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A B S T R A C T   

Vibration energy harvesting is a promising approach to provide wireless sensors and portable electronics with 
sustainable power by converting ambient kinetic energy into expected electrical energy. As one of the most 
fundamental mechanical oscillators, pendulums are restored by gravity rather than elastic elements and have 
drawn a number of research interests in developing vibration energy harvesters in recent years due to their 
simple and reliable structures. This paper comprehensively reviews the state-of-the-art progress of the pendulum- 
based energy harvesting. The pendulum mechanisms for energy harvesting such as single-pendulum configu
rations, multi-pendulum configurations, and pendulums with modulation mechanisms are elaborated and dis
cussed. The integrations of electromagnetic, piezoelectric, triboelectric, and hybrid transducers are characterized 
and compared. The applications of the pendulums in harvesting energy from ocean wave, vehicle motion, human 
motion, structural vibration, and flow-induced vibration are reviewed. Finally, the challenging issues and future 
trends of this technology are summarized based on the progress to date.   

1. Introduction 

With the intensification of energy crisis and environmental pollution, 
the harvesting of clean energy plays an increasingly critical role in the 
sustainable development of human beings [1–3]. Vibration energy 
harvesting which converts ambient kinetic energy into expected elec
trical energy is one of the attractive technologies, with promising ap
plications in self-powered electronic devices [4–7]. For wireless sensors 
applied in infrastructure monitoring or electronic devices implanted into 
human body, chemical batteries are not sustainable and economical 
power sources because of the burden of frequent replacement or 
charging. Mechanical vibrations can be found in a number of ambient 
sources such as ocean waves [8], rotational machines [9], railroad tracks 
[10], vehicle suspensions [11], human motions [12], civil structures 
[13], and so on. By collecting the mechanical vibrations and generating 
electricity, energy harvesters are capable of serving as more 
environmental-friendly alternatives to the chemical batteries. 

A vibration energy harvesting system typically consists of mechani
cal oscillators, optional modulation mechanisms, transducers, power 
electronic circuits, and electrical loads or storages [14]. When the 
housing of the energy harvester is excited by ambient vibrations, the 

mechanical oscillators will generate linear or rotational motion relative 
to the housing. The kinetic energy of the mechanical oscillators can be 
converted into electrical energy by the transducers such as electro
magnetic, piezoelectric and triboelectric types [15–17]. Sometimes 
customized modulation mechanisms are coupled to amplify or modulate 
the oscillator motion before inputting to the transducers [18]. The 
generated electrical energy are regulated with the power electronic 
circuits, and then can be either supplied to electrical loads or stored in 
batteries or capacitors. 

It is apparent that the mechanical oscillators are the key components 
in the energy harvesting system for capturing vibration energy. The most 
fundamental mechanical oscillators can be categorized into spring-mass 
mechanism and pendulum mechanism. In the spring-mass mechanism, 
the oscillating mass is supported by an elastic element such as a me
chanical spring, a magnetic spring or an elastic beam [19–21]. Mass 
gravity generally exerts adverse influence on the spring-mass mecha
nism. When the spring-mass mechanism is vertically installed, the mass 
gravity will cause a significant initial deformation of the spring, espe
cially in low-frequency operation [22]. When the spring-mass mecha
nism is horizontally installed, the mass gravity will result in an 
additional friction which damps oscillation. In the pendulum 
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mechanism, the oscillating pendulum is mostly restored by its gravity. 
Through comparison, it can be found that the pendulum mechanism has 
simpler and more reliable structure than the spring-mass mechanism. 
Moreover, the pendulum mechanism is capable of capturing vibrations 
with ultra-low frequency which is difficult for the spring-mass mecha
nism [23,24]. However, the pendulum mechanism typically has rela
tively large volume which poses challenges to achieve compact structure 
and high power density. 

Researchers have presented a number of effective and innovative 
designs of the pendulum-based energy harvesters in the past few years. 
Pendulum mechanisms with various configurations such as horizontal- 
axis type [25], vertical-axis type [26], inclined-axis type [27] and 
gimbaled type [28] have been applied in vibration energy harvesting. 
Multi-pendulum mechanisms have been proposed to overcome the 
shortcomings of the energy harvesters using single pendulum [29,30]. 
Pendulum mechanisms combined with modulation mechanisms have 
also been reported to better adapt to random and broadband ambient 
excitations [23,31,32]. However, these works have not been compre
hensively investigated and summarized. 

There have been a number of excellent reviews on vibration energy 
harvesting. Literature [1,5], and [33] mainly focus on the performance 
improvement of the energy harvesters through various technologies 
such frequency tuning, nonlinear dynamics, amplification, and so on. 
Literature [2] reviews the available designs of piezoelectric energy 
harvesting tiles and literature [3] reviews the energy harvesting from 
the specific source of flow-induced vibration. Literature [4] summarizes 
the modeling methods and Literature [6] summarizes the architectural 
approaches of the vibration energy harvesters. The pendulum-based 
energy harvesting is usually included as a specific architecture in the 
existing reviews, and its designs and characteristics have not been 
thoroughly presented. According to statistics, there have been more 
than 130 journal publications about the pendulum-based energy har
vesters. With the continuous growth of the related publications, it is 
necessary to make a comprehensive review on the recent progress of the 
pendulum-based energy harvesters. 

This review focuses on the pendulum mechanisms and the transducer 
integration applied in vibration energy harvesting. The pendulum-based 
energy harvesters have inherent features such as low-frequency adapt
ability in comparison with the spring-mass type [24]. With deep insight 
into the characteristics of different pendulum mechanisms, it is helpful 
to adopt optimal configurations and parameters for certain excitations 
so as to enhance electrical output. In addition, the harvested energy will 
be significantly reduced when the actual excitation frequency is devi
ated from the natural frequency for the energy harvesters designed in 
resonant operation. Therefore, it is worth exploiting the nonlinearity in 
the pendulums as well as combined modulation mechanisms to achieve 
wide frequency bandwidth. This work also discusses the promising ap
plications where the vibration excitations are suitable for the energy 
harvesting systems with pendulums. 

The rest of this paper is organized as follows. Section 2 illustrates the 
common configurations of the mechanical oscillating system with one or 
more pendulums for energy harvesting. Section 3 elaborates and dis
cusses the pendulums combined with the modulation mechanisms to 
improve energy harvesting performance. Section 4 characterizes and 
compares the integration approaches of the electromagnetic, piezo
electric, triboelectric, and hybrid transducers. Section 5 reviews and 
discusses the applications of the pendulums in harvesting energy from 
ocean wave, vehicle motion, human motion, structural vibration, flow- 
induced vibration, and so on. Finally, Section 6 summarizes the chal
lenging issues and future research directions of the pendulum-based 
energy harvesting. 

2. Pendulum mechanisms for energy harvesting 

In a broad sense, a pendulum is a mass or an eccentric rotor which 
can rotate around an axis with a restoring torque generated by its 

gravity. There have been a series of different configurations of the 
pendulum mechanisms utilized in vibration energy harvesting with the 
progress of this topic. Based on the pendulum number, the pendulum 
mechanisms are categorized into single-pendulum configuration and 
multi-pendulum configuration firstly. Furthermore, the single- 
pendulum configuration is classified based on the arrangements of the 
rotational axis, and the multi-pendulum configuration is classified based 
on the coupling modes of the pendulums, as shown in Table 1. More 
details about the pendulum configurations as well as their characteris
tics are presented as follows. 

