between the liquid metal and the lower Kapton weakens, causing the electric field balance between the two Kaptons to be broken and generates a downward current. The process of contact between liquid metal and upper Kapton is similar to this process. The pulse output of the entire process exhibits characteristics of AC.
The working principle of the triboelectric device shows that if liquid metal contacts and separates from Kapton, the device will generate electricity. The triboelectric device is simply regarded as a cylindrical container filled with some liquid inside, regardless of the placement position, the external excitations in all directions can cause the internal liquid to hit both ends of the container. These characteristics also make this triboelectric device owns the capability of multidirectional vibration harvesting. The model is a full-size device that can be applied to moving yachts, cars and other vehicles to provide electrical power to their electrical equipment. Since the stern of the yacht has a large swing, we can install multiple TENGs to the stern of the yacht, as shown in Figure 4B. For automobiles, the vibration of the inner wheel measurement is larger, we can install it to the inner wheel measurement, as shown in Figure 4A.
[image: Figure 4]FIGURE 4 | (A) Diagram of installation in a car; (B) Diagram of the installation on the yacht.
EXPERIMENT
To verify the effects of multi-modal vibration of the multi-modal device on broadening the working frequency band and multi-directional energy harvesting, a single-modal device is used as a comparison. The single-modal device’s material and geometric parameters are the same as the main cantilever beam in the multi-modal device’s component. In the following experiments, the vibration table provides horizontal and vertical swept excitation from 2 to 22 Hz, respectively. Under such external excitation, we compare dynamic strain, open-circuit voltage, energy density, lighting capability, and capacitor charging capability of the single-modal device and the multi-modal device. The experimental setup is shown in Figure 5B.
[image: Figure 5]FIGURE 5 | (A) Installation diagram of multi-modal device and single-modal device; (B) The experimental setup.
Dynamic Stress Experiment
During the bending deformation of the cantilever beam, the normal strain at the root of the beam is directly proportional to the vibration displacement of the free end. Therefore, the dynamic response of the cantilever beam can be explored by measuring its dynamic strain. Three resistance strain gages are attached to the root of the single-modal device, the root of the vertical cantilever in the multi-modal device, and the root of one branch in the multi-modal device. Use the vibration table to provide horizontal and vertical sinusoidal frequency sweep excitation. Figure 6 presents the results of the dynamic strain of the single-modal device and multi-modal device under a peak-to-peak excitation of 2 mm, with the excitation frequency f swept from 2 to 22 Hz at a frequency rise rate of 0.1 Hz/s.
[image: Figure 6]FIGURE 6 | Cantilever strain of frequency-sweep test under 2 mm peak-to-peak excitation at 2–22 Hz sweep frequency: (A) Cantilever strain of multi-modal device and single-modal device in vertical incentive; (B) Cantilever strain of multi-modal device and single-modal device in horizontal incentive.
As shown in Figure 6B, the strain of the vertical cantilever beam reaches a peak at 2.7 Hz. At this time, the strain reaches 254.8 × 10–6, while the branch beam has no obvious strain. The structural deformation is mainly the bending deformation of the vertical cantilever beam. According to the simulation results in the previous section, the first-order natural frequency of the multi-modal device is 2.8 Hz, and the structural deformation is also consistent with the experimental results. The simulation results show that the cross beam device has a vibration mode of torsion of the vertical cantilever beam at 5.7 Hz. However, since the vibration table can only provide a single degree of freedom vibration excitation and can not provide torsional excitation, the torsional vibration mode is not observed in the experiment.
In the simulation, the third-order vibration mode appears at 8.4 Hz and the deformation of the structure is not only the bending deformation of the vertical cantilever beam in the horizontal direction but also the bending deformation of the two branches in the vertical direction. Therefore, it can be seen from Figure 6 that not only when the horizontal excitation reaches 8.1 Hz, the strain of the vertical cantilever beam and the branch reaches a peak but also when the vertical excitation reaches 8.3 Hz, the strain of both also reaches a peak. Corresponds to the third-order vibration mode in the simulation.
