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There are a lot of vibrational energies, which are low frequency, multidirectional, and broadband, in the nature. This creates difficulties for devices that aim at harvesting vibration energy. Here, we present a liquid-metal-based freestanding triboelectric generator (LM-FTG) for vibration energy harvesting. In this device, the fluidity of liquid is used to increase sensitivity to vibration for better low-frequency response and multidirectional vibration energy harvesting capability. The freestanding power generation mode is able to increase power generation stability. Experiments show that the bandwidth of LM-FTG can almost cover the entire sweep frequency range, and a 10 μF capacitor can be charged to 6.46 V at 7.5 Hz in 60 s by LM-FTG. In particular, 100 LEDs are illuminated in the low-frequency environmental experiment successfully. The proposed LM-FTG can work in low frequency with large working bandwidth, which provides an effective method for energy harvesting of low-frequency and multidirectional vibrations.
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1 INTRODUCTION
Internet of Things technology and distributed sensor networks have gradually become the development trend of society, such as wearable devices, smart home appliances, and marine monitoring buoys. They are distributed in all aspects of our lives. These devices can only be powered by distributed independent power sources, and the batteries need to be replaced one by one to ensure the reliability of the device, which will greatly increase maintenance costs (Kim et al., 2017; Yildirim et al., 2017). To convert energy from nature, such as light energy (Park et al., 2016; Kim et al., 2015; Wen et al., 2016), heat energy (Siddique et al., 2017; Sebald et al., 2009; Kim et al., 2014), vibration energy (Sang et al., 2019; Li et al., 2019; Wang et al., 2018b), and so on (Starner, 1996; Guo et al., 2016), has become an effective solution (Yu et al., 2019; Jiang et al., 2018; Pu et al., 2018). A wearable textile battery (Lee et al., 2013), charged by polymer solar cells, can effectively harvest the light energy, providing enough power to light up nine LEDs. But, this kind of energy harvester generally has a poor energy harvesting effect because of the small area of the surface and its susceptibility to the environment, such as the night and cloudy days. Although some designs that harvest heat energy to power the devices have been proposed, they are very sensitive to the temperature and humidity of the environment (Kyono et al., 2003). Vibration energy is an inherent solution to harvest the energy from nature and is not so sensitive to environmental factors such as light intensity, temperature, and humidity (Rome et al., 2005; Dai et al., 2012). Vibration occurs widely in nature, for example, in the form of human walking, ocean waves, and vibration of mechanical systems. Typically, these vibrations are low frequency, multidirectional, and broadband, which means that traditional electromagnetic energy harvesters (EMGs) are not suitable (Yang et al., 2010; Zuo et al., 2010; Miki et al., 2012).
The reason why EMG is not suitable is that EMG is based on Faraday’s law of electromagnetic induction, which means that it relates to the time derivative of the electric field (Khaligh et al., 2010; Siddique et al., 2015). So, EMG is generally suitable for high-frequency situations (above 50 Hz) (Zi et al., 2016; Zhu et al., 2019). Although many people have been working to improve the EMG’s capability to operate at low frequencies over the years, it has not been effective for vibrations below 5 Hz because of its incompatibility (Fan et al., 2018; Yildirim et al., 2017a). In addition to EMG, there are some designs that harvest vibration energy with piezoelectric energy harvesters (PEHs) (Zeng et al., 2013; Wei et al., 2013; Safaei et al., 2019; Xiujian et al., 2018). However, PEHs have a common problem: considering the low rate of open-circuit voltage, and piezoelectric modules are often used in series in order to reach the right voltage, which increases the volume of the device. Due to the limited range of the bearing capacity, piezoelectric materials require frequent replacement during usage (Saadon and Sidek, 2011; Liu et al., 2011; Jung et al., 2017).