2.1. Single-pendulum configuration  

(A) Horizontal-axis type 

The pendulum rotating around a horizontal axis is the most common 
type. From the aspect of mechanism design, the horizontal-axis 
pendulum could be simply suspended by using a shaft as shown in 
Fig. 1(a) [47]. An innovative design is to constrain the motion of a 
rolling pendulum by using a spherical or cylindrical surface so that the 
pendulum is capable of rotating around the axis of the rolling surface 
similarly without a physical shaft as shown in Fig. 1(b) [48]. Smilek 
et al. also designed a rolling pendulum mechanism for energy harvesting 
consisting of a cylindrical proof mass installed inside a circular cavity in 
a Tusi couple configuration [49]. The pendulum-based energy har
vesters with horizontal axes can be operated in direct resonance or 
parametric resonance [25]. When the direction of the input excitation is 
horizontal and orthogonal to the rotational axis, the dynamics of the 
pendulum can be expressed as 
(
mhL2

h + Ih
)
θ̈h +Chθ̇h +mhgLhsinθh = mhLhAhdcosωhdtcosθh (1)  

where mh is the mass of the horizontal-axis pendulum, Lh is the distance 
between the pendulum centroid and the rotational axis, Ih is the moment 
of inertia of the pendulum, θh is the rotational angle relative to vertical, 
Ch is the damping coefficient caused by mechanical loss and energy 
harvesting, and Ahd and ωhd are the acceleration amplitude and the 
angular frequency of the horizontal excitation. Applying small-angle 
approximation, the natural frequency of the pendulum is given as 

ωh0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

mhgLh/
(
mhL2

h + Ih
)√

(2) 

In direct resonance when the natural frequency matches the excita
tion frequency, the pendulum will oscillate with significant amplitude 
and capture the excitation for energy conversion [32,50,51]. 

The parametric resonance is a more interesting phenomenon where 
the pendulum can rotate stably rather than swing back and forth 
[52–54]. The following equation governs the parametric excitation in 
vertical direction 
(
mhL2

h + Ih
)
θ̈h +Chθ̇h +mhLh

(
g + Ahpcosωhpt

)
sinθh = 0 (3)  

where Ahp and ωhp are the acceleration amplitude and the angular fre
quency of the vertical excitation. The primary parametric resonance 
occurs when the pendulum is subjected to excitation with angular fre
quency close to double of the natural frequency [55]. Once activated, 
the oscillatory amplitude growth of the parametric resonance will not 
saturate due to linear damping but be constrained by physical limits or 
nonlinearities at high amplitudes, which leads to large electrical power 
output [56–58]. However, there exists an initiation threshold which 
depends on damping and limits practical realization. Jia et al. explored 
two distinct design routes to passively minimize the required initiation 
threshold [25]. Dotti et al. addressed the quantification of damping 
including linear and quadratic terms in parametric pendulums for en
ergy harvesting [59].  

(B) Vertical-axis type 
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Fig. 2 shows two typical pendulum-based energy harvesters with 
vertical axes [26,60]. The pendulums are prone to rotate around the 
axes continuously in this configuration, especially when active control 
techniques are applied. Boren et al. designed a model predictive and 

integral error controller for a vertical-axis pendulum energy harvester to 
enhance net power generation from ocean wave [61]. They also devel
oped a scaled prototype and implemented experiments to evaluate how 
the net power output responded to varied wave environments and 

Table 1 
Categories of pendulum configurations utilized in vibration energy harvesting.  

Category Schematic and description 

Single-pendulum configuration 

Horizontal-axis type [25,34,35] Vertical-axis type [26,36,37] Inclined-axis type [27,38] Gimbaled type [28,39,40] 
Multi-pendulum configuration 

Coaxial type [30,41] Parallel type [42–44] Series type [29,45,46]  

Fig. 1. Horizontal-axis pendulums using (a) a shaft [47] and (b) a rolling surface [48].  

Fig. 2. Typical vertical-axis pendulums for energy harvesting [26,60].  

T. Wang                                                                                                                                                                                                                                           



Energy Conversion and Management 276 (2023) 116469

4

operational conditions [37]. Since the vertical-axis pendulum mecha
nisms are symmetric with respect to their axes, they can be excited by 
translational vibration in horizontal plane or rolling vibration from 
arbitrary directions. 

When the input excitation is translational in the horizontal plane, the 
dynamics of the pendulum can be expressed as 
(
mvL2

v + Iv
)
θ̈v +Cvθ̇v = mvLvAvcosωvtcosθv (4)  

where mv is the mass of the vertical-axis pendulum, Lv is the distance 
between the pendulum centroid and the rotational axis, Iv is the moment 
of inertia of the pendulum, θv is the rotational angle relative to the 
excitation direction, Cv is the damping coefficient caused by mechanical 
loss and energy harvesting, and Av and ωv are the acceleration amplitude 
and the angular frequency of the horizontal excitation. It can be seen 
from (4) that the pendulum motion is mainly caused by inertia force and 
the gravity has no effect in this case. 

When the input excitation is the combination of rolling motion and 
heaving motion, the dynamics of the pendulum is written as [26] 
(
mvL2

v + Iv
)
θ̈v +Cvθ̇v +mvL2

vsinθvcosθv⋅φ̇2 +mvLv

(
g + Ḧ

)
sinθvsinφ = 0

(5)  

where φ is the rolling angle and H is the heaving displacement. It can be 
seen from (5) that the gravity produces an effect in the term coupled 
with the rolling motion. Moreover, some vessels equipped with energy 
harvesters may undergo both pitching and rolling motions in wave 
environment. Yerrapragada et al. made use of the energy transfer be
tween the pitching motion and the rolling motion with the frequency 
ratio of 2:1 to improve the electrical generation of a vertical-axis 
pendulum energy harvester [36]. In general, the output capability of 
the energy harvester with the vertical-axis pendulum is close to that with 
the horizontal-axis pendulum [60].  

(C) Inclined-axis type 

The inclined-axis configuration of the pendulum mechanism is an 
intermediate state between the horizontal-axis type and the vertical-axis 
type. In comparison to the horizontal-axis type, the influence of the 
pendulum gravity is reduced due to the inclination arrangement of the 
axis, which allows the parametric pendulum to achieve rotational 
response without active control involvement for low-amplitude vibra
tion [27]. In addition, Dostal et al. experimentally verified that the 

rotational motion of the inclined-axis pendulum was possible even 
under low-to-moderate random excitation [38]. The dynamics of the 
inclined-axis pendulum under parametric excitation in vertical direction 
is given as 
(
miL2

i + Ii
)
θ̈i + Ciθ̇i + miLi(gcosγ + Aicosωit)sinθi = 0 (6)  

where mi is the mass of the inclined-axis pendulum, Li is the distance 
between the pendulum centroid and the rotational axis, Ii is the moment 
of inertia of the pendulum, θi is the rotational angle, Ci is the damping 
coefficient caused by mechanical loss and energy harvesting, γ is the 
inclination angle of the rotational axis, and Ai and ωi are the acceleration 
amplitude and the angular frequency of the vertical excitation. 

It can be seen from the comparison between (3) and (6) that the 

restoring torque caused by the gravity decreases with the inclination 
angle, and so does the natural frequency of the pendulum. In the re
searches of Ding et al. [62–64], a frequency tuning approach was 
developed for a pendulum energy harvester by adjusting the inclination 
angle of the rotational axis. Experimental results showed that resonant 
frequencies as low as 0.2 Hz, 0.25 Hz and 0.3 Hz were achieved with the 
inclination angles of 87 degrees, 86 degrees, and 85 degrees, respec
tively [63]. It can be seen that the inclined-axis configuration provides a 
more flexible alternative to the design of the pendulum mechanism.  

