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Abstract
Recently, energy harvesting from human motion has attracted substantial research into its ability to replace conventional bat-
teries for smart electronics. Human motion exhibits excellent potential to provide sustainable and clean energy for powering 
low-powered electronics, such as portable instruments and wearable devices. This review article reports on the piezoelectric, 
electromagnetic, and triboelectric energy harvesting technologies that can effectively scavenge biomechanical energy from 
human motion such as, walking, stretching, and human limb movement, as well as from small displacements (e.g., heartbeat, 
respiration, and muscle movement) inside the human body. Furthermore, various recent designs and configurations of human 
motion energy harvesters are presented according to their working mechanisms, device compositions, and performances. 
In order to provide insight into future research prospects, the paper also discusses the limitations, issues, and challenges of 
piezoelectric, electromagnetic, and triboelectric energy harvesting technologies for the development of smart electronics.

Keywords  Piezoelectric energy harvesting · Electromagnetic energy harvesting · Triboelectric energy harvesting · Human 
powered · Smart electronics · Wearable devices

List of Symbols
D	� Electric displacement
d	� Piezoelectric coefficient
σ	� Stress
∈	� Permittivity
s	� Elastic Compliance
E	� Electric field Intensity
ε	� Strain
V	� Voltage
N	� Number of turns
�	� Total magnetic flux
t	� Time
B	� Magnetic field
Ai	� Area of ith coil
Vtr	� Initial voltage between the two electrodes
�0	� Vacuum permittivity
dtr	� Interlayer distance
Str	� Surface area
Itr	� External electrodes

1  Introduction

With the rapid growth in miniaturized electronics, smart 
electronics such as smart watches, smart shoes, smart tex-
tiles, and smart wearables for biomedical monitoring have 
gained much importance with the aim of minimizing the 
need for external power sources such as batteries [1]. How-
ever, there is considerable development executed in enhanc-
ing the battery storage, as this system still requires regular 
charging and a replacement process which significantly nar-
row down their applications [2]. Therefore, a continuous, 
clean, and sustainable energy source for powering portable 
and wearable electronics is required. The most fundamental 
and ideal solution is to scavenge energy from the ambient 
environment and transform it into electricity [3]. Solar and 
wind can provide renewable and clean energy, but they can-
not deliver continuous power because of their dependence 
on climatic conditions [4]. By contrast, human motion is 
present everywhere, exhibiting great potential to generate 
endless, clean, and sustainable biomechanical energy for 
smart electronics [5].

Human biomechanical motions such as finger movement, 
walking, running, typewriting, and even minute displace-
ments inside the human body such as lung motion, heart-
beat, and muscle contraction possess an abundant amount of 
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waste energy that can be harvested [6]. Among them, lower 
limb motion such as swinging of the legs can deliver maxi-
mum power because of their higher torques than movements 
of other body parts [7]. However, harnessing energy from 
human motion is quite complex and challenging because of 
the multidimensional movements and ultra-low frequency of 
human motion [8]. Therefore, energy harvesting technolo-
gies that can effectively harvest human motion energy are 
needed. Progress in the development of self-powered wear-
able electronics considerably relies on the performance of 
energy harvesting technologies [9].

Piezoelectric [10], electromagnetic [11], and triboelec-
tric [12] are the most common technologies used to harvest 
biomechanical energy from human motion. Piezoelectric 
materials work on the principle of the piezoelectric effect, 
i.e., the property of the material to generate electricity upon 
mechanical deformation [13]. These materials generally 
fall into transverse, longitudinal, and piezotronic working 
modes [14, 15]. Various researchers have used these work-
ing modes to harvest energy from human in vitro and in vivo 
motion for powering smart wearable devices such as smart 
shoes, smart skin, smart textiles, implantable devices, and 
biomedical monitoring devices. Similarly, electromagnetic 
materials based on human motion energy harvesting are 
well known for their higher power outputs. Electromag-
netic energy harvesting devices work on Faraday’s law of 
electromagnetic induction, i.e., the property of the mate-
rial to induce electric current when passing through the 
magnetic field [16]. Depending on their mechanism, these 
materials can be further classified into the rotary, oscilla-
tory, and hybrid energy harvesters [17]. Rotary harvesters 
usually use a gear train and turbines because of their high 
power output requirements [18]. Oscillatory harvesters use 
the mass-spring-damper system that generally works in low 
frequency excitations with low power outputs, and hybrid 
electromagnetic harvesters use eccentric rotors to couple 
kinetic energy produced by human motion [19, 20]. A lot of 
research has examined human motion-based electromagnetic 
energy harvesters for self-powered wearable electronics, but 
due to their bigger sizes and lack of miniaturized designs, 
these harvesters are usually coupled with other materi-
als such as piezoelectric and triboelectric materials to be 
integrated into wearable electronics [21]. Finally, the most 
recent and advanced technology for human motion energy 
harvesting is triboelectric energy harvesting, which operates 
on the well-known phenomenon called triboelectrification in 
which materials become electrically charged upon frictional 
contact [22]. The relative displacement between electrically 
charged materials results in the generation of electricity. 
Four types of working modes have been proposed, depend-
ing upon the type of relative motion between the two tribo-
electric materials and the position of the electrode. These 
working modes are the vertical contact separation mode 

[23], sliding contact mode [24], single electrode mode [25] 
and freestanding mode [26]. Triboelectric energy harvesters 
are the most commonly used human motion-based energy 
harvesters because of their nanoscale design and high-power 
outputs. Various types of smart electronics using triboelec-
tric harvesters have been examined in the literature, with 
smart textiles, smart skin, and health monitoring wearable 
devices being quite common among them [27].

In this study, we comprehensively reviewed human-
powered energy harvesting technologies for smart wearable 
electronics (Fig. 1) using piezoelectric, electromagnetic, and 
triboelectric materials. The working principles and operat-
ing modes of the piezoelectric, electromagnetic, and tribo-
electric energy harvesters are discussed along with recent 
designs and configurations for energy transduction from 
human body motion. The paper also discusses the issues 
and challenges associated with the said energy harvesting 
technologies (e.g., ultra-low frequency of human motion, 
multimodal movement of human joints) for the development 
of self-powered smart electronics. This article aims to pro-
vide insight into the current state-of-the-art of human-driven 
miniature energy harvesters using piezoelectric, electromag-
netic, and triboelectric materials, along with future research 
directions.