A triboelectric nanogenerator (TENG) uses the coupling of the triboelectric effect and the electrostatic induction effect, which determine the excellent performance of the TENG in the low-frequency range (Zhang et al., 2014; Qian et al., 2020; Hou et al., 2018; Wang S. et al., 2020; Gao et al., 2018; Wang Z. et al., 2020; Liu et al., 2020a, b). An optimized TENG-based insole designed by Wang (Hou et al., 2013) can harvest the energy of unidirectional vibration excited by contact separation between feet and insoles, which can provide enough power to light up 30 LEDs simultaneously. A self-powered backpack (Yang et al., 2013), which is [image: image] and weighs 2 kg, has been designed to harvest vibration energy and can light up 40 LEDs. It has been proposed to add the bistable system (Deng et al., 2019a; Deng et al., 2019b; Harne and Wang, 2013), which increases the complexity of the structure and the weight of the system, on the TENG-based harvester to broaden the frequency band (Yildirim et al., 2017b). Although these designs can be used to harvest vibration energy, it is difficult to satisfy the requirements of low-frequency, multidirectional, and broadband vibration at the same time. The proposal of using liquid as the friction material provides a new method to solve the problem (Zheng et al., 2014; Chen et al., 2016). Due to the fluidity of liquid, the liquid has a better response to vibration, especially for low-frequency, multidirectional, and broadband vibration (Zhang et al., 2016; Xie et al., 2020). Water as a kind of liquid has previously been proven to be the friction material, but this type of TENG generally does not have good energy conversion capability (due to the limitations of free electrons in water) (Lin et al., 2013). A liquid-metal-based contact-sliding triboelectric principle (Tang et al., 2015) has been proposed, which proves that the liquid metal can also be used as the friction material. The output charge density of this way is 4–5 times that of the TENG, which is a solid film electrode under the same conditions. Typically, there have been some designs of triboelectric generators based on the liquid metal, but they use the liquid metal as a conductor rather than this principle (Wang et al., 2018a; Yang et al., 2018). Therefore, in order to harvest vibration energy, a triboelectric device based on the liquid metal can be designed.
Here, we present a liquid-metal-based freestanding triboelectric generator (LM-FTG) to solve the problem of vibration energy harvesting. The power generation mode of LM-FTG is freestanding in order to ensure the stability of power generation, which avoids the situation that the liquid metal cannot contact the metal electrode to generate electricity. We show the details of the specific electricity generation process. The multidirectional harvesting capability and low-frequency adaptability are proved by intuitive experiments and theoretical analysis. In the experiments, we perform an inertial frequency-sweep experiment, which proves the multidirectional and broadband vibration harvesting capability of the device. The power experiment under inertial force constant frequency excitation further proves superiority of different working modes and the low-frequency response of LM-FTG. Through the low-frequency environmental experiment, the practicality of this device is proved.
2 DESIGN AND MECHANISM
As shown in Figure 1A, LM-FTG, which consists of an aluminum alloy threaded cylinder, two aluminum alloy threaded caps, a 3D printed material sleeve (polylactic acid), a suitable amount (the height of the liquid level is about a quarter of the height of the container) of the liquid metal (mercury, gallium, or gallium–indium), two triboelectric components, and two silicone seals, is similar in shape to a cylindrical container. In order to prevent the liquid metal from conducting with the external metal shell, which enhances the overall impact resistance, a 3D printed material sleeve is used to isolate the liquid metal from the metal shell. The silicone sealing ring is placed between the aluminum alloy threaded cap and the triboelectric component. By screwing the threaded cap tightly, the container is sealed. When LM-FTG is subjected to external excitation, the internal liquid metal collides between the surfaces of Kapton at both sides to generate electricity. The detailed information of LM-FTG is shown in Supplementary Figure S1.
[image: Figure 1]FIGURE 1 | Working principle of LM-FTG. (A) Schematic illustration showing the device configuration of LM-FTG; (B) step-by-step illustration showing the working principle of LM-FTG.
It is worth noting that, in the selection of the liquid metal, we put the droplets of mercury, gallium, and water on the Kapton’s surface, respectively, and observed their surface morphology. As shown in Figure 2, the droplets of mercury and gallium on the Kapton’s surface basically maintain a spherical droplet state while the water is flat on the surface. This proves not only that gallium can be easily separated from Kapton without adhesion but also that mercury has this property. However, compared to mercury, gallium is easier to oxidize in the air and forms an oxide layer that is difficult to detach on the Kapton’s surface. In response to this phenomenon, we chose mercury, which is extremely difficult to oxidize, as the liquid metal in LM-FTG.
[image: Figure 2]FIGURE 2 | Droplets of mercury, gallium, and water on Kapton’s surface. (A) Mercury; (B) gallium; and (C) water.