As shown in Figure 6A, when the excitation frequency in the vertical direction reaches 14.3 Hz, the strain of the branch of the multi-modal device reaches a peak value of 287.6 × 10–6, but the vertical beam has no obvious strain. Therefore, the deformation of the structure is mainly the bending deformation of the branch beams, which corresponds to the fourth-order vibration mode of the simulation results at 14.1 Hz.
Simulation results show that the fifth-order vibration mode occurs at 20.2 Hz. In Figure 6B, under horizontal excitation, the strain of the vertical cantilever beam reaches a peak of 624.5 × 10–6 at 19.9 Hz. The vertical beam has a large bending deformation, which is consistent with the results obtained by simulation. In addition, in Figure 6B, when the horizontal excitation frequency is 16.9 Hz, the vertical cantilever beam and the branch both resonate and the strain of the vertical cantilever beam reaches 971.2 × 10–6, which may be the result of aliasing of the fourth-order vibration mode and the fifth-order vibration mode.
For the single-modal device, since it has only a single cantilever beam, it has only one natural frequency and should have only one vibration mode. As shown in Figure 6B, only when the horizontal excitation reaches 3 Hz, the strain of the single beam device reaches a peak value of 101.6 × 10–6. For the case of vertical excitation, since the excitation direction is parallel to the cantilever beam’s direction, no obvious strain appears. These are also consistent with the theory.
The vibration conditions of single-modal device and multi-modal device under two directions of excitation are recorded by video (see Supplementary videos Multi-modal device and Single-modal device). It can be seen intuitively that the vibration conditions of multi-modal devices are basically consistent with the simulation results. In particular, the multi-modal device has a wider vibration frequency band and the capability of multi-directional energy harvesting.
Open-Circuit Voltage Output Characteristics Experiment
Since the vibration modes of the multi-modal device are complicated and the triboelectric device based on liquid metal has multi-directional vibration harvesting capability, the displacement measurement of a fixed point can not reflect the harvesting capability of the energy harvester. The research on the multi-modal device’s broadband harvesting capability in multiply directions also needs to be performed by measuring the open-circuit voltage of the device.
Still using the shaking table to provide the same horizontal and vertical sine sweep excitation as the dynamic strain experimental conditions. For multi-modal devices, the output of three triboelectric devices is connected in series after passing through the rectifier bridge. Then measure the multi-modal device’s output with a desktop multimeter. The output of the single-mode device is connected to the desktop multimeter after passing through the rectifier bridge.
Under vertical excitation, the single-modal device is parallel to the vibration direction, so its cantilever beam does not have a vibration in the horizontal direction. However, as shown in Figure 7A, the single-modal device has an open-circuit voltage output between 14.1 and 22 Hz (the effective frequency bands are defined as a frequency band with the open-circuit voltage of 10 V or more) and reaches the peak voltage of 22.8 V at 21.6 Hz. This is because the triboelectric device of a single-modal device vibrates in the vertical direction with the shaking table and the triboelectric device itself has the capability of multi-directional energy harvesting. The multi-modal device has two working frequency bands (6.9 Hz–12 Hz; 13.9 Hz–22 Hz) and the open-circuit output voltage of it is generally higher than the open-circuit output voltage of the single-modal device. It can be seen from the experiment of dynamic strain that the multi-modal device resonates around 8.3 and 14.1Hz, but the strain of the branch at 14.1 Hz is much smaller than that at 8.3 Hz. Small amplitude can not make the liquid metal in the triboelectric device touch the upper surface of the device. So under vertical excitation, the open-circuit output voltage of a multi-modal device can reach 44.1 V (193% of the peak voltage of the single-modal device). In addition, due to the multi-directional collection capability of the triboelectric device, after 18 Hz, as the frequency increases, the open-circuit voltage gradually increases.
[image: Figure 7]FIGURE 7 | Open circuit voltage of frequency-sweep test under 2 mm peak-to-peak excitation at 2–22 Hz sweep frequency:(A) Open circuit voltage of multi-modal device and single-modal device in vertical incentive; (B) Open circuit voltage of multi-modal device and single-modal device in horizontal incentive.