2 � Piezoelectric Energy Harvesting by using 
Human Motion

Energy harvesters utilizing mechanical and vibration energy 
sources are promising technologies for the successful imple-
mentation of self-powered energy systems in severe and 
remote environments as well as living organisms, such as 
animals and the human body [28]. Recently, researchers 
have paid much attention to developing biocompatible and 
flexible devices that can harvest energy from both human 
in vitro and in vivo motion [29]. Piezoelectric devices have 

Fig. 1   Human-powered energy harvesting technologies for smart 
electronics
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gained much importance in the field of biomechanical 
energy harvesting technologies due to their simple structure 
and ease of utilization [30, 31].

2.1 � Working Principle

Piezoelectric energy harvesting is perhaps the most widely 
reviewed technology over the past decade [32]. The Curie 
brothers first identified Piezoelectricity in 1880 [33]. Piezo-
electricity is the property of a material to generate electricity 
upon mechanical deformation. In general, constitutive equa-
tions of the linear piezoelectric effect are defined as direct 
and indirect effects [34].

where ε and σ are strain and stress, respectively; E and D 
are the electric field intensity and electric displacement, 
respectively; d, ∈, and s are piezoelectric coefficient, per-
mittivity, and elastic compliance, respectively. Equation (1) 
describes the direct effect, i.e., the conversion of mechani-
cal energy to electrical energy. By contrast, the converse 
effect, as displayed in Eq. (2), signifies the transformation 
of electrical power to mechanical deformation. For further 
explanation, the direct effect is the tendency of particular 
crystalline materials, e.g., Rochelle salt, barium titanate, and 
quartz, that produce electrical power when applied pressure 
or mechanical force. By contrast, in the converse effect, 
these materials experience deformation upon being applied 
an electric field [35].

One of the fundamental limitations of linear piezoelectric 
vibration energy harvesters (PVEHs) is their narrow band-
width of excitation frequencies compared to non-harmonic 
and broadband or time-varying characteristics of vibrations 
from human body motion. Nonlinear PVEH have been 
proposed to overcome the limitation of linear PVEHs [36, 
37]. In general, Duffing equations and Kirchhoff’s law are 
employed to describe the dynamic behavior of nonlinear 
PVEHs as given by [38, 39]

where, m and cd,m are equivalent mass and damping of the 
system, respectively. The variable x refers to the displace-
ment of the mass and v is the voltage generated in load 
resistance R1. The terms k1 and k3 accounts for linear and 
nonlinear restoring and the quantity U(x) is the mechanical 
potential energy of the vibrating system. CP is the equivalent 
capacitance of the piezoelectric material, ϑ is the equivalent 

(1)D = d�+ ∈ E

(2)� = s� + dE

(3)mẍ + cd,mẋ + dU(x)∕d(x) − 𝜗v = Fext

(4)U(x) = 1∕2(k1x
2) + 1∕4(k3x

4)

(5)𝜗ẋ + CPv̇ + v∕Rl = 0

electromechanical coupling coefficient, and Fext is the exter-
nal excitation force.

Piezoelectric materials generally fall in two categories, 
i.e., piezoceramics and piezopolymers. Piezoceramics are 
usually brittle, but they possess large electromechanical 
coupling constants and have high energy conversion rates. 
On the other hand, piezopolymers are flexible, but they 
have drawbacks such as low electromechanical coefficients 
and low energy conversion rates contrast to piezoceramics. 
Table 1 summarizes the material properties of piezoceramics 
(PZT-5H, PZT8) and piezopolymer (PVDF).

2.1.1 � d33 Mode (Transverse Mode)

Depending on the working principle, piezoelectric energy 
harvesters (PEHs) can generally be categorized into three 
types: d33 mode, d31 mode, and piezotronic mode [43, 44]. 
Piezoelectric devices are normally used as layered beam 
structures, which consist of several layers of piezoelectric, 
elastic, conducting, or insulating materials. If an electric 
potential is applied between the conducting layers, an actua-
tion force is produced in the piezoelectric layers. In general, 
d31 and d33 are the two piezoelectric modes of operation 
in use. Their names are chosen according to the associated 
piezoelectric constant. The indices indicate the direction of 
stress–strain components and the electric field.

The standard form of a piezoelectric material with d33 
working mode is shown in Fig. 2a. Stacked piezoelectric 
materials use d33 working mode for harvesting energy. 
Herein, multiple piezoelectric thin films in parallel electri-
cal connection and serial mechanical connection are lay-
ered upon each other so as to create a piezoelectric stack, as 
shown in Fig. 2b. As thin films are mechanically connected 
in series, the total displacement of the piezoelectric stack 
actuator is the product of the total number of films times the 

Table 1   Piezoelectric characteristics [35, 40–42]

Material Properties Unit PTZ-5H PZT-8 PVDF

d31 m/V − 274 × 10−12 − 97 18–24
d32 m/V − 274 × 10−12 − 97 2.5–3
d33 m/V − 593 × 10−12 225 − 33
d15 m/V 741 × 10−12 330
Relative permittivity e33 3400 1000 10
Poling field dc kV/cm 12 5.5 –
Curie temperature °C 193 300 –
Density kg/m3 7500 7600 1800
Open circuit stiffness E11 GPa 62 87 –
Open circuit stiffness E13 GPa 48 74 –
Tensile strength (static) MPa 75.8 75.8 –
Tensile strength (dynamic) MPa 27.6 34.5 –
Dielectric breakdown kV/cm 20 – –
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movement of each film. Each piezo element is intended to 
produce optimum energy under the standard strain of 0.1% 
[46]. In high loading cases, a piezoelectric stack composed 
of a large number of piezoelectric thin films in d33 mode is 
suitable for operation. This design configuration is easy to 
assemble and can potentially reduce the number of fabri-
cation steps [47] and the amplification of charge produc-
tion [48]. Sodano et al. [49] introduced the mechanically 
amplified strap buckle for a backpack using a piezoelectric 
stack actuator for energy extraction, and observed the peak 
output power of 0.4 mW. Guido et al. [50] reported biocom-
patible energy harvesting from human motion by stacking 
thin films of aluminum nitride with a peak voltage of 0.7 V 
and electrical power of 0.2 μW. Kim et al. [8] improved a 
flexible energy harvester for multi-directional input forces 
made of PDMS and PVDF films with the peak generated 
output voltage of 1.75 V. Zhao et al. [51] recommended the 
use of a multilayer PVDF to design PEHs from mechanical 
energy in shoes originating from human motion with the 
power output of 1 mW. Similarly, Cao et al. [52] developed a 
shoe-inserted harvester with a zig-zag structural design com-
posed of two stainless steel layers and one PVDF film. This 
design was implemented on a human running on a treadmill 
at 6 km/h, producing a peak output voltage of 5.032 V. Xu 
et al. [53] designed an energy harvester for human footsteps 
during walking based on the force amplification mechanism 
to amplify the force applied on the piezoelectric stack and 
examined the high output power as compared to existing 
designs. Zuo et al. [54] used the same force amplification 
mechanism as that shown in Fig. 3, and fabricated footwear 
energy harvester consisting of several piezoelectric stacks 
and two aluminum plates for walking at different walking 
speeds, and observed a maximum power output of 28 mW. 
Similarly, different studies have been done on force amplifi-
cation mechanism in order to maximize the power output in 
piezoelectric energy harvesting devices [55–58].