A complete cycle of the electricity generation process is shown in Figure 1B. The contact-separation movement between the liquid metal and the triboelectric components is driven by the excitation of the outer casing. First, after pouring the liquid metal into the container, the liquid metal makes contact with the Kapton surface on one side. Due to the different capabilities of the liquid metal and Kapton to absorb electrons, electrons are transferred from the liquid metal onto the Kapton’s surface, causing positive charges at the interface of the liquid metal and negative charges on the Kapton’s surface. Then, the two materials are separated by the external excitation, and a potential difference is formed between them. In order to counteract the electric field, electrons will flow from the lower surface copper electrode to the upper surface copper electrode, which forms a reverse current. As the liquid metal continues to rise, it will collide with the upper Kapton’s surface. Similar to the previous process, the liquid metal also undergoes charge transfer with the upper Kapton. Finally, during the liquid-metal drop process, due to the potential difference between the liquid metal and the upper surface, it will produce a current in the opposite direction to the previous process. Therefore, the pulse output of the entire process exhibits the characteristics of AC. In particular, this freestanding power generation mode causes the device to contact-separate the upper and lower surfaces twice in one power generation cycle, so it is equivalent to two power generations, which increases the number of power generations and improves power generation efficiency. In addition, compared with the first proposed sliding friction power generation mode, this power generation mode does not need to ensure that the internal liquid metal is always in contact with the conductor, which increases the stability of power generation.
Since the internal liquid metal can generate electricity just by impacting and shaking between Kapton at both sides, we set four working modes, which are vertical placement and vertical vibration (VV mode), vertical placement and horizontal vibration (VH mode), horizontal placement and vertical vibration (HV mode), and horizontal placement and horizontal vibration (HH mode), according to the LM-FTG’s placement and vibration direction. Figure 3 shows the liquid flow mode under different working modes. In order to prove that the vibration modes are similar to the pictures, we put the liquid metal in the transparent tube and shook the hand to simulate vibration (see Supplementary Movies S1–S4). It can be seen from the video that the liquid metal can impact surfaces of both sides regardless of the working mode under external excitation. So, the multidirectional vibration harvesting capability of LM-FTG can also be demonstrated.
[image: Figure 3]FIGURE 3 | Internal liquid flow. (A) Liquid flow in the VV mode; (B) liquid flow in the VH mode; (C) liquid flow in the HV mode; and (D) liquid flow in the HH mode.
In order to prove that the liquid metal can better respond to external low-frequency vibration, we develop the fluid field equations for one of the working modes and estimate the relationship between the liquid free surface wave height and the frequency of external excitation. As shown in Figure 4A, we assume that LM-FTG works in the VH mode and set up an inertial frame and a moving coordinate system. The height of the liquid surface is represented by h, and the radius of the circular surface of the cylindrical container is represented by R.
[image: Figure 4]FIGURE 4 | (A) Cylindrical tank under sinusoidal lateral excitation. (B) Relationship between maximum wave height [image: image] and external excitation frequency ω.
Assuming the container is laterally excited in the x-axis direction,
[image: image]
where A and ω are the excitation amplitude and frequency, respectively. Since the analysis can be simplified if the fluid equations are linearized for small displacements, the linearized fluid field equations take the form
[image: image]
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The dynamic and kinematic free surface conditions in Eq. 4 and Eq. 5 can be combined into
[image: image]
A typical solution of Eq. 2 subject to conditions in Eq. 3 is
[image: image]
where [image: image]. J (.) is the Bessel function of the first kind. [image: image] and [image: image] are time dependent to be determined from the free-surface initial conditions. Under the constraints of the free-surface condition in Eq. 6, we can get
[image: image]
where [image: image] is the multiorder natural frequency of the liquid and [image: image].
Substituting Eq. 8 into Eq. 7, Eq. 7 can be rewritten as
[image: image]
The total potential function is the sum of the fluid perturbed function [image: image] and the tank potential function [image: image], that is,
[image: image]
Substituting Eq. 10 into condition Eq. 4 gives the surface wave height
[image: image]
The maximum wave height occurs at [image: image], [image: image], and [image: image] and is given by the following expression:
[image: image]
We set the amplitude A = 0.001 m and substitute the relevant parameters of LM-FTG into the expression (R = 0.015 m and h = 0.015 m) to obtain the maximum wave height of the liquid surface [image: image] as a function of the external excitation frequency ω. As shown in Figure 4B, although the external amplitude is only 0.001 m, the maximum wave height can reach 1.3 mm under the external vibration frequency of 2 Hz. Typically, [image: image] shows a nonlinear growth with the increase of the ω. This proves that the liquid in the tank has a remarkable response to the low-frequency vibration in the VH mode. In addition, although we only conduct a specific analysis for the VH mode, since the liquid metal is in the same tank, no matter which working mode is used, the form of [image: image] and the free-surface condition of the liquid metal are not changed. It also means the liquid metal can have great response in each working mode, which reflects the device’s capability to harvest multidirectional vibrations.