Figure 7B shows the open-circuit voltage output characteristics of single-modal devices and multi-modal devices under horizontal excitation. The working frequency band of single-modal devices is only from 2.8 to 6.0 Hz, and the maximum output of the triboelectric device1 is only 12.8 V. Typically, this is caused by two factors. One of the reasons is that the single-modal device is a single cantilever beam structure, so it has only one resonance point (3.0 Hz) and generates a large vibration near the resonance point. The second reason can be that since the peak-to-peak excitation is very small (2 mm) and the vibration direction is perpendicular to the cantilever beam, the cantilever beam acts as a shock absorber in the frequency band above the resonance point, keeping the single-modal device stationary relative to the ground. This also explains why the triboelectric device itself can collect in multiple directions, but it can not output voltage in the rear frequency band like when it is under vertical excitation. The open-circuit output voltage of multi-mode equipment has three peaks (2.9 Hz, 21.8 V; 8.1 Hz, 55.8 V; 16.8 Hz, 138.6 V) and reaches the peak open-circuit voltage at 20 Hz. This is because the mixing of the fourth-order vibration mode and the fifth-order vibration mode makes the multimode device produce severe vibration. The peak open-circuit voltage of the multi-modal device is 1082% of that of the single-modal device (12.8 V). The working frequency band of a multi-modal device is 2–22 Hz, which is 6.25 times that of the single-mode device.
These experimental results prove that the multi-modal vibration of the multi-modal device significantly improves the width of the working frequency band and the capability of the device to harvest multidirectional vibration energy.
Power-Density Experiment
The power density, being the output power to weight ratio (W/kg), is an important parameter to measure the quality of the power supply. In order to compare the optimal power density of the single-modal device and multi-modal device under two directions of excitation, it is necessary to determine the optimal impedance of the multi-modal device by measuring the basic output of that. The basic output of the multi-modal devices (the output voltage, the output current, and output power) is measured under a horizontal excitation with constant frequency (8 Hz) and peak-to-peak value (2 mm). After connecting the multi-modal device to the resistance box, the output voltage and current of the multi-modal device (Figure 8A) is measured by changing the resistance and the output power is calculated under different loads (Figure 8B). The optimal impedance is equal to the external load when the maximum output power is obtained. By observing Figure 8B, the optimal impedance of multi-modal devices is about 8 MΩ.
[image: Figure 8]FIGURE 8 | Basic output of multi-modal device under an horizontal excitation with constant frequency (8 Hz) and peak-to-peak value (2 mm). (A) Output voltage and output current of multi-modal device under different resistance values; (B) The output power of multi-modal device at different resistance values.
According to the principle of impedance matching, under the same conditions as the excitation in the previous section, the 8 M resistor is used as load resistance. The power density of the device can be calculated by formula P = U2/(RM), where U, R, and M are output voltage, load resistance, and mass of the device (the masses of the single-modal device and multi-modal device are 289.6 and 811.3 g, respectively). The optimal power density is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Power density of frequency-sweep test under 2 mm peak-to-peak excitation at 2–22 Hz sweep frequency: (A) Power density of multi-modal device and single-modal device in vertical incentive; (B) Power density of multi-modal device and single-modal device in horizontal incentive.