(D) Gimbaled type 

The aforementioned three types of pendulum configurations all only 
have one degree of freedom and are constrained to move in one plane, 
which limits the ability of harvesting the kinetic energy available when 
excited by multi-directional vibrations [65]. The gimbaled-pendulum 
energy harvesters can be introduced to overcome this limitation and 
fully utilize the potential of multiple degrees of freedom. As shown in 
Fig. 3, the gimbaled pendulums in energy harvesting can be suspended 
by a thread, a universal joint coupling or multiple coupled shafts. The 
gimbaled-pendulum mechanisms with the thread have the advantage of 
low damping and the disadvantage of small load capacity, so they are 
suitable for lightweight pendulums [66–68] or serving as auxiliary de
vices to produce internal resonance [69]. The gimbaled-pendulum 
mechanisms using the universal joint coupling or the multiple coupled 
shafts are essentially with the same structure, where the shafts are 
orthogonal to each other and the inner shaft rotates around the outer 
shaft. Wang et al. developed a hemisphere-pendulum energy harvester 
capable of rotating around two axes through a cross universal joint 
coupling [70,71]. A two-degree-of-freedom energy harvester composed 
of an eccentric dual-axis ring and electrical generators was also designed 
to acquire kinetic energy by mimicking biaxial hula-hoop motion [39]. 
The motions with respect to the coupled axes are not symmetrical, for 
the orientation of the outer shaft has unidirectional effect on the inner 
shaft. 

The dynamics of the gimbaled pendulum is more complex in com
parison with the pendulum with one degree of freedom. Taking the 
energy harvester with two axes horizontally arranged as an example, its 
dynamics can be governed by the following equations when excited by 
vibration accelerations Axcos(ωxt) and Aycos(ωyt) which are orthogonal 
in the horizontal plane.  

where mg is the mass of the gimbaled pendulum, Lg is the distance be
tween the pendulum centroid and joint coupling, α and β are the rota
tional angles, Igα and Igβ are the moments of inertia of the pendulum 
about its gravity center, and Cα and Cβ are the damping coefficients 
caused by mechanical loss and energy harvesting. The dynamics of the 
gimbaled pendulum can also be modeled by taking the deflection angle 
relative to the vertical axis and the azimuth angle as variables [28]. 
Anurakpandit et al. made a simplified assumption that the perpendicular 
pivots were treated as two coupled references with geometric relation
ships [65]. Thus, the derived model was able to realistically identify the 
asymmetric characteristics between the two coupled references created 
by the gimbaled mechanism. From a new perspective, the gimbaled- 
pendulum energy harvester could be designed for threshold escape 

(
mgL2

g + Igα

)
α̈ + Cαα̇ + mgL2

gβ̇
2sinαcosα + mgLg

(
gsinαcosβ + Axcosωxtcosα − Aycosωytsinαsinβ

)
= 0 (7)  

(
mgL2

gcos2α + Igβ

)
β̈ + Cββ̇ − mgL2

gα̇β̇sin2α + mgLgcosα
(
gsinβ + Aycosωytcosβ

)
= 0 (8)   
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behavior in order to jump across stable attractors by excitation ampli
tude rather than frequency [40,72]. In general, the gimbaled pendulums 
provide the harvesting of vibration energy with richer dynamics and 
better adaptability at the cost of increased complexity in machine 
design. 

2.2. Multi-pendulum configuration  

(A) Coaxial type 

The coaxial configuration of multiple pendulums aims to tune the 
natural frequency of the pendulum mechanism on the premise of 
compact volume. As presented in (2), the expression of the natural fre
quency becomes (g/Lh)1/2 for a lumped-mass pendulum of which Ih can 

be regarded as zero. Thus, the length of the pendulum rod is inversely 
proportional to the square of the natural frequency, which leads to large 
dimensions in harvesting low-frequency vibration such as ocean wave. 
Taking the excitation frequency of 0.5 Hz as an example, the required 
length of the pendulum rod is as long as 0.99 m for frequency match. By 
arranging a number of pendulums coaxially in the rotational plane, the 
moment of inertial is increased and the centroid distance to the pivot is 
decreased, resulting in the reduction of the natural frequency. Fig. 4 
shows the schematic of the coaxial type with two equal-mass pendulums 
distributed in line. The corresponding expression of the natural fre
quency is given as 

ωd0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
g(l1 − l2)

l2
1 + l2

2

√

(9) 

Fig. 3. Gimbaled-pendulum energy harvesters with (a) thread [68], (b) universal joint coupling [71], (c) and (d) multiple coupled shafts [39,72].  

Fig. 4. Schematic of coaxial configuration with two pendulums. (a) Conceptual design. (b) Exploded view [73].  
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where l1 and l2 are the lengths of the two pendulum rods. It was shown 
that a tunable ultra-low natural frequency range from 0.2 Hz to 1.4 Hz 
could be achieved by using this configuration [73]. Graves et al. also 
developed a pendulum energy harvester with another mass as counter
weight to reduce the natural frequency [74]. 

The coaxial configuration with arbitrary number of pendulums has 
also been investigated. Yurchenko et al. proposed the design of an N- 
pendulum energy harvester which not only allowed uncoupling the 
natural frequency of the pendulum from the rod length, but also pro
vided convenient control of the frequency as well as the torque [30]. 
Moreover, an experimental study of the response to parametric excita
tion on a tri-pendulum energy harvester was presented in [75]. 
Nonlinear dynamic analysis such as bifurcation diagrams and basins of 
attraction was utilized to quantify the ability of an energy harvester with 
arbitrary number of concentric pendulums [76]. However, the me
chanical damping due to the friction produced on the shaft also increases 
with the number of the pendulums using as counterweight.  

(B) Parallel type 

The parallel configuration mainly consists of multiple pendulums 
arranged in a row with independent rotational axes. In comparison with 
independent pendulums, the pendulums coupled in parallel through 
springs or magnets can enhance output power and frequency bandwidth 
during energy harvesting. However, this design may bring in physical 
constraints on the oscillating amplitude of the pendulums. 

Malaji et al. conducted thorough investigation on this multi- 
pendulum mechanism. They analyzed the effect of mechanical 
coupling caused by springs on an energy harvester with two pendulums 
in parallel. It was found that the springs did not change the power curve 
under harmonic base excitation while two large peaks in the power 
curve appeared with particular value of coupling ratios under mistuned 
conditions [77]. The influence of the pendulum number was examined 
in [43]. The maximum output power saturated after a particular number 
of pendulums and further increase of the pendulum number did not lead 
to any significant enhancement. The combination of mechanical 
coupling and magnetic coupling was also applied in the parallel multi- 
pendulum configuration by attaching springs and magnets on the pen
dulums simultaneously. This system possessed rich dynamics including 
chaotic oscillation at large orbit, quasi-periodic motion, and periodic 
motion with low amplitude [42]. Results showed that 30.69 % incre
ment of the power magnitude and 100 % enhancement of the bandwidth 
were achieved even under low-amplitude excitation [78]. Punyakaew 
et al. presented an energy harvester with two pendulums in parallel to 
exact the energy from two-frequency vibration. The resonant frequency 
of the pendulums could be adjusted online by controlling the position of 

sliding blocks on the pendulums through proportional-integral- 
derivative controllers [44], but there was inevitable energy consump
tion in the electronic devices and the electrical actuators utilized in 
controlling.  