2.1.2 � d31 Mode (Longitudinal Mode)

Generally, in d31 mode, piezoelectric plates or films are 
fixed upon supporting structures. In d31 working mode, 

the transducer incorporates a piezoelectric layer inserted 
between the top and bottom electrode (TBE) layers. An elec-
tric field is employed in the vertical direction, which is used 
to produce a stress/strain along the horizontal direction, as 
shown in Fig. 4. These structures are of simple designs, and 
they can produce homogenous field inside the active layers 
[43]. d31 modes have been widely studied using cymbals, 
unimorphs, and bimorphs. Granstrom et al. [59], using d31 
mode piezoelectric energy harvesting, reported the develop-
ment of a piezoelectric shoulder strap by replacing the con-
ventional fabric strap with a polyvinylidene fluoride (PVDF) 
strap, and generating an output power of 45.6 mW.

Turkmen et al. [41] developed a cymbal type piezoelectric 
energy harvester, as shown in Fig. 5a, using PZT-5H pie-
zoceramic and a frame made of steel as a supporting struc-
ture. They used this energy harvester to design the sole of a 
shoe and investigated the power output for different human 
weights, and ultimately generated a peak output power of 
1.43 mW. Lim et al. [60] studied the optimum orientation 

Fig. 2   d33 Mode a working mechanism, b piezoelectric stacks [45]

Fig. 3   Force amplification mechanism with piezoelectric stack [54]

Fig. 4   d31 Mode a working mechanism, b schematic diagram of pie-
zoelectric layer fixed upon supporting structure using d31 working 
mode [45]
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of PEH using a cantilever beam with a piezoelectric patch 
design, as shown in Fig. 5b, to extract energy from walking, 
and found a peak power output at 70° orientation of PEH 
regarding the coordinate system connected to the leg of a 
human walking on a treadmill. Similarly, Saida et al. [61] 
used the unimorph cantilever design to harvest energy from 
the human body. Yang et al. [62] used a bimorph cantilever 
design, as shown in Fig. 5c, to scavenge energy from human 
hand motion by using a wearable device, and generated an 
output power of 50 μW from hand motion.

2.1.3 � Piezotronic Mode

With advancements in nanotechnology, the need for 
nanoscale piezoelectric energy harvesting devices to power 
nanoscale systems and for performance enhancements has 
dramatically increased [63]. Piezotronic effect emerged with 
the discovery of ZnO nano wires with n-type conductiv-
ity [64]. For the development of self-powered electronics, 
researchers have extensively used ZnO based Piezoelectric 
nanogenerators (PENGs) [1]. The basic working principle 
of the piezotronic is the formation of a Schottky barrier at 
the interface of the piezoelectric nanowire and the elec-
trode that regulates the flow of electron, induced due to the 

piezoelectric potential [44]. Guo et al. [65] recently reported 
a piezoelectric nanogenerator using a ZnO nanorod pattern 
textile, and examined a peak current and output voltage of 
20 nA and 4 V, respectively, from human motion. Siddiqui 
et al. [66] fabricated a wearable piezoelectric nanogenera-
tor, as shown in Fig. 6, by using the stacked nanofibers mat 
and graphite electrode to harness energy from human walk-
ing motion, and demonstrated the peak open circuit voltage 
(OCV) of 10.1 V. Moreover, several designers have fabri-
cated PENGs using various piezo nanofibers and electrodes 
to improve durability, flexibility, and biocompatibility for 
human-powered energy harvesting [67–69].

2.2 � Recent Designs and Applications

In this section, the most recent research regarding different 
possible configurations and designs of piezoelectric energy 
harvesting using human (in vitro and in vivo) motion for 
self-powered and wearable electronics is discussed.

2.2.1 � Smart Footwear

Designing new and different configurations of piezoelectric 
footwear, such as shoes and slippers, has been quite common 
over the last decade [70–72], as human walking provides 
enough endless energy with which to power portable and 
wearable devices. However, due to the different complexities 
involved in human motion, multiple authors are still address-
ing this technology to develop more durable, biocompat-
ible, and flexible footwear. Humans always tend to prefer 
movement patterns that minimize energy expenditure, and 
any change in the locomotion results in the addition of a 
metabolic cost. In order to address this problem, Xia et al. 
[73] developed angle-sliding shoes that can harvest energy 
without increasing metabolic cost. Cha et al. [74] modified 
the slippers by removing the heel counter and focused on 
harvesting energy from the bending of the sandals. Dong 
et al. [75] proposed smart shoes with the capability of energy 
storage by the usage of capacitor that can simultaneously 
work as a harvester and sensor by using same PEH hardware 

Fig. 5   PEH configurations for d31 working mode a Cymbal, b Canti-
lever with PZT patch attached, c Bimorph cantilever beam [41] [60, 
62]

Fig. 6   Schematic representation of stretchable piezoelectric nanogen-
erator (S-PENG) [66]
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and optimize the sensing by applying a filter algorithm. Usu-
ally, stacked piezoelectric harvesters can bear large force 
excitations and be used for higher power outputs. Zuo et al. 
[54] developed a compressive force amplification frame 
composed of piezoelectric stacks, and fastened it between 
aluminum plates by bolts for the further improvement of 
conversion energy efficiency. A footwear harvester inserted 
in the heel of shoes used more space and made full use of 
the vertical force available upon foot strike. Dynamic force 
measurement was also considered by positioning a force 
sensor inside the aluminum plates, as shown in Fig. 7a, and 
installing them into the heels of the shoes, as displayed in 
Fig. 7b. Figure 7c depicts the experiment conducted on a 
treadmill to optimize the power output by considering dif-
ferent external resistive loads.