3 EXPERIMENT
In order to explore the performance and characteristics of LM-FTG, we conducted two major experiments based on the experimental environment. The first part is an experiment conducted on a vibrating table, mainly to explore the material properties and multidirectional vibration harvesting capability of LM-FTG. The experimental results also play a guiding role in the subsequent experiments. This part of the experimental system mainly consists of a vibration table (Sushi DC-1000–15) and its controller (RC-3000), a digital multimeter (ZLG DMM6001), a computer, and a resistance box (see Supplementary Figure S2).
The second part of the experiment is a low-frequency environmental experiment, which proves the practicality of this device.
3.1 Vibrating Table Experiment
For the experiment on the vibration table, it is mainly divided into three parts, namely, basic output experiment, frequency-sweep experiment, and power experiment. Firstly, the basic output experiment is used to measure the internal resistance of the material, and then, a frequency-sweep test is used to not only investigate the influence of the working modes on the test data but also verify broadband output. The final power experiment explores the continuous discharge capability of LM-FTG at low frequencies and further verifies the effects of different working modes, which plays a guiding role in the low-frequency environmental experiment.
3.1.1 Basic Output
In order to measure the maximum output power and power density of LM-FTG in the frequency-sweep experiment, the basic output of LM-FTG needs to be determined to infer the internal resistance. The output voltage, output current (Figure 5A), and power of LM-FTG (Figure 5B) is measured at constant frequency (10 Hz) and peak-to-peak value (15 mm) excitation. We sequentially change the resistance of the resistance box to measure the output voltage and current of LM-FTG. Then, the optimum resistance of the generator is determined by obtaining the maximum output power. Through the experimental results and drawing, it can be found that the maximum output power is obtained when the resistance is 8 M[image: image].
[image: Figure 5]FIGURE 5 | Basic output of the material. (A) Output voltage and output current of Kapton under different resistance values. (B) The power of Kapton at different resistance values.
3.1.2 Frequency Sweep
According to the analysis of the theoretical part, the working modes of LM-FTG have an impact on its power generation capability. Two fixed LM-FTG’s bases are fixed on the vibration table, and the vertical and horizontal vibration tables are used to test LM-FTG. In order to explore the power generation capability and working bandwidth of each mode, we perform an inertial-force frequency-sweep experiment in four working modes (see Supplementary Figure S3). Figure 6 shows the frequency-domain performance results of LM-FTG under an excitation in which the peak-to-peak value is 13 mm and the frequency f sweep is from 3 to 18 Hz at a frequency rise rate of 0.05 Hz/s.
[image: Figure 6]FIGURE 6 | Results of the inertial-force frequency-sweep test under 13 mm peak-to-peak excitation at 3–18 Hz sweep frequency: (A) Output voltage and current of LM-FTG in the VV mode. (B) Output voltage and current of LM-FTG in the VH mode. (C) Output voltage and current of LM-FTG in the HV mode. (D) Output voltage and current of LM-FTG in the HH mode.
It can be seen from Figure 6A that when LM-FTG is in the VV mode, the output of LM-FTG always shows an upward trend after 6.2 Hz (the effective frequency bands, which are the colored areas, are defined as the frequency bands, where the output voltage exceeds 10 V), and the peak output voltage and current can reach 252 V and 25.2 μA, respectively. However, in the case of the VH mode (Figure 6B), LM-FTG has a small output after 16.2 Hz, and the peak output can only reach 15 V and 0.2 μA, which is not ideal. Figures 6C,D show the situation of horizontal placement. It can be seen from Figure 6C that, for the vertical vibration, LM-FTG starts to show an obvious output after 5.2 Hz. Although the peak output can only reach 58 V and 5.8 μA, the output is relatively stable, which covers the entire frequency band after 5.2 Hz. In particular, in the case of horizontal vibration, the output, which is shown in Figure 6D, achieves a full-band coverage of 3–18 Hz, and the peak output can reach 181 V and 1.8 μA. Based on the abovementioned data, it can be seen that, in the case of vertical placement, although the maximum peak output in the four modes can be achieved in vertical vibration and the frequency band width is great, the response to the horizontal vibration is poor, which hardly has output and is difficult to meet the energy harvesting of multidirectional vibrations. When placed horizontally, although the peak output does not shine in the two vibration directions, it has a wide frequency band and even achieves full-band coverage under horizontal vibration, which is more in line with the requirements of vibration energy harvesting. It is worth noting that LM-FTG has a good effect in both VV and HH modes. The reason is that the vibration direction in these two modes is kept parallel to the tank body, which can ensure that the liquid metal is better contacted and separated from the Kapton on both sides.
