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Energy harvesting systems based on the pendulum structures have been widely used in the low-frequency

environmental energy collection applications in recent years. In this study, the research progresses of the

pendulum energy harvesting structures are described in detail and summarized. The energy harvesting structures

are classified according to pendulum types and different energy conversion mechanisms. The improved techniques

and design schemes adopted in the relevant research are also summarized.

vibration energy harvesting  single pendulum  double pendulum

1. Introduction

As shown in Figure 1, pendulum structures can be used in a variety of applications in energy harvesting

technologies. Compared with other structures, pendulum have richer dynamic characteristics and better motion

bearing capacity. But at present, there are few literatures to analyze the energy harvesting technologies based on

pendulum structure. Therefore, in order to make up for the deficiency of this part, this study summarizes the energy

harvesting systems based on the pendulum structures in detail, including the basic pendulum structures, energy

conversion mechanisms and applications.
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Figure 1. Classification of pendulum energy harvesting technologies.

2. Pendulum energy harvesters

At present, many scholars have studied the characteristics of simple pendulum structure. Jia et al. [1] adopted a

pendulum structure for electromagnetic energy harvesting to reduce the resonant amplitude threshold. In addition,

some studies have shown that the pendulum structures show excellent effects on the low frequency and

broadband energy harvesting performance [2]. Dai et al. [3] established a theoretical model of a single pendulum

energy converter, and calculated the ratio of the half-peak bandwidth to the center frequency. Correlation analysis

shows that the pendulum structure successfully improves the bandwidth of energy harvesting.

Kecik et al. [4] studied a coupled vibratory pendulum system. Figure 2a shows the main structure of the system,

including a tuned mass damper and two independent energy harvesting devices. The influence of magnetic

levitation and rotating harvester on vibration absorption is analyzed. In addition, the pendulum structure energy

harvesting system can also be applied to shock absorption, such as the offshore wind turbines [5]. In order to

effectively mitigate the effects of vibration, OWT is equipped with various shock absorbing structures. Jahangiri et

al. [6] used electromagnetic generators instead of linear dampers to capture energy. The main structure of the

device is a spherical pendulum that absorbs vibrations and collects energy in the x and y directions. The schematic
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diagram is shown in Figure 2b. The simulation results show that the axial and radial displacement of the nacelle is

reduced by about 70% and 77%, respectively. Shen et al. [7] proposed a self-powered vibration reduction

monitoring system based on the pendulum structure. The main structure is shown in Figure 2c. The structure can

produce an average power of 312.4mW.

Figure 2. (a) Electromagnetic energy harvester with a pendulum-tuned mass damper [4]. Reprinted with permission

from Ref. [4]. Copyright 2020, Elsevier. (b) OWTs with a pendulum-tuned mass damper [6]. Adapted with

permission from Ref. [6]. Copyright 2019, Elsevier. (c) Self-powered vibration reduction and monitoring system [7].

Reprinted with permission from Ref. [7]. Copyright 2012, Elsevier.

Piezoelectric energy harvesting is widely used for vibration energy conversion [8, 9]. Piezoelectric energy

harvesting technology has many advantages, such as higher energy density, higher voltage and lower mechanical

damping [10]. Daniel et al. [11] proposed a piezoelectric energy harvesting system that can be applied to the sea

bottom. In another study, Zhang et al. [12] designed a new multidirectional pendulum energy harvester based on
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homopolar repulsion. As shown in Figure 3a, the proposed system is applied to the conversion of inertial kinetic

energy of the unmanned passenger car. In addition, Shukla et al. [13] developed a pendulum energy collector

(Figure 3b) that can be mounted on the human body to capture energy from waist movement. Bao et al. [14]

designed a handheld human motion energy collector, as shown in Figure 3c. Wu et al. [2] proposed a piezoelectric

spring pendulum oscillator based on a clamp-type structure. The spring pendulum is directly integrated with the

piezoelectric element to improve the energy collection performance.

Figure 3. (a) Multi-directional pendulum kinetic energy harvester [12]. (b) Human waistline movement energy

harvester [13]. Reprinted with permission from Ref. [13]. Copyright 2014, Elsevier. (c) Hand-held human motion

energy harvester [14].

Chen et al. [15] proposed a rotational wind energy harvester based on magnetic double-pendulum system. As

shown in Figure 4a. Izadgoshasb et al. [16] applied the double pendulum system to human movement energy

collection, as shown in Figure 4b. Sun et al. [17] used the internal resonance between the double pendulum and
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the cantilever beam to expand the bandwidth of the piezoelectric energy collector (Figure 4c). Selyutskiy et al. [18]

designed a fluid-induced vibration energy collector based on a double pneumatic pendulum.
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Figure 4.

(a) Rotational wind energy harvester based on magnetic double pendulum [15]. (b) Double-pendulum energy

harvester applied in human motion energy conversion [16]. Reprinted with permission from Ref. [16]. Copyright
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2019, Elsevier. (c) Piezoelectric cantilever beam coupled with double pendulum [17]. (d) Flow-induced vibration

energy harvester based on double aerodynamic pendulum [18].

 

3. Conclusion

This study reviews the researches on the theoretical analyses of the single and double pendulums and their

applications in energy harvesting. The different energy-conversion mechanisms, design schemes, and optimal

structures of pendulum-like energy harvesters have been summarized. Based on the existing research, single-

pendulum energy harvesters are predominantly applied in ultra-low-frequency environments and multi-directional

energy harvesting. The working conditions of pendulum energy harvesters are <10 Hz, which mainly include ocean

wave and human motion energy. Furthermore, single-pendulum systems can be combined with the other functions,

such as mechanical motion rectifiers and structural damping. In addition, energy harvesting based on the double

pendulums has attracted much research attention.
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