Cao et al. [76] demonstrated that for harvesting energy 
form human motion, a nonlinear bistable harvester with 
time-varying potential outperformed the corresponding lin-
ear and monostable harvesters. Wang et al. [77] investigated 
that an optimum load resistance could maximize the output 
power of a nonlinear tristable energy harvester from human 
lower-limb motion. Li et al. [78] reported a non-linear low-
frequency piezoelectric energy harvester with a truss mecha-
nism for the amplification of applied force on piezoelectric 
element and an amplitude limit mechanism for inducing 
impact forces. The proposed design showed an open-circuit 
voltage of 83.3 V and maximum power output of 32 mW 
at resonant frequencies of 3.3 and 6.09 Hz, a bandwidth of 
4.2 Hz out of a sweep frequency domain of 7.5 Hz.

2.2.2 � Smart Textile

Smart textiles are a kind of wearable technology that hold 
the potential to bring about a massive revolution in the field 
of wearable technology. Piezoceramics possess excellent 
dielectric and piezoelectric properties, but they are brit-
tle and hard, making them unsuitable for textile applica-
tions. Designers are working to create more flexible and 

skin-friendly textiles for user comfort. Beeby et al. [79] 
recently proposed a flexible piezoelectric nanocomposite-
based textile that can harvest mechanical energy under com-
pressive and bending forces and possesses higher dielectric 
and piezoelectric properties. Christine et al. [80] developed 
100%PVDF woven (2-D and 3-D) structures using the melt 
spinning process in order to optimize the output voltage, and 
studied the impact of compression pressure on the fabrics. 
Similarly, Guo et al. [65] fabricated a flexible piezoelectric 
nanogenerator-based textile composed of two layers of silver 
coated on Nylon fabric fixed symmetrically on the top and 
bottom of ZnO rod arrays, as shown in Fig. 8a. This device 
can extract energy when attached to the finger and palm of 
a human, as shown in Fig. 8b.

2.2.3 � Smart Skin

Lately, self-powered e-skin technology has demonstrated 
significant potential in self-powered sensors [81], health 
monitoring [82], wearable devices [83], and so on. By con-
trast, piezoelectric nanogenerators (PENG) have come to 
light as a promising green energy harvesting technique. 
PVDF with merits such as high flexibility, high piezoelectric 
constant, and low impedance shows consistency with human 
skin [84] and is currently used to extract energy from human 
motion energy. Wang et al. [25] reported a flexible, trans-
parent, and self-powered single electrode PENG based on 
PVDF nanofiber that senses steady state pressure and tem-
perature on a single unit. Single electrode PENG overcomes 
the weaknesses of a Triboelectric nanogenerator (TENG) by 
simultaneously detecting pressure and cold/heat. Figure 9 
represents the structure and properties of self-powered 
e-skin. Figure 9a shows that smart skin fits well with skin, 
Fig. 9b describes the diameter and distribution of PVDF 
nanofiber. Figure 9c outlines the good transparency proper-
ties of e-skin, and Fig. 9d expresses that the transmittance 
of e-skin with ITO electrode is 70%. Similarly, Zhengzhu 
et al. [85] fabricated a self-driven PENG by using a PVDF 

Fig. 7   Smart shoes a force sensor installed on the aluminum plates, b 
installation location, c treadmill experiment [54]

Fig. 8   Smart textile a structure and schematic design of textile based 
PENG, b powering PENG by palm pressing [65]
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nanofiber patterned electrochemical supercapacitor with 
both energy harvesting and storage applications. Further 
various authors have worked on self-powered e-skin based 
on e-skin, and more literature about this technology can be 
found in the references [86–88].

2.2.4 � Implantable Devices and Biomedical Monitoring

Traditionally implantable medical instruments, such as car-
diac defibrillators and deep brain neurostimulators, use bat-
tery power to work. However, due to the limited capacities 
of batteries as well as their size restrictions, the lifetime 
of implantable devices is limited. Therefore, it is crucial 
to research sustainable sources to power such devices. The 
human body itself is a source of abundant energy, with an 
example being the movement of internal organs (e.g., heart-
beat, systolic/diastolic deformation, and lung motion) which 
can produce sustainable energy [89]. Recently, piezoelectric 
energy harvesters are being used to harvest energy from the 
internal organs of animals scalable to human size [90]. Fur-
thermore, piezoelectric devices have sensing applications, 
such as health and physiological monitoring. Wu et al. [91] 
reported the integration of selenium nanowires into wear-
able devices to convert intangible time variant movements 
(radial artery pulse and vocal movement) of the human body 
into electrical signals, and pointed to the potential of such 
devices for wearable self-powered biomedical devices, as 
shown in Fig. 10. Figure 10a presents the application of 
PENG attached on the finger for detecting the motion of the 
human finger and corresponding current output with dif-
ferent bend angles of a finger. PENG attached to the throat 
can identify different vocal movements such as coughing, 

gargling, and swallowing, as shown in Fig. 10b. Figure 10c 
describes the real-time sensing ability of PENG.