(C) Series type 

In the series configuration, one pendulum is arranged to rotate 
around the shaft assembled on another pendulum in sequence. This 
pendulum mechanism also shows complex dynamic behavior such as 
chaos due to increased degrees of freedom. The theoretical number of 
the pendulums in series can be large, but the existing researches focus on 
the configuration with two pendulums. Fig. 5 presents the schematic and 
prototype of a series-type pendulum energy harvester, where electricity 
is generated by the relative motion between the magnet attached on the 
second pendulum and the coils circularly distributed under excitation. 
The harvested power could be significantly enlarged when the pendu
lums underwent chaotic motion. Moreover, the energy harvesting sys
tem kept efficient in a broad spectrum of vibration frequency [29]. The 
series-type pendulum mechanism was also applied to a triboelectric- 
electromagnetic hybridized energy harvester to achieve high electro
mechanical energy conversion efficiency under low-frequency excita
tion. The authors pointed out that the lower pendulum started to motion 
while the upper pendulum swung and the motion track was chaotic and 
unpredictable [45]. Aiming at harvesting the kinetic energy of human 
motion, Izadgoshasb et al. compared three configurations of piezoelec
tric energy harvesters including with cantilever beam, with single 
pendulum and with two pendulums in series, and found that the two- 
pendulum configuration was capable of improving the efficiency of 
energy harvesting dramatically than the other two configurations [46]. 
Although the series configuration is prone to make the pendulum motion 
chaotic and easy to be harvested, it also has the disadvantage of large 
dimension along the direction of the pendulum rod, which decreases its 
power density. 

It is noticeable that the pendulum mechanisms may transit from 
periodic motion to chaotic motion due to their inherent nonlinearity. 
Simultaneously, the practical vibrations have the characteristics of 
randomness, multidirectionality and uncertainty, which are just 
consistent with the feature of chaos in the pendulum mechanisms. Re
searchers have performed a number of works exploring the chaotic dy
namics of the pendulum mechanism from both of theoretical modeling 
and experimental verification to adapt the vibration characteristics 
[28,29,42,45,46,78,79]. Chaotic behaviors are prone to occur when the 
degrees of freedom are increased by using gimbaled pendulums, mul
tiple pendulums in parallel, or multiple pendulums in series. With the 
help of the chaotic dynamics, the energy harvesters are expected to 
maintain output performance under the vibrations with wide frequency 

Fig. 5. An energy harvester with two pendulums in series. (a) Schematic. (b) Prototype [29].  
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spectrum and variable amplitude. 

3. Combination of pendulum and modulation mechanism 

The relative motion between the pendulums and the housing under 
excitation can be directly supplied to transducers for electromechanical 
energy conversion. However, sometimes the motion produced by the 
pendulums alone may be weak or undesired, and direct conversion may 
result in low electrical output and low efficiency. In this situation, 
modulation mechanisms are usually employed as auxiliary tools to 
enhance pendulum-based energy harvesting. 

3.1. Pendulum with gear amplification mechanism 

Since the pendulum-based energy harvesters are typically operated 
at low frequency, the angular velocity of the pendulum motion is rela
tively small. An effective approach is to connect the pendulum or its 
output shaft with a gear amplification mechanism, and then supply 
amplified motion to transducers. The gear mechanism generally consists 
of a set of gears with different number of teeth and a certain configu
ration to achieve desired transmission ratio. In the development of the 
pendulum-based energy harvesters, a number of researchers directly 
employed commercial products such as the planetary gearbox produced 
by Maxon with a transmission ratio as high as 103:1 [13,32,64,80,81]. 
The gear mechanism could also be assembled by discrete components 
through external gearing [24,47] or internal gearing [82]. Apparently, 
the friction in the gear mechanism has significant adverse effect on the 
efficiency of energy harvesting, especially when the number of the 
involved gears is large [83]. Therefore, it is a critical issue to adopt the 
gear mechanism with proper parameters in order to avoid that the 
frictional loss becomes too large to afford. 

3.2. Pendulum with mechanical rectifier mechanism 

In the arrangements of direct transmission or gear-amplified trans
mission, the electrical generator has to stop and reverse direction in 
response to the swing motion of the pendulum. Thus, it is helpful to 
incorporate a mechanical rectifier mechanism to maintain unidirec
tional rotation of the generator so as to improve energy conversion ef
ficiency [84]. Fig. 6 shows the typical combinations of the pendulums 
and the mechanical rectifier mechanisms. 

The function of mechanical rectification is mainly realized by using 
one-way clutches [89]. As shown in Fig. 6(a) and (b), two one-way 
clutches were mounted on the pendulum shaft in opposing directions, 
meaning that no matter the direction of the pendulum motion, at most 
one one-way clutch was engaged [85]. In this way, the bidirectional 
motion of the pendulum was rectified to unidirectional rotation. More
over, due to the presence of the clutches, when the pendulum velocity 
was less than the generator velocity, the clutches would freewheel and 
allow the generator to continue running without being slowed along 
with the pendulum [32]. Fig. 6(c) and (d) show the mechanical rectifier 
with a ratchet and a plectrum, which can be regarded as an innovative 
form of the ratchet-type one-way clutch [86,87]. The ratchet-type clutch 
could also be applied in the pendulum-based energy harvesters [55,90]. 
Fig. 6(e) shows a string-driven mechanical rectifier where the clutch is 
engaged when the pendulum displacement is increasing and the clutch is 
disengaged when the pendulum displacement is decreasing [88]. Among 
the aforementioned mechanical rectifiers, it can be found that the time 
driving the generator in a period of the configuration using two clutches 
is doubled in comparison with the configuration using one clutch. 

3.3. Pendulum with spring mechanism 

Springs can be arranged with various configurations in the 
pendulum-based energy harvesters to achieve target functions such as 
generating internal resonance, providing additional restoring force or 
regulating energy storage. As shown in Fig. 7(a), the rigid pendulum rod 
was replaced with a piezoelectric spring based on a binder clip archi
tecture so as to up-convert excitation frequency through internal reso
nance [23]. Jiang et al. designed an electromagnetic energy harvester 
using such a pendulum-spring mechanism with internal resonance [91]. 
Lin et al. installed an assisted spring on the pendulum rod of a tribo
electric nanogenerator to realize a soft-contact mode which promoted 
durability and efficiency [67]. Literature [92] and [93] investigated the 
pendulum-spring mechanism whose pivot moved in a circular or elliptic 
orbit. Fig. 7(b) presents the configuration where two springs are sym
metrically fixed on the pendulum rod at two sides. With the inclusion of 
the additional restoring force caused by the springs, the harvesting 
power attained high values for appropriate ranges of spring constants 
[94]. Martin et al. presented a biomechanical energy harvesting back
pack with an inverted pendulum supported by linear springs [95]. Fig. 7 
(c) shows the third function of the springs in the pendulum-based energy 

Fig. 6. Typical combination of pendulums and mechanical rectifier mechanisms. (a)(b) With two one-way clutches [32,85]. (c)(d) With a ratchet and a plectrum 
[86,87]. (e) With string and a one-way clutch [88]. 
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Fig. 7. Pendulum-based energy harvesters with spring mechanisms. (a) Generating internal resonance [23]. (b) Providing additional restoring force [94]. (c) 
Regulating energy storage [96]. 

Fig. 8. Typical combinations of pendulums and elastic beams. (a) Horizontal beam [69]. (b) Inverted beam [99]. (c) Two beams with magnet pair [101].  
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harvesters as an energy storage regulator. The springs provide the 
benefits of smoothing the electrical output especially for sudden impacts 
[96]. Although the spring mechanism contributes to the improvement of 
energy harvesting, it should be noted that the introduction of additional 
mechanical elastic elements is disadvantageous to system reliability. 

3.4. Pendulum with elastic beam mechanism 

Elastic beams are also common-used elastic elements in energy 
harvesting, especially integrated with piezoelectric transducers. The 
modulation function of the elastic beams is to provide frequency up- 
conversion for the pendulum-based energy harvesters through internal 
resonance. In the combined mechanism, the pendulum usually acts as 
the oscillator with lower resonant frequency and the elastic beam acts as 
the higher one. Internal resonance will be induced and significant en
ergy interchange between the two oscillators will be produced when 
their resonant frequencies are tuned to a certain ratio such as 1:2 [97]. 