As shown in Figure 9A, under vertical excitation, since the single-modal device basically does not generate vibration and completely relies on the triboelectric device’s multi-directional harvesting capability to generate electrical energy, the power density shows an upward trend with the frequency. For the power density of multi-modal devices, the maximum power density of multi-modal devices, which appears between 7.6 and 11.8 Hz, is 2.48 × 10−1 mW/kg. It is worth noting that the optimal power density of multi-modal devices is generally higher than that of the single-modal device in the full frequency band. In Figure 8B, under horizontal excitation, the contrast between them is more obvious. The power density graph of multi-modal device has four peaks (8 × 10−2 mW/kg, 2.7 Hz; 4.5 × 10−1 mW/kg, 7.9 Hz; 1.25 × 10−0mW/kg, 16.5 Hz; 2.1 × 10−1 mW/kg, 19.7 Hz), corresponding to its four resonances, while single-modal device has only one peak (5.5 × 10−2mW/kg, 3.4 Hz). In addition, the optimal power density of multi-modal devices is better than that of single-modal devices in all resonance frequency bands of multi-modal devices and the peak output power density of multi-modal devices is 2272% of the single beam devices. The higher energy density of multi-modal devices means that they can output more power. In Supplementary video Single-modal devices and Multi-modal devices, under the same horizontal excitation as the previous frequency sweep range, single-modal devices, and multi-modal devices are connected to 36 LEDs, respectively. It can be clearly seen that the 36 LEDs connected to multi-modal devices are brighter and flash in a wider frequency range in videos.
The above experimental results show that the output power density of a multi-modal device is significantly better than that of a single-modal device. This structure enables the device to have multi-modal characteristics, which not only broadens the working frequency band in the low-frequency range but also increases the output power of the energy harvester in multiple directions.
Power Generation Experiment
After studying the effects of the multi-modal characteristics on the open-circuit voltage, working frequency band, and power density, the following step is to compare the energy harvesting efficiency (generation efficiency) of single-modal devices and multi-modal devices by charging the capacitor. The sweep frequency range and amplitude remain unchanged, while the frequency rise rate is changed to 0.3 Hz/s, which causes the sweep time to 65 s. In addition, the output of the triboelectric device is converted to direct current by connecting to a rectifier bridge, the output of which is connected in parallel to a capacitor of 10 μF for charging. The experimental results are plotted in Figure 10. In addition, in order to verify the power generation effect of multi-modal devices in the natural environment, we simulated the wave experiment.
[image: Figure 10]FIGURE 10 | Voltage of 10 μF capacitor charged by multi-modal device and single-modal device: (A) Capacitor voltage of multi-modal device and single-modal device in vertical incentive; (B) Capacitor voltage of multi-modal device and single-modal device in horizontal incentive.
As shown in Figure 10A, under the vertical excitation, although the multi-directional energy harvesting capability of the triboelectric device makes the voltage of capacitance powered by single-mode devices reach 0.498 V, the multi-modal characteristics of multi-modal device make the Charging speed of the capacitor connected to it is always faster than that of single-modal device. After the frequency sweep, the voltage of the capacitor connected to a multi-modal device reaches 1.09 V, which is 218% of that of a single-modal device.
Under horizontal excitation, the contrast shown in Figure 10B is more obvious. Because single-modal devices have almost no power output in this case, the voltage of the capacitor connected to them does not change significantly in the entire frequency band. Due to the frequency band of the multi-mode device covering the full frequency of 2–22 hz, it can be seen that the voltage of the capacitor powered by it has been increasing (reaching 2.36 V at last, which is 1815% of that of the single-modal device). These results prove once again that the traditional vibration energy harvester, which is a single cantilever beam structure, can’t work under multi-directional micro-vibration excitation. Typically, the multi-modal device improves energy harvesting efficiency as a result of its multi-modal characteristics.
In wave experiment (see Supplementary video wave experiments), first pour an appropriate amount of water into the pool, then fix the multi-modal device on the simulation buoy, and use the wave machine to simulate ocean waves. Under the waves generated by the wave machine, the output of the multi-modal device easily lightened 24 LEDs. The results show that multi-modal devices have a good response to low-frequency and multi-directional excitation, which means it has the potential to harvest low-frequency and multi-directional vibration energy like wave energy. The multi-modal equipment can be installed on buoys and ships, harvesting wave energy and converting wave energy into electrical energy and storing electrical energy in batteries, and then supplying power to the low-power devices on the buoys and ships.