2.3 � Issues and Challenges

As discussed previously, piezoelectric energy harvesting 
technology from human motion exhibits excellent potential 
for powering low powered electronics and wearable devices; 
however, this field is still faced with many challenges and 
issues to address. The first challenge encountered by pie-
zoelectric harvesting devices is the ultra-low frequency of 
humans, which is around 1 Hz [92]. However, the operat-
ing bandwidth of PEHs is quite high, which makes human 
motion unfeasible for PEH [60]. In addition, the motion 
range of humans is usually much higher than the predeter-
mined device size, and so resonant devices cannot render 
the advantage of powerful magnification. The operating 
excitation frequency must fall in the resonant frequency 
range of harvester so as to obtain the best results. Generally, 
the frequency up conversion technique [93] is used to over-
come this hurdle. Mostly, mechanical plucking mechanism 
by using piezoelectric bimorph was used for frequency-up 
conversion that could generate enough energy from human 
limbs motion to power low-powered electronics. However, 
these devices showed some drawbacks such as reduced lon-
gevity due to the direct contact between bimorph and plectra 
and noise. To overcome such challenges Yang et al. [94] 
designed a prototype for piezoelectric knee-joint energy har-
vester by replacing mechanical plucking by the non-contact 
magnetic plucking device to perform the frequency-up con-
version and achieve a power output of 5.8 mW at the knee 
joint motion of 0.9 Hz. Further, Fu et al. [95] developed 
a low-speed rotational energy harvester with the ability to 

Fig. 9   Structure and properties of e-skin a e-skin shows good fit with 
skin, b SEM image of PVDF nanofiber, c transparency of e-skin, d 
transmittance of e-skin [25]

Fig. 10   Physiological monitoring applications of PENG a PENG 
attached onto human finger bent with different angles and corre-
sponding output current, b PENG monitoring the human throat activ-
ities, c PENG monitoring artery pulse signal [91]
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extract energy using piezoelectric transduction via magnetic 
plucking frequency-up conversion. The energy harvester 
exhibited wide bandwidths at low frequency with the peak 
power output of 20 µW proving to be much suitable for rota-
tional energy harvesting situations such as human motion.

Human motion involves multidimensional motion, such as 
bending, stretching, and sliding, in addition to linear vibra-
tions [8]. Human limbs produce complex movements during 
walking, making it difficult for linear PEHs to extract power 
from multidimensional motion. Therefore, in order to solve 
this challenge, Fan et al. [7] developed a harvester based on 
a cantilever beam design using a sleeve, ferromagnetic ball, 
and magnets fixed at both ends. This harvester was shown 
to be capable of obtaining energy from lower limb motion 
and vibrations of a human body. The other main issue for the 
before-mentioned harvesters is flexibility, biocompatibility, 
and biodegradability. Ceramic piezoelectric materials are 
rigid and brittle, making them unsuitable for human motion 
applications. Therefore, Luo et al. [96] mounted a lightweight, 
flexible polypropylene ferroelectric material in shoe soles to 
solve the flexibility problem. Many piezoelectric materials 
are not favorable for integration in wearable devices due to 
their toxic lead content. An alternative to such materials is 
lead-free piezoelectric harvesters having properties similar 
to conventional piezoelectric materials. Zhao et al. [97] used 
a wool-keratin-based biocompatible piezoelectric nanogen-
erator in the wearable electronic application. Kim et al. [98] 
fabricated silk fibroin-based lead-free green composite uti-
lizing ferroelectric nanoparticles. Likewise, multiple authors 
have published biodegradable and biocompatible piezoelectric 
energy harvesters [99–102]. Piezoelectric energy harvesters 
can effectively harvest human motion energy by solving the 
narrow band issues of such devices. The advancement in 
microfabrication techniques in the past decade leads to the 
development of microscale piezoelectric energy harvesters 
such as the fabrication of MEMS PEEHs. Further progress in 
nanotechnology has enabled the researchers to develop ZnO 
nanowire which is much popular piezoelectric material in 
nano piezoelectric energy harvesters and improved the perfor-
mance and integration issues. The continuous development in 
nanotechnology will enable the feasibility of PEEHs in human 
motion based energy harvesting in the future.

3 � Electromagnetic Energy Harvesting 
(EMEH) by Using Human Motion

Electromagnetism has been used to harvest energy since 
Faraday’s significant discovery in electromagnetic induction 
[3]. As the interest in human motion-based energy harvest-
ing has grown, multiple designs of electromagnetic energy 
harvesters (EMEHs) have been proposed to power wear-
able and self-powered electronics [103, 104]. This section 

describes the working principle, recent progress, and chal-
lenges in EMEH.

3.1 � Working Principle

The basic law of the electromagnetic energy harvester is 
based on the principle of electromagnetic induction. In 1831, 
Faraday noticed that the potential difference is produced at 
both ends of the coil, as it moves through the magnetic field. 
In addition, the voltage induced in the coil is proportional to 
the time rate of change of magnetic flux [105].

where N is the number of turns in a coil and ∅ is the total 
magnetic flux, with t being the time. Total flux ∅ is further 
described as

Ai is the area of ith coil and B is the magnetic field. Energy 
harvesters utilize relative motion of the coil (conductor) and 
a magnet to generate electricity. There are two modes of 
operation in electromagnetic energy harvesting. In the first 
mode, the coil moves perpendicular to the magnetic field, 
resulting in a change of the coil area, while the intensity of 
the magnetic field across the conducting coil remains uni-
form. In the second mode, the coil moves along the direction 
of the magnetic field, followed by a change in the magnetic 
field intensity and uniform coil area. Depending on the kind 
of mechanical motion involved, EMEHs are usually classi-
fied into three working modes [17]. Rotational energy har-
vesters transform the rotational mechanical displacement 
into electrical energy. Oscillatory generators are generally 
designed as mass-spring-damper systems that convert rela-
tive motion between the coils and magnets to obtain electric-
ity; by contrast, hybrid generators translate linear motion 
into rotational movement by using an eccentric rotor.

Numerically, electromagnetic energy harvesters could be 
modeled as resonant linear generators for a narrow band-
width of excitation frequencies or non-linear harvester for a 
broad band random excitation. A comparison of the classi-
cal resonant single frequency linear models and multi-fre-
quency nonlinear models could be found in these references 
[106–108]. In general, the dynamic behavior of a linear 
EMEH is described by linear spring stiffness and linear total 
damping as given by

where, x, ẋ, ẍ respectively quantify the relative displace-
ment, relative velocity and relative acceleration between 

(6)V = N
d�

dt

(7)� =

N
∑

i=1
∫
Ai

BdA

(8)mẍ + cTẋ + kx = Fext
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the permanent magnet and the coil. The term m, cT and k 
denote the mass, linear damping and linear spring stiffness 
of the system, respectively. Fext denotes the external excita-
tion applied to the system. Total damping of the harvester 
is a combination of the mechanical and electrical damping 
(i.e., cT = cm + ce).