The power density of LM-FTG can be calculated according to the formula [image: image] ( U, R, and V are the output voltage, the load resistance, and the effective volume, respectively). According to the internal resistance of the device in the first part of the experiment, we chose a 8 M[image: image] load resistor to get the best power density. The optimal power density in the four modes is shown in Figure 7. It is worth noting that the power density in the case of vertical placement and vertical vibration can reach 33000 mW/ [image: image]. The use of the liquid metal to generate electricity can get the ultra-high power density, so that this device can output high energy in a small volume and is suitable for different environments.
[image: Figure 7]FIGURE 7 | Power density of the frequency-sweep test under 13 mm peak-to-peak excitation at 3–18 Hz sweep frequency. (A) Power density of LM-FTG in the VV mode. (B) Power density of LM-FTG in the VH mode. (C) Power density of LM-FTG in the HV mode. (D) Power density of LM-FTG in the HH mode.
In order to explore the impact of different amplitudes on LM-FTG, we performed sweep experiments on LM-FTG with the peak-to-peak values of 9 and 16 mm (see Supplementary Figure S6). Although the output voltage and current are proportional to the amplitude in some working modes, there is not much difference in the working frequency band and output of LM-FTG under these three amplitude conditions.
3.1.3 Power Experiment
In order to verify LM-FTGs ability of vibration harvesting at low frequency and further prove the conclusion about the influence of working modes on harvesting capability, we performed the power experiment using the capacitor to charge in four modes like the frequency-sweep experiment. The vibration amplitude of the vibration table is set to 13 mm and the excitation frequencies applied are 6, 6.5, 7, and 7.5 Hz. The output of LM-FTG is connected to a 10 μF electrolytic capacitor to charge it, and the capacitor voltage is measured by a digital multimeter.
It can be seen from Figure 8B that, in the vertical placement, the output power of LM-FTG is very low when excited by the horizontal direction. Within 60 s, the voltage of the capacitor is below 0.4 V. Figure 8A shows the results when the vibration direction is vertical. The output power of LM-FTG is not ideal at 6 Hz, and the capacitor is only charged to 1.05 V. As the frequency gradually increases to 6.5, 7, and 7.5 Hz, the voltage of the capacitor suddenly increases to 4.68, 5.90, and 6.36 V. In the horizontal placement, the voltage of the capacitor reaches 1.89, 2.43, 2.89, and 3.02 V within 60 s at the excitation frequencies of 6, 6.5, 7, and 7.5 Hz when excited in the vertical direction. When excited by the vertical direction, the output voltage increases to 2.22, 3.50, 5.14, and 6.46 V. At horizontal placement, not only the device shows great harvesting capability for both directions of vibration but also the harvesting of low-frequency vibration energy is better than the vertical placement. In general, similar to the conclusion of the sweep-frequency experiment, LM-FTG has a good effect when the vibration direction is parallel to the tank body.
[image: Figure 8]FIGURE 8 | Voltage of the 10 μF capacitor charged by LM-FTG. (A) Low-frequency response of LM-FTG in the VV mode. (B) Low-frequency response of LM-FTG in the VH mode. (C) Low-frequency response of LM-FTG in the HV mode. (D) Low-frequency response of LM-FTG in the HH mode.