Fig. 8 shows the typical combinations of the pendulums and the 
elastic beams. In Fig. 8(a), Xu et al. reported the conceptual design 
where the pendulum pivot was directly coupled to the tip of the hori
zontal beam fixed with piezoelectric transducers. Since the pendulum 
was the gimbaled type suspended by a thread, vibration energy in 
multiple directions could be transferred to the beam bending motion for 
energy conversion [69,98]. In Fig. 8(b), an inverted beam with large 
deformation was employed in the pendulum-based energy harvesting to 
improve the performance under weak excitation [99,100]. However, the 
pendulum motion in this configuration was constrained in a plane rather 
than in three dimensions. In Fig. 8(c), the pendulum pivot was fixed on 
the tip of the assisting beam which coupled the generating beam through 
repulsive magnet pair. In this way, two-stage frequency up-conversion 
was realized with the ratios of 1:2:6 [101]. 

3.5. Pendulum with magnetic mechanism 

Magnets can serve as unconventional elastic elements with positive 
stiffness in repulsive arrangement or with negative stiffness in attractive 

arrangement [102]. An interesting property of the magnets is that the 
magnetic force is usually nonlinear, so there will be more than one stable 
equilibriums when the magnets are added to the pendulum mechanism 
[103]. The multi-stability makes the oscillator snap through and offers 
an improvement of broadband performance. 

Fig. 9 shows the typical configurations of the pendulum-based en
ergy harvesters combined with different number of magnets. As shown 
in Fig. 9(a), two repulsive magnets were fixed on the pendulum bottom 
and the frame respectively to form a bi-stable configuration, which was 
beneficial to the enhancement of frequency bandwidth [82]. Castagnetti 
designed a tunable pendulum energy harvester by varying the equiva
lent stiffness of two magnets [31]. Bao et al. coupled two magnets to a 
pendulum-based piezoelectric energy harvester to widen its frequency 
bandwidth [104]. However, theoretical expression showed that the 
configuration using two magnets made the operation range move to
wards higher frequency [82]. To expand the frequency range towards 
lower frequency, a modified solution was to utilize three magnets of 
which one was fixed on the pendulum bottom and the others were ar
ranged with attractive force at the two sides of the base as shown in 
Fig. 9(b) [105]. The multi-stable configuration could also be extended 
from two dimensions in plane to three dimensions in space [106]. Zhang 
et al. designed a novel autoparametric pendulum absorber-harvester 
where the pendulum was also attracted by magnetic forces from the 
two sides of its housing [107]. Fig. 9(c) shows a multi-stable energy 
harvester named as magnetic rolling pendulum by using four magnets. 
The magnetic pendulum could roll back and forth on the surface of the 
central magnet due to attractive magnetic force with low mechanical 
loss, and the other two magnets provided nonlinear repulsive force to 
achieve broad bandwidth [58,108]. 

As another advantage of the magnets in vibration energy harvesting, 
the magnetic force is free of contact, which much benefits the system 
reliability in comparison with mechanical elastic elements. Thus, some 
frequency up-converting energy harvesters also employed magnet pair 
to couple the low-frequency oscillator and the high-frequency oscillator, 
and examples could be found in Fig. 8. 

Fig. 9. Typical configurations of pendulum-based energy harvesters with magnetic mechanisms using (a) two magnets [82], (b) three magnets [105], and (c) four 
magnets [108]. 
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3.6. Comparative remarks 

Table 2 summarizes the performance improvement and disadvantage 
of the modulation mechanisms applied in the pendulum-based energy 
harvesting. It can be seen that the modulation mechanisms generally 
have their specific targets on performance improvement. At the cost of 

additional energy loss and more complex structure, the gear amplifica
tion mechanism aims to amplify the pendulum rotating velocity and the 
mechanical rectifier aims to regulate the pendulum rotating direction. 
Therefore, it requires tradeoff consideration between the improvement 
of the transducer efficiency and the energy loss due to the modulation 
mechanisms. Both of the spring mechanism and the elastic beam 
mechanism can be utilized to up-convert the frequency of the pendulum- 
based energy harvesters at the cost of additional elastic elements. The 
spring mechanism can also be utilized to tune the frequency and regulate 
the energy storage of the pendulums. Due to structural characteristics, 
the elastic beam mechanism is usually integrated with piezoelectric 
transducers. The magnetic mechanism is mainly employed to widen the 
frequency bandwidth of the pendulums. Although the magnetic mech
anism is more reliable than the mechanical elastic elements, it requires 
the application environment to be compatible with magnetic field. 
These modulation mechanisms are not independent of each other. To 
comprehensively improve the performance of the pendulum-based en
ergy harvesting, two or three modulation mechanisms can be adopted 
simultaneously. 

4. Transducer integration and comparison 

It is of significance to integrate the transducers with the pendulum 
mechanisms in an efficient and compact manner. The main types of the 
transducers applied in the pendulum-based energy harvesting include 
electromagnetic, piezoelectric, triboelectric, and hybrid transducers. 
Their characteristics and configurations are described and compared as 
follows. 

Table 2 
Comparison among pendulum-based energy harvesters with different modula
tion mechanisms.  

Type Performance improvement Disadvantage 

Gear 
amplification 
mechanism  

• Amplifying velocity output 
from pendulum shaft to 
improve transducer efficiency  

• Causing energy loss in 
gear transmission 

Mechanical 
rectifier 
mechanism  

• Converting bidirectional 
motion of pendulum into 
unidirectional motion to 
improve transducer efficiency  

• Causing energy loss in 
mechanical rectification 

Spring 
mechanism  

• Frequency up-conversion 
through internal resonance; 

Tuning frequency by intro
ducing additional restoring 
force; 

Regulating energy storage 
to smooth electrical output  

• Requiring additional 
mechanical elastic 
element 

Elastic beam 
mechanism  

• Frequency up-conversion 
through internal resonance  

• Requiring additional 
mechanical elastic 
element 

Magnetic 
mechanism  

• Improving frequency 
bandwidth through multi- 
stability  

• Requiring magnetic 
compatibility of 
application 
environment  

Fig. 10. Typical configurations of electromagnetic transducers in pendulum-based energy harvesters. (a) Integrated on shaft [63]. (b) Integrated on pendulum 
body [111]. 
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4.1. Electromagnetic transducer 

The theoretical basis of an electromagnetic transducer is the Fara
day’s law of electromagnetic induction. Its practical implementation is 
completed by the relative motion of coils in magnetic field. There are 
two typical configurations of the electromagnetic transducers in the 
pendulum-based energy harvesters. In Fig. 10(a), the first was to inte
grate an electrical generator on the shaft of the pendulum 
[63,90,109,110]. This configuration either utilized an assembled 
generator consisting of permanent magnets and coils or a commercial 
product. Iron core could be employed to enhance the magnetic flux 
density through the coils [24]. In Fig. 10(b), the second was to arrange 
magnets on the pendulum body and coils on the fixed boards to form a 
generator [111,112]. This configuration has the advantage of compact 
integration, but the coils must be coreless type which is disadvantageous 
to the magnetic flux density. The reason is that the pendulum will be 
hardly movable due to the attractive magnetic force if iron core is added. 
An unconventional integration should also be mentioned by using a 
linear electromagnetic transducer of which one end was hinged to the 
pendulum and another end was hinged to the frame [113]. 