The general form of the governing equation of motion of 
a nonlinear EMEH is described by nonlinear damping and 
nonlinear spring stiffness as given by

Herein, the nonlinear damping of the harvester is com-
prised of linear damping component cTẋ and nonlinear 
damping component cT𝛼D(ẋ) . The term α and D(ẋ) denote 
the scaling factor and nonlinear function, respectively, and 
account for nonlinearity in the damping of the harvester. The 
stiffness of the harvester is comprised of linear component 
kx and nonlinear components k ⋅ N(x).

3.1.1 � Rotational EMEHs

Rotational EMEHs usually consist of a magnet, coils, and 
speed shifting devices like gear trains and turbines because 
of the high power output requirements [109]. Lately, design-
ers have used such harvesters to extract energy from human 
motion. Liu et al. [110] proposed a nonresonant rotational 
energy harvester (REH) comprised of the rotor magnet, sta-
tor, and magnetic coils embedded in a casing without using 
any complex transmission mechanism, as shown in Fig. 11a. 
If attached to the arm or ankle of a human, the rotor magnet 
rotates clockwise or anticlockwise around the stator magnet, 
as shown in Fig. 11b. The physical mechanism of REH, as 
shown in Fig. 11c, demonstrates the rotation of the rotor 

(9)mẍ +
[

cTẋ + cT𝛼D(ẋ)
]

+ [kx + k ⋅ N(x)] = Fext

magnet under externally applied force F. A treadmill experi-
ment has demonstrated various power outputs of a human at 
different speeds with a maximum power output of 10.4 mW 
at a driving frequency of 8 Hz and load resistance of 100 Ω. 
Similarly, Lin et al. [111] introduced nonresonant REH 
using a Neodymium Iron Boron rotor and stator magnets 
that formed a higher pair theoretical line contact without 
mounting any bearing or shaft structure, and built a wrist-
watch prototype energy harvester with a maximum measured 
output voltage of 1.92 V and power density of 0.92 mW/
cm3. Zhu et al. [112] developed a compact in-shoe energy 
harvester consisting of a wave spring and rotational electro-
magnetic generator, and recorded a peak power output of 
1.6 mW in each step of a walking person. Mehdi et al. [18] 
fabricated a wearable micro rotary electromagnetic genera-
tor for converting human motion to electrical energy. The 
two main features of small size and the use of a pendulum 
without a gear were introduced in the design and generated a 
maximum power output of 416.6 µW during human walking.

3.1.2 � Oscillatory EMEHs

The oscillatory harvester uses a mass-damper system that 
usually works in a lower frequency than other EMEHs. How-
ever, due to the restricted range of mass motion inside the 
tube, the power outputs of these devices are low, particularly 
for low-frequency excitations such as those of the human 
body. Various designers have designed such energy harvest-
ers for human motion. Wang [113] proposed a magnetic-
spring design for energy harvesting. The device consisted of 
a hollow tube with magnets fixed at opposite ends. Magnetic 
mass moves inside along the horizontal direction due to the 
repelling forces of end magnets, as shown in Fig. 12a. Fur-
ther, a prototype was built for human walking motion using 
3D printing technology with solenoid coils wrapped around 
the tube as shown in Fig. 12b and generated a maximum 
power output of 10.6 mW at a walking speed of 8 km/h. 
Likewise, Ylli et al. [114] developed an oscillator energy 
harvester consisting of copper wire coils, through which 
a magnet moved freely and employed the generator in a 
shoe sole with a maximum power output of up to 4.13 mW. 
Halim et al. [115] demonstrated a miniaturized electromag-
netic energy harvester using flux guided magnetic stacks 

Fig. 11   Working of REH a structure of REH, b clockwise and anti-
clockwise rotation of REH attached to wrist and ankle does, c physi-
cal model of REH with rotation of rotor magnet [110]

Fig. 12   Oscillator energy harvester a schematic of proposed har-
vester, b prototype [97]
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instead of a single magnet to scavenge energy from human 
motion to power self-powered electronics with an average 
generated output power of 203 µW. Anjum and his team 
[116] developed a harvester capable of harvesting energy 
at broader bandwidths and fabricated a prototype to exploit 
human motion-based energy with a peak induced voltage 
of 3800 mV at a resonant frequency of 20 Hz. Zhang et al. 
[117] used microfabricated flexible coils in his design for 
low-frequency vibrations that can harvest energy from 
human motion up to 4.3 mW at a resonant frequency of 
5.5 Hz.

3.1.3 � Hybrid EMEHs

As mentioned previously, the power output of linear motion-
based energy harvesters is low, so to overcome this obstacle, 
designers have utilized rotational inertial mass that uses an 
eccentric rotor structure to couple kinetic energy produced 
by human body motion (during running, walking, and 
stretching) into the transducer element [19]. Halim and his 
team [118] recently designed a sprung eccentric rotor struc-
ture to scavenge power from a driven pendulum that mimics 
the motion of a human arm during walking. The improved 
configuration of the rotor magnified the output energy har-
vested from low-frequency excitations, such as human walk-
ing or running, and recorded a maximum power output up to 
61.3 µW at 1 Hz frequency. Figure 13a shows the elements 
of the energy harvester that includes a dual eccentric rotor 
with magnetic poles. Figure 13b presents the prototype of 
the fully modeled energy harvester. Qian et al. [119] pro-
posed the analytical model for a sprung eccentric rotor for 
human motion energy harvesting and examined the average 
output power of 478 µW. Further, Miyoshi et al. [120] pro-
posed a hybrid energy harvester using thin eccentric mass 
and a metal ball bearing for rotational support, and used this 
prototype to extract energy from the arm swinging motion 

with the peak output power of 80 µW. Further literature on 
such energy harvesters can be found in the Ref. [121].