3.2 Low-Frequency Environmental Experiment
Since the walking vibration not only has the characteristics of low frequency, multidirection, and broadband but also is very common, we use the walking experiment to prove the practicality of LM-FTG. In the frequency-sweep experiment, the influence of the placement on the harvesting capability is verified. Here, in order to verify the impact of the placement in practice, we tied two identical LM-FTGs to the two calves in two ways (Figure 9) and conducted the walking experiment. In particular, for verifying the effect of walking speed on the LM-FTG’s harvesting capability, we measure the output voltage of LM-FTG and the acceleration of walking (see Supplementary Figure S4) at speeds of 0.8, 1.2, 2 ,and 4 m/s.
[image: Figure 9]FIGURE 9 | (A) LM-FTG in horizontal placement.(B) LM-FTG in vertical placement. (C) Output voltage of LM-FTG in horizontal placement. (D) Output voltage of LM-FTG in vertical placement.
Figure 9C shows the output voltage of LM-FTG under horizontal placement. It can be seen intuitively that the output voltage of LM-FTG increases with the increase in walking speed, which is an obvious proportional relationship. As shown in Figure 7C, the peak output voltage of LM-FTG is only 48 V at a walking speed of 0.8 m/s, while the peak output voltages of 1.2, 2, and 4 m/s reach 71, 82, and 169 V, respectively. The huge impact of walking speed on the open circuit voltage was verified. However, compared with the output voltage of LM-FTG in the vertical mode shown in Figure 9D, it can be seen that the difference of the output voltages is not obvious at the four walking speeds, and the peak output voltages do not exceed 50 V at most. The conclusions drawn in the frequency-sweep experiment are verified in practice.
In order to investigate the vibration frequency of walking, we measure the acceleration (see Supplementary Figure S3) of walking at the speed of 0.8 and 4 m/s. Figure 10A shows the spectrograms obtained by Fourier transform of the measured acceleration data at walking speeds of 0.8 and 4 m/s. As can be seen from Figure 10A, at a walking speed of 0.8 m/s, most of the frequency components are concentrated around 2.4 and 5 Hz. In this case where the effective band is defined as a band having an amplitude of 0.4 or more, the vibration frequency ranges from 0 to 20.82 Hz. This proves that the general walking vibration frequency band is wide and mainly concentrated in the low-frequency range. Figure 10B shows the spectrum at a walking speed of 4 m/s. Most of the frequency components are also concentrated below 5 Hz, but the frequency range can range from 0 to 32.03 Hz. By comparison, it can be seen that most of the frequency components are concentrated below 5 Hz, but the increase in speed increases the bandwidth. In summary, it can be shown that the vibration frequency of walking is mostly concentrated in 0–3 Hz, and the power generation experiment under actual walking can prove the LM-FTG’s harvesting capability in this frequency band.
[image: Figure 10]FIGURE 10 | (A) Spectrogram of walking.(B) Spectrogram of running.
In order to more intuitively demonstrate the power generation capability of LM-FTG, we wanted to light up LEDs with LM-FTG in actual walking. According to the previous experiments, we attached LM-FTG to the calf under the horizontal mode and it successfully lit up 100 series-connected LEDs (see Supplementary Movie S5).
4 CONCLUSION
In order to harvest vibration energy which is low frequency, multidirectional, and broadband, a triboelectric generator, which bases on the liquid metal and freestanding power generation mode, has been proposed. The device utilizes the fluidity of the liquid to more efficiently harvest low-frequency and multidirectional vibrations. Also, the freestanding power generation mode is used to decrease the structural complexity and ensure the stability of power generation. The frequency-sweep experiment shows that the difference of the working modes has a great influence on the power generation capability. The multidirectional vibration can be harvested and the working frequency band of LM-FTG is wide. In addition, the peak output can reach up to 252 V and 25.2 μA, and a 10 μF capacitor can be charged to 6.46 V at 7.5 Hz in 60 s by LM-FTG. In the low-frequency environmental experiment, the peak output voltage of LM-FTG under the horizontal mode with 4 m/s of the walking speed can reach 169 V and it can light up 100 LEDs in walking.
In addition, although the experiment was only carried out under the condition of wearing, the device can also be used in more fields. As shown in Figure 11, LM-FTG can be placed in the marine buoy to harvest wave energy from ocean waves or placed in the car suspension to harvest the vibrational energy of the car. So, we believe that LM-FTG not only provides a welcome boost for the development of a vibration energy harvester but also has a broader application prospect.
[image: Figure 11]FIGURE 11 | (A) LM-FTG in car suspension.(B) LM-FTG in the ocean buoy.
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