4.2. Piezoelectric transducer 

The piezoelectric transducer is based on piezoelectric effect which 
indicates the electric polarization generated by applied mechanical 
stress. The direction of the electric polarization can either be orthogonal 
or parallel to the direction of the applied mechanical stress, corre
sponding to 31-mode and 33-mode, respectively. Since the piezoelectric 
material has the property of low toughness and fragility, it is difficult to 
directly integrate the piezoelectric transducer with the pendulum 
mechanism. A common solution was to fix the piezoelectric material on 
elastic substrate material such as copper, and the swing pendulum 
periodically excited the tip of the piezoelectric beam operated in 31- 
mode as shown in Fig. 11(a) [114]. Ramezanpour et al. coupled a 
vertical-axis pendulum and a piezoelectric beam together through 
repulsive magnets to realize frequency up-conversion [115]. Besides 
non-contact coupling by magnetic force, an energy harvester with con
tact impact between a pendulum and two piezoelectric beams was also 
proposed in [116], but this design might be more prone to structural 
damage. Uzun et al. explored the displacement and velocity non
linearities of a pendulum-based energy harvester where a piezoelectric 
beam also served as the pendulum rod [117]. Binder clips were 
employed as the elastic substrate layers to bond the piezoelectric 
transducer [23]. Fig. 11(b) shows another coupling solution where the 
pendulum excites the piezoelectric transducer operated in 33-mode with 
normal magnetic force [118]. Magnetostrictive material could be 
applied in the integration of the pendulum and the piezoelectric trans
ducer to generate normal stress [119]. It can be noticed that additional 

mechanisms such as elastic beams or magnets are usually required to 
integrate the piezoelectric transducer with the pendulum. 

4.3. Triboelectric transducer 

The triboelectric transducer which relies on the combination of tri
boelectrification and electrostatic induction has attracted an amount of 
attention in the last decade due to its advantages of light weight, low 
cost, and extensive material selection range [120]. In the triboelectric 
transducer, two materials with triboelectric charges in opposite polari
zation are subjected to separation and contact regularly by sliding mo
tion or press/release motion to induce potential difference between two 
electrodes. Thus, it is flexible to integrate the triboelectric transducer 
with the pendulum mechanism. 

Fig. 12 shows the typical configurations of the triboelectric trans
ducers integrated in the pendulum-based energy harvesters. In Fig. 12 
(a), two multilayer-structured triboelectric transducers utilizing fluori
nated ethylene propylene films were pressed and released by a bifilar 
pendulum [121]. The bifilar pendulum and the rectangle films could 
also be replaced by a gimbaled pendulum and ring films to harvest 
omnidirectional vibration energy [66]. In Fig. 12(b), the bottom and top 
sides of an eccentric pendulum were equipped with arc-shaped acrylic 
strips to contact/separate with fixed polytetrafluoroethylene brushes as 
triboelectric transducer during swing process [122]. In the structure 
shown in Fig. 12(c), the sectorial polytetrafluoroethylene films adhered 
with the pendulum could slide on the stator with copper electrode combs 
and produce potential drop when the pendulum was excited [123]. To 
maintain high surface charge density and low frictional loss, the tribo
electric transducer was integrated with a two-degree-of-freedom 
pendulum where linear motion enabled contact/separate operation 
and rotational motion generated self-excitation effect [124]. Instead of 
being suspended by a shaft, Fig. 12(d) presents a triboelectric energy 
harvester with compact disk-track structure where the pendulum is 
supported by a rolling surface to maintain susceptible motion [125]. 

4.4. Hybrid transducers 

In vibration energy harvesting, single energy conversion mechanism 
has its inherent advantages and disadvantages. For example, the tribo
electric transducer outputs high voltage and low current, and the elec
tromagnetic transducer outputs low voltage and high current in contrast 
because of different impedance property. Therefore, the hybridization of 
multiple transducers indicates an effective approach to achieve better 
output performance than single transducer [60]. Currently, the hybrid 
transducers applied in the pendulum-based energy harvesting mainly 
involve the triboelectric and the electromagnetic transducers due to 
their flexible integration and complementary performance [126]. 

As shown in Fig. 13(a), the energy harvester employed two 

Fig. 11. Integrations of piezoelectric transducers and pendulums. (a) Operated in 31-mode [114]. (b) Operated in 33-mode [118].  
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pendulums in series, where the main pendulum was fixed with poly
tetrafluoroethylene films and electrodes to realize triboelectric energy 
conversion, and the inner pendulum was fixed with three magnetic balls 
to induce electromotive force on pasted coils. Results showed that the 

maximum output power of the triboelectric and the electromagnetic 
transducers reached 15.21 μW and 1.23 mW respectively as triggered by 
wave vibration [45]. In Fig. 13(b), two zigzag multilayered triboelectric 
units and three magnet-coil units were coupled together on the 

Fig. 12. Typical configurations of triboelectric transducers in pendulum-based energy harvesters. (a) Press/release triboelectric films [121]. (b) Contact/separate 
with triboelectric brushes [122]. (c) Slide on triboelectric layers suspended by a shaft [123]. (d) Slide on triboelectric layers supported by a rolling surface [125]. 

Fig. 13. Pendulum-based energy harvesting utilizing hybrid transducers. (a)(b) Hybridization of electromagnetic and triboelectric transducers [45,127]. (c) Hy
bridization of electromagnetic, piezoelectric, and triboelectric transducers [128]. 
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pendulum to harvest low-frequency kinetic energy simultaneously 
[127]. Furthermore, the pendulum-based energy harvester shown in 
Fig. 13(c) hybridized three transducers including electromagnetic, 
piezoelectric, and triboelectric types together to improve power take-off 
ability and space utilization rate [128]. This hybridization achieved a 
peak power density of 358.5 W/m3 while the power density with single 
triboelectric transducer was 200 W/m3. 

4.5. Comparison 

In the pendulum-based energy harvesters, pendulum mechanisms 
and transducers are two critical components, of which the former cap
ture vibration excitation and convert it into pendulum oscillation, and 
the latter convert the kinetic energy of the pendulums into electrical 
energy. Thus, they are desired to be integrated compactly to achieve 
high power density. Various configurations of the pendulum mecha
nisms are mainly developed to adapt the characteristics of vibration 
excitation such as direction, frequency bandwidth, and amplitude. 
However, no matter what configuration, the pendulum mechanisms 
typically include pendulum shafts, pendulum rods and pendulum 
bodies. The transducer integration has close relationship with the parts 
of the pendulum mechanisms rather than the configurations. Based on 
transducer principle and literature review, Table 3 gives the integration 
compatibility between the transducers and the parts of the pendulum 
mechanisms. The electromagnetic transducers are commonly con
structed by installing magnets on the pendulum shafts or bodies and 
installing coils on the fixed housing. The suitable integration approach 
of the piezoelectric transducers is to directly attach piezoelectric mate
rial on elastic-type pendulum rods. For the triboelectric transducers, 
compatible integration with the pendulum mechanisms can be realized 
by setting two triboelectric materials on the pendulum bodies and the 
fixed housing, respectively. 

Furthermore, Table 4 presents the data of typical pendulum-based 
energy harvesters with different types of transducers. It can be 
observed that the vibrations with frequency below 5 Hz are the main 
target sources. The electromagnetic and hybrid transducers are capable 
of generating relatively large output such as watt level, but large vol
umes are required simultaneously. The piezoelectric and triboelectric 
transducers supply electrical power of microwatt level, so the realization 
of high output power requires an array of transducers working together. 
The power density of the energy harvesters is heavily dependent on 
structure integration, and the hybrid transducers designed in [60] has 
the best performance. When the power density is normalized by dividing 
the square of the acceleration, the values of the electromagnetic trans
ducers developed in [74] and [71] become higher. 

The proportions of different transducers are presented in Fig. 14 by 
examining 131 literatures about the pendulum-based energy harvesters. 
It is found that the electromagnetic transducers occupy the largest 
proportion of 67.18 % and the hybrid transducers has the smallest 
proportion of 3.82 %. In general, the electromagnetic transducers are 
convenient to integrate with the pendulum mechanism and the electrical 
output can be designed in a wide range, so they attract relatively more 

attentions in the pendulum-based energy harvesting. As emerging fields, 
the piezoelectric and triboelectric transducers combined with the pen
dulums have also received increasingly research interests. 