3.1.4 � Hybridized Electromagnetic Energy Harvesters

There are three primary mechanisms (piezoelectric, electro-
magnetic, and triboelectric) used to convert biomechanical 
energy into electricity according to the literature. However, 
the power output of such small energy harvesters is low 
and has to operate under low frequency in order to harvest 
energy from human motion for wearable electronics. Elec-
tromagnetic harvesters usually show higher power outputs 
than other piezoelectric and triboelectric harvesters, but it is 
complicated to miniaturize and challenging to integrate into 
wearable devices [122]. Therefore, researchers have devel-
oped a hybridized electromagnetic energy harvester that can 
fulfill high performance requirements due to the combined 
properties of electromagnetic, piezoelectric, and triboelec-
tric mechanisms for human body motion energy harvesting. 
Liu et al. [123] fabricated an energy harvester hybridizing 
electromagnetic and triboelectric mechanisms to harvest 
human energy. Figure 14a shows an exploded view of the tri-
boelectric energy harvester (TEEH) with a symmetrical top 
and bottom. Each part consists of two electrodes connected 
to the substrate. Similarly, EMEH comprised a magnet in a 
cylindrical structure with copper coils wrapped around the 
structure, as shown in Fig. 14b. Further, these two devices 
are then assembled to form a hybridized electromagnetic 
energy harvester, as shown in Fig. 14c. Figure 14d shows 

Fig. 13   Hybrid energy harvester a elements of energy harvester, b 
fully assembled prototype [118]

Fig. 14   Structural view and working mechanism a split view of 
TEEH, b split view of EMEH, c assembled diagram, d working 
mechanism of hybrid device [123]
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the working mechanism of the hybrid harvester. TENG 
uses a round film with two sides; one is PVC fabric, and the 
other one is conductive. These two films are stacked on the 
substrate at both the top and bottom ends. With the to and 
fro motion of the magnet, these films continuously touched 
each other, thus enabling electrons to move between the con-
ductive surfaces, resulting in the creation of electric power. 
Moreover, several authors have designed hybrid electromag-
netic devices for wearable and self-powered devices [124].

3.2 � Recent Progress and Applications

Electromagnetic energy harvestings and hybridized EMEHs 
have both attracted the attention of researchers for human-
based energy harvesting. This section describes the recent 
configurations and designs of both technologies for wearable 
and self-powered applications.

3.2.1 � Self‑Powered Wristwatch

As the human body exhibits large amplitude movements 
at low frequencies, designing an energy harvester that can 
couple low frequency motion into transducer elements is a 
challenging task. Designers have proposed several designs 
to overcome such a challenge, with frequency up-conversion 
being one of the mainstream approaches. Halim et al. [125] 
designed a miniaturized electromagnetic energy harvester 
and integrated the harvester in a wristwatch so as to scav-
enge energy from hand motion, as shown in Fig. 15.

The design included magnetic f lux stacks, which 
increased the power density without increasing the mag-
netic volume of the device. However, several authors have 
proposed different designs for smart wrist wearables [126, 
127], but the problems in all devices were the lack of a 
miniaturized device to integrate in wearable electronics. 

Therefore, in order to address this problem, Wang et al. 
[21] fabricated a hybridized electromagnetic energy 
harvester by combining electromagnetic and triboelec-
tric mechanisms by harvesting energy from human hand 
motion and integrated it in a self-powered wristwatch as 
shown in Fig. 16. Figure 16a shows a photograph of the 
hybridized EMEH and Fig. 16b shows the integration of 
the hybridized EMEH in a smart watch.

3.2.2 � Smart Shoes

Traditionally, energy harvesters are placed in the shoe sole 
to scavenge human motion energy. However, due to the 
limited space inside the shoe, Wu et al. [128] proposed 
the electromagnetic energy harvester composed of perma-
nent magnets attached with elastic strings that worked as 
a 3-degree-of-freedom (3-DoF) resonator to attach to the 
outer portion of the shoe. The 3-DoF resonator increased 
the bandwidth and energy conversion efficiency of the 
device. In addition, the energy storage circuit was used to 
store the extracted energy as shown in Fig. 17.

However, such types of designs make shoes more 
unfashionable and reduce the comfort level. Therefore, 
Liu et al. [123] fabricated self-powered shoes using an 
energy-based cell. The device, composed of EMEH and 
TEEH packaged together in a box, was embedded on a 
shoe sole as shown in Fig. 18.

Fig. 15   Electromagnetic energy harvester integrated into wearable 
wristwatch [125]

Fig. 16   Smart watch a photograph of hybridized electromagnetic 
energy harvester, b self-powered wearable wristwatch [21]

Fig. 17   Smart shoe using EMEH [128]
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3.2.3 � Biomedical Monitoring

Electromagnetic energy harvestings have also been used 
in the biomedical industry for health monitoring. Anjum 
et al. [116] proposed a broadband electromagnetic energy 
harvester design targeted for biomedical applications such as 
health monitors and pulse oximeters for exercising persons 
with higher outputs and broader bandwidths, as shown in 
Fig. 19. In Fig. 19a, the device is attached on the arm of a 
walking person in the first experiment for data acquisition. 
Figure 19b shows the second experiment for data acquisition 
for a running person.

Still, EMEHs faces a large drawback, and that is human 
comfort. In order to address this issue, Maharjan et al. [129] 
presented a flexible wearable hybridized electromagnetic-
triboelectric energy harvester for powering a health and fit-
ness monitoring system by scavenging energy from hand 
motion. The flux concentrator is used around the copper 
coil to enhance the power output. The design demonstrated 
high-efficiency performance and ease for integration into 
wearable devices such as a wristwatch, as shown in Fig. 20.

3.3 � Challenges and Issues

Usually, EMEHs are resonant based devices, and in order to 
obtain maximum power output they must perform at their 
resonant frequencies [130]. By contrast, human motion falls 
in an ultra-low frequency range and exhibits high amplitude 

vibrations, making them unsuitable for human motion-
based energy harvesting. In order to resolve this problem, 
designers have used a springless structure for low-frequency 
oscillators. Secondly, for spring-mass-damper systems, most 
researchers have proposed a frequency up-conversion tech-
nique [110, 115] to maximize power output. Berdy et al. 
[131] used a magnetic levitation vibration energy harvester 
to overcome this issue. Fan et al. tuned the operating fre-
quency band using a monostable EMEH that could shift the 
bandwidth to the low-frequency range [132]. Frequency up-
conversion techniques have widely opted in literature for 
wearable energy harvesting from human motion [133, 134]. 
However, the internal travel range of such energy harvesters 
is limited which in turn, restricts power generation. Halim 
et al. [126] reported modeling and analysis of wearable 
rotational energy harvester with the ability to predict the 
electromechanical behavior and power output from the dif-
ferent human body locations (chest, wrist, ankle, and waist) 
and further developed an electromagnetic energy harvester 
prototype to verify the model forecasts. Another issue in 
EMEHs is low flexibility, as human motion involves com-
plex motion that requires flexible wearable devices to wear. 
Zhang et al. [117] used microfabricated flexible coils to 
solve this problem.