Practical Environment Working Testing Experiment
The power density experiment verifies the working quality of the multi-mode energy collection device as a power supply in an ideal working environment. In order to further explore the connection between ideal and actual operating characteristics of multi-mode energy collection device, the experiment is designed to explore the relationship between the working effect of multi-mode energy collection device in simulating the actual working environment and the experimental data obtained by power density experiment.
The multi-mode energy collection device is designed for collecting wave energy and installed on ships and automobiles to collect vibration energy generated during their movement. The acceleration sensors are mounted on vertical and horizontal cantilever beams respectively. Since the base of the device is fixed, it moves in synchronization with the yacht in the horizontal direction. The acceleration of vertical and horizontal cantilever beams of the multi-mode energy collection device during yacht sailing is measured with time. Combined with the results of power generation experiment, the relationship between vibration acceleration and energy density of vertical and horizontal cantilever beams in the actual working environment is studied.
During the experiment, the horizontal cantilever beam and yacht remain relatively static in the horizontal direction and move in a straight line with uniform velocity, but move irregularly in the vertical direction under the influence of waves. During the experiment, it is found that the vibration intensity of the horizontal cantilever beam is significantly higher than that of the vertical cantilever beam.
To minimize the influence of environmental interference during the experiment, the measurement data of yacht during the period of steady sailing during the experiment is selected for experimental analysis, and the part is selected from 68.000 to 122.236 s as the actual result data. As shown in Figure 11A, when the yacht is stationary, the acceleration of the vertical and horizontal cantilever beams remain unchanged with time. The average maximum acceleration of vertical cantilever beam is about 2 m/s2, and that of horizontal Cantilever beam is about 4 m/s2. The overall acceleration of the horizontal cantilever beam is about twice that of the vertical cantilever beam. Combined with the data obtained by the power density experiment, the maximum power density of the multi-mode energy collection device basically remains unchanged at the non-resonant point. As shown in Figure 9A, under vertical excitation, the maximum power density of the multi-mode device is 0.4 m/s2. In Figure 9B, the maximum power density of the multi-mode device reaches 16 mW/kg under horizontal excitation. The ideal working characteristic of the multi-mode energy collection device can be approximated as the superposition of the maximum power density in horizontal and vertical directions. The maximum power density of the muti-mode energy collection device is 8.2 times of the maximum acceleration of the vertical cantilever beam and 4.1 times of the maximum acceleration of the horizontal cantilever beam.
[image: Figure 11]FIGURE 11 | The recorded acceleration data of the vertical and horizontal cantilever beam from 68.000 to 122.236s: (A) acceleration of the vertical cantilever beam from 68.000 to 122.236s; (B) acceleration of the horizontal cantilever beam from 68.000 to 122.236s.
The maximum power density of the multi-mode energy collection device under stable operating conditions, The relationship between the maximum power density and the maximum acceleration can be used to approximate the relationship between the ideal working characteristics and the actual working characteristics.
CONCLUSION
A multi-modal energy harvesting device using a crossed beam, suitable for multi-directional and broadband energy harvesting in the low-frequency range, has been proposed. Modal simulation shows that the structure of a multi-modal device has five vibration modes in the low-frequency range below 22 Hz. Dynamic strain experiment verifies the correctness of the simulation results and further reveals the multi-modal characteristics of this structure. It can be seen in the multi-directional sweep comparison experiments that the device proposed in this letter is superior in various data. In contrast to single-modal devices, multi-modal devices increase the working frequency band to 6.25 times, the peak open-circuit voltage increases to 1082%, and the power generation of multi-modal devices increase to 1815%. Notably, the peak power densities of multi-modal devices can reach 1.25 mW/kg, which increases to 2227%, so that it has enough power to light up 36 LEDs in series in a wide frequency band. In addition, multi-modal devices can light up 24 LEDs under the waves. By virtue of this multi-modal vibration, multi-modal devices not only are able to harvest multi-frequency vibrational energy in multiple directions but also have high power generation efficiency and potential value. The multi-modal device, which combines the cross beam structure and the triboelectric devices based on the liquid metal, provides a welcome boost for the development of the vibration energy harvester.
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