5. Applications 

Because of the outstanding adaptability to low-frequency excitations, 
the pendulum mechanism is capable of capturing the energy from a wide 
range of vibration sources. According to literature review, the typical 
sources for pendulum-based energy harvesting include ocean wave, 
vehicle motion, human motion, structural vibration, flow-induced vi
bration, and so on as shown in Fig. 15. The main applications are to 
provide wireless sensors and portable electronics with durable electrical 
power. More details are presented as follows. 

5.1. Energy harvesting from ocean wave 

Sustainable energy harvesting is with strong attraction because of 
the high cost of replacing or charging batteries in ocean environment. 
Wave energy is a widely distributed renewable resource with little 
dependence on time and weather condition, unlike solar energy and 
wind energy. Floating devices in wave such as buoys or ocean vehicles 
passively generate six-degree-of-freedom motions, which provide low- 
frequency (less than 1 Hz) vibration sources for harvesting. Re
searchers have contributed much efforts to this field. A pendulum-based 
energy harvester was developed to power an oceanic drifter which could 
be used in oil spill tracking, climate research, and rescue operation 
[137]. For oceanic vehicles, the harvested energy could be supplied to 
onboard sensors or employed as backup power source particularly for 
satellite phone calls or lighting in emergency [144]. Both types of 
electromagnetic and triboelectric energy harvesters with pendulums 
have been developed for wireless hydrological monitoring [129,151]. It 
can be found that ocean sensors and instruments are ideal candidates of 
utilizing pendulum-based energy harvesting. Besides small-power ap
plications, the energy harvesters with large-size pendulums were also 
designed for large-scale wave generation [138,146,149,155]. 

5.2. Energy harvesting from vehicle motion 

As effective tools of human beings, vehicles such as cars, buses and 
trains are equipped with an amount of sensors, which are employed to 
monitor the vehicle status such as tire pressure and temperature for 
safety. Energy harvesting provides a reliable and efficient solution for 
powering the sensors. Vehicles have multiple vibration sources such as 
wheels, carriages, suspensions, railroad tracks and sleepers during 
driving. Wang et al. designed a weighted pendulum to harvest energy 
from a rotating wheel for tire-pressure monitoring systems [9,139]. 
Nonlinear restoring forces and centrifugal effects were utilized to 
improve the bandwidth of the pendulum-based energy harvesters in 
rotating environment [140,154]. An inertial pendulum was coupled 
with a vehicle suspension to improve ride comfort and energy harvesting 
efficiency simultaneously [152]. Piezoelectric energy harvesters using 
pendulum mechanism were developed to power the inertial measure
ment units and acceleration sensors in driverless buses and trains for 
their safety and health monitoring [114,150]. The feasibility of har
vesting the vibration energy of railroad tracks and sleepers by using 
pendulum systems was also evaluated and the results showed that the 
harvested energy was sufficient to feed a variety of rail-side devices such 
as wireless sensors or warning light systems [10]. With the development 
of intelligent transportation, additional sensors and electronics are 
required to percept the surrounding environment and realize autono
mous operation, so the effect of the energy harvesting will become more 
significant. 

Table 3 
Integration compatibility between transducers and parts of pendulum mecha
nisms (more stars represents better compatibility).  

Transducers Parts of pendulum 
mechanisms 

Type Principle Shaft Rod Body 

Electromagnetic Relative motion between coils and 
magnets 

★ ★ 
★ 

★ ★ ★ 
★ 

Piezoelectric Mechanical stress applied to 
piezoelectric material 

★ ★ ★ 
★ 

★ ★ 

Triboelectric Contact/separate motion of two 
triboelectric materials 

★ ★ ★ ★ ★ 
★  
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5.3. Energy harvesting from human motion 

With the growing demand of human body health monitoring, 
wearable electronics and medical implants have steadily gained 
importance. As a well-established power supply, batteries have the 
disadvantage of limited capacity and limited life span. Therefore, the 
vibration energy harvesting provides an alternative to power the 
wearable electronics and medical implants by capturing the kinetic 
energy from human motion, of which the frequency is generally less 
than 5 Hz [143]. 

Researchers have developed various pendulum-based energy har
vesters for human application. In some designs, the devices were fixed 
on human wrists or ankles so as to harvest the swing energy of arms or 
legs during walking or running, and then power wearable electronics 
such as temperature sensors or pulse sensors [83,130,131,133]. Shukla 
et al. reported a piezoelectric pendulum-based energy harvester 
attached at the waistline to exploit the biomechanical energy available 
from human gait movement [148]. An energy harvesting backpack was 
developed to generate up to 0.22 W of electrical power from the oscil
lation of carried mass while walking [95]. Energy harvesting for medical 
implants has also been investigated besides wearable sensors. For 

Table 4 
Performance comparison of typical pendulum-based energy harvesters with different transducers.  

Literature Transducer type Frequency (Hz) Acceleration 
(g) 

Volume* 
(cm3) 

Output power (mW) Power density (W/m3) Normalized power density (W/m3/g2) 

[74] Electromagnetic 0.75  0.102 10,847 997 91.9 8835 
[49] Electromagnetic 3.45  0.4 50 1.4 28 175 
[71] Electromagnetic 2.2  0.18 3591 920 256 7907 
[116] Piezoelectric 2  0.04 47 0.01053 0.224 140 
[23] Piezoelectric 2.03  0.26 1156 13.29 11.5 170 
[101] Piezoelectric 1.71  0.19 10.4 2.07 199 5513 
[121] Triboelectric 2.31  0.6 180 28.8 160 444 
[129] Triboelectric 1.75  0.6 785 22.1 28.2 78.2 
[125] Triboelectric 1.2  0.75 3535 4.56 1.29 2.29 
[60] Hybrid 2  2.2 158 265.65 1681 347 

*The volumes are estimated according to the dimensional data provided in literatures. 

Fig. 14. Proportions of different transducers in 131 literatures about pendulum- 
based energy harvesters [9,10,13,17,23–32,34–40,42–52,55,56,58–91,93–155]. 

Fig. 15. Typical vibration sources and applications of pendulum-based energy harvesting [9,87,136,137,142].  
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example, a miniature pendulum could be utilized to harvest the kinetic 
energy from a beating heart as the power supply of a pacemaker [141]. 
In recent years, stretchable energy harvesters which can be applied on 
the deformable tissues of the human become emerging candidates[156]. 
The two types of energy harvesters can complement each other in con
verting biomechanical energy to electric energy for self-powered wear
able electronics, for the pendulum-based energy harvesters have less 
flexibility and are capable of capturing more kinetic energy. 

5.4. Energy harvesting from structural vibration 

Vibration commonly exists in various engineering structures such as 
bridges, tall buildings, towers, turbines and tunnels due to earthquake, 
wind, vehicle driving, human activity, and so on. Large vibration will be 
dangerous when it compromises the stability of the structures, so con
ventional techniques utilize dissipative materials or tuned mass dampers 
for vibration mitigation. Instead of being dissipated, it is interesting to 
convert the structural vibration into electricity which can be supplied to 
health monitoring sensors or vibration controllers. To achieve energy 
harvesting and vibration mitigation simultaneously, an autoparametric 
energy harvesting system has been proposed by coupling a pendulum- 
based energy harvester and a vibration absorber together [132,147]. 
The transducers could be either rotational type integrated with the 
pendulum shaft or linear type integrated with the pendulum rod 
[134,142,153]. Shen et al. investigated a regenerative tuned mass 
damper consisting of a pendulum mechanism, an electromagnetic 
damper and a harvesting circuit for a high-rise building [13]. Numerical 
results revealed that when wind velocity ranged from 8 m/s to 25 m/s, 
the harvested average power varied from hundreds of watts to kilowatts 
which could be stored in rechargeable batteries. A pendulum-based 
tuned mass damper with energy harvesting was also developed for the 
application of offshore wind turbines [113]. 

5.5. Energy harvesting from flow-induced vibration 

The kinetic energy of fluid flow including both wind and water flow 
is also a remarkable source which can be easily found in natural envi
ronment and industrial piping. For irregular or weak flow, an effective 
approach instead of turbine generation is to make the flow self-excited 
and then harvest the vibration energy induced by the flow. Since the 
frequency spectrum of the flow-induced vibration typically locates at 
low level, the pendulum mechanism can serve as a suitable oscillator for 
energy harvesting. Zhang et al. developed an energy harvester 
comprised of a piezoelectric beam installed within a pendulum-type 
hollow cylinder [135]. When excited by wind, the cylinder and the 
piezoelectric beam would vibrate due to vortex and generate electricity 
for electronic devices. Aiming at improvement of efficiency and fre
quency bandwidth, additional nonlinear magnetic force was applied to 
the suspended cylinder subjected to wind [136]. As another typical 
application, an underwater mooring platform was anchored to the sea
floor and equipped with a series of sensors to acquire conductivity, 
temperature and salinity or detect acoustic sonars [145]. Since under
water current with velocity about 1 kn existed everywhere in ocean, the 
pendulum-based energy harvester could be installed inside the under
water mooring platform to harvest the flow-induced vibration energy 
and power the sensors with long endurance [62]. 

5.6. Discussion 

According to the aforementioned description, it can be seen that the 
current researches on pendulum-based energy harvesting and related 
applications are conducted in an overlapping manner, that is, there are 
various pendulum mechanisms developed for a specific application 
field. By analyzing and matching the characteristics of applications and 
pendulum mechanisms, the most suitable pendulum mechanism in 
different situations can be selected. Since ocean wave has the feature of 

multidirectionality, it is a good choice to adopt the gimbaled pendulum 
which can capture the vibrations from multiple directions. In addition, 
the chaotic dynamics of the gimbaled pendulum is consistent with the 
irregularity of ocean wave. For the application of rotating wheels in 
vehicles, the frequency of periodic excitation varies with the vehicle 
velocity. Therefore, the combination of a weighted pendulum and a 
magnetic multi-stable mechanism is a promising scheme to guarantee 
the output capability in a wide velocity range. The energy harvesters for 
human motion are generally worn on wrists, ankles or backpacks where 
low-frequency discontinuous vibrations occur. They are required with 
portable and lightweight structure to avoid extra burden on the daily 
operation of human body. To satisfy the demand of portability and 
sufficient output, the most suitable design is the horizontal-axis eccen
tric pendulum connected with a mechanical rectifier mechanism and a 
gear amplification mechanism. The excitation direction in shock ab
sorbers is typically vertical, so energy harvesting can be realized by 
directly utilizing a horizontal-axis pendulum of which the base experi
ences parametric excitations. Furthermore, linear oscillators arranged 
along the pendulum rod are beneficial to the extension of operating 
bandwidth. In the application of flow-induced vibration, a suitable 
scheme is to suspend a horizontal-axis pendulum in water flow or wind 
and integrate a piezoelectric transducer on the pendulum rod. The 
inclined-axis pendulum can also be employed to tune the natural fre
quency of the energy harvester when the vibration frequency is very 
low. It should be noted that the recommended designs are based on the 
current research status and may change with the progress of energy 
harvesting field. 

6. Conclusions and future trends 

This work reviews the pendulum mechanisms as well as the trans
ducers for vibration energy harvesting. According to the literatures, 
there have been a number of interesting and promising results. The 
inherent property of the pendulums makes them well adapt to low- 
frequency excitations. Furthermore, combined with modulation mech
anism such as gears, mechanical rectifiers, elastic elements, and mag
nets, the pendulums are capable of generating mechanical motion 
suitable for efficient energy conversion. Various transducers including 
electromagnetic, piezoelectric, triboelectric and hybrid types can be 
integrated with the pendulums to capture kinetic energy from ocean 
wave, vehicle motion, human motion, structural vibration and flow- 
induced vibration, and provide effective power devices to wireless 
sensors, portable electronics, and even large-scale generation. 

This work provides a reference for the design and performance 
enhancement of the pendulum-based energy harvesters. Firstly, the 
basic architecture and main parameters of the pendulum mechanism can 
be determined according to the characteristics of the vibration source. 
For example, the gimbaled pendulum can be employed when the vi
brations come from multiple directions. The length of the pendulum rod 
is related with the frequency and the mass of the pendulum body is 
related with the harvestable power in practical application. Secondly, 
the pendulum motion can be modulated by mechanisms such as gear 
amplifiers or mechanical rectifiers to make the transducers work in high 
efficiency area. Broadband performance is expected when the vibration 
frequency locates in a wide range. Typical designs include multi- 
pendulum configurations in parallel or series, multi-stable equilib
riums using nonlinear elastic elements, and so on. Thirdly, proper 
transducer is selected for the pendulum-based energy harvesting based 
on the match between the requirement of electrical loads and the 
impedance property of different transducers. Structural integration of 
the pendulum mechanism and the transducer can be implemented ac
cording to their characteristics to achieve compact structure and desired 
power density. 

However, there also exist some challenging issues in the pendulum- 
based energy harvesting. Firstly, the pendulums require large di
mensions while the extractable power is quite limited under low- 
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frequency excitation. In a lumped-mass pendulum, the rod length is 
inversely proportional to the square of its natural frequency. Although a 
counterweight can reduce the natural frequency, it increases the volume 
and weight of the pendulum system. On the other hand, the upper limit 
of the extractable power is proportional to the cubic of the vibration 
frequency [157]. Secondly, the space utilization of the integration of the 
pendulums and transducers is relatively low, which brings difficulty for 
portable and wearable applications. For examples, when the shaft of a 
pendulum is coaxially connected to an electrical generator, or when the 
pivot of a pendulum is coupled to the tip of a piezoelectric beam, the 
volumes of the energy harvesters will be much bulky, for the pendulums 
rotate in a plane or three-dimension space. Thirdly, it is desirable to 
further improve the adaptability of the pendulum-based energy har
vesters to the vibration source with multiple directions, weak amplitude, 
or wide frequency spectrum so as to achieve reliable performance in 
practical environments. 

To address the aforementioned challenges, more efforts on the 
pendulum mechanisms as well as transducer integration are suggested in 
the following aspects. 1) It is required to develop compact pendulum 
configurations such as a spherical shell pendulum, a deformable 
pendulum, or multiple pendulums arranged in array. 2) The integration 
schemes of the transducers with the pendulums can be investigated in 
depth to make use of the motion space and the inner space of the pen
dulums. Simultaneously, the energy conversion efficiency from the 
pendulums to the transducers needs to be optimized systematically. 3) 
Some works about the pendulum-based energy harvesting have explored 
the combination with multiple degrees of freedom, multi-stable mech
anisms, frequency up-conversion, mechanical amplification, etc. How
ever, there still exists space to innovate by introducing other existing 
performance enhancement technologies such as stochastic loading, 
mechanical stoppers, nonlinear extraction circuits, etc. [33]. 4) From the 
aspect of application, reliability study and experiments in practical 
environment such as sea trial are encouraged in addition to laboratory 
tests. To power stretchable sensing systems on human body, the com
bination of the pendulum-based energy harvesting and electrical stor
ages such as batteries or micro-supercapacitors requires further 
investigation [158,159]. Moreover, it is worth exploring the application 
of the pendulum-based energy harvesters in other fields, such as the self- 
powered monitoring devices in industrial manufacturing and aerospace. 
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