One big challenge in EMEH is that it is complex to minia-
turize and difficult to integrate with wearable energy harvest-
ers. Usually, EMEH suffers from high weight and large size, 
which makes them highly unsuitable for wearable devices. 
Some authors cope with this issue by changing the location 
of the harvester to high surface area locations of wearables 
to integrate. For example, Ylli et al. [114] employed EMEH 
on the outside portion of the shoe because it was impos-
sible to integrate inside the shoe sole due to the bigger size 
of EMEH. Some designers have sacrificed power output at 
the cost of less space by decreasing the number of coils in 
the device [116]. Many researchers have hybridized EMEH 
with TEEH in order to minimize the miniaturizing issue 
and maximize the power outputs for self-powered wearable 
devices [135] and biomedical applications [129]. Currently, 
EMEHs are not suitable for smart wearable electronics; how-
ever, by solving the large size issue, these devices depict the 

Fig. 18   Smart shoes using hybridized EMEH [123]

Fig. 19   EMEH biomedical application. a Data collection in walking 
position. b Data collection in running position [116]

Fig. 20   Hybrid EMEH-TENG for biomedical monitoring and self-
powered wearable devices [129]
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potential to efficiently harvest energy from human motion. 
In the future, hybridization of EMEHs with other mecha-
nisms may help in solving the device efficiency challenge 
in a compact configuration.

4 � Triboelectric Energy Harvesting by Using 
Human Motion

Recently, human-based triboelectric energy harvesting has 
gained much importance because of its associated high 
power density, low operating frequency, and high conver-
sion efficiency [22, 105]. This section discusses the working 
principle of triboelectric energy harvesters along with recent 
design configurations and challenges.

4.1 � Working Principle of Triboelectric Nano 
Generator Energy Harvesting

Triboelectric energy harvesters (TEEHs) work on a well-
known phenomenon called triboelectrification [136]. Gener-
ally, the working principle of TEEHs is explained as, when 
two materials with dissimilar polarities make contact with 
each other, charge transfer takes place due to the triboelectric 
effect, resulting in the creation of opposite charges on each 
side of the surface. If these materials connect with metal 
electrodes at the two non-contacting ends, the detachment 
of surfaces leads to charge accumulation because of the elec-
trostatic induction effect. Repeating contact between the two 
surfaces results in charge flow in opposite ends. Mathemati-
cally, if the charge accumulation on the surfaces is Qf, then 
the initial voltage Vtr between the two electrodes is given 
in Eq. (10).

where dtr is the interlayer distance, Str is the surface area of 
the metal electrode, and �0 denotes the vacuum permittivity. 
Equation (11) shows the induced current Itr in the external 
electrodes.

where Ctr represents the capacitance of the given system. 
TEEH is further classified into four different working 
modes [137], as discussed comprehensively in the follow-
ing subsections.

Table 2 shows the list of materials with the tendency to 
gain positive or negative charges upon contact electrifica-
tion, and this list is often known as the triboelectric series. 
Human skin exhibits the highest affinity to lose the electron 
in the list. Due to this fact, the triboelectricity has gained 

(10)Vtr = −
Qfdtr

�0Str

(11)Itr = Ctr

�Vtr

�t
+ Vtr

�Ctr

�t

much interest from the researchers and plenty of work has 
been done on triboelectric energy harvesting by using human 
motion.

4.1.1 � Vertical Contact‑Separation Mode (VCSM)

Vertical contact-separation mode was the first designed 
operational form of the TEEHs [23, 139]. It works on the 
principle of cyclic contact and separation between the two 
surfaces in order to provide an output electric current, as 
shown in Fig. 21.

Various researchers have suggested different designs for 
the VCSM. Bai et al. [141] designed a zigzag-shaped multi-
layered triboelectric energy harvester (TEEH) and integrated 
into clothes by joining five layers of assemblies in parallel 
on a substrate, where each assembly was composed of an 
aluminum foil and polytetrafluoroethylene (PTFE) thin film, 
and generated a peak OCV of 215 V and short circuit voltage 
(SCV) of 0.66 mA. Figure 22 shows the working mechanism 
of the multilayered triboelectric energy harvester. Figure 22a 
shows the original position of the plates with an angle θ1. An 
external force brings the two films in contact with each other, 

Table 2   Triboelectric series [138]

Tend to loose electron (+)

Tend to gain electron(-)

Human skin
Glass
Nylon
Fabrics
Metals

Polyester
Polyethylene

Polyimide
Polyvinyl chloride

Fluoropolymer

Fig. 21   Working principle of VCSM [140]
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resulting in the formation of positive and negative charges 
on Aluminum and PTFE films, as shown in Fig. 22b. Upon 
the removal of the compressive force, the two plates started 
to separate with angle θ2 as shown in Fig. 22c. The electric 
potential allows for the electrons to flow from end electrodes 
to contact electrodes, eliminating triboelectric (TE) charges 
and leaving behind inductive charges. Figure 22d exhibits 
the plates returning to the starting position with TE charges 
substantially eliminated from contact electrodes. Reapply-
ing the pressure on the upper plate drives the electric flow 
from the back electrode and diminishes the positive induc-
tion charges as shown in Fig. 22e. Figure 22f represents the 
SCV of the triboelectric energy harvester throughout one 
cycle. Similarly, Zhu et al. [142] proposed a multilayered 
triboelectric energy harvester of insole application and gen-
erated 220 V and 600 μA during walking. Wang et al. [23] 
designed a curved-shaped triboelectric energy harvester by 
employing the triboelectric effect between a polymer and 
small metal film and generated an energy volume density, 
a current density, and an output voltage of 128 mW/cm3, 
15.5 μA/cm2, and 230 V, respectively. Yang et al. [143] fab-
ricated a rhombic-shaped triboelectric energy harvester to 
scavenge energy from human walking motion by combining 
contact-separation and a sliding electrification mechanism 
and observed the power density of 30.7 W/m2. Hou et al. 
[144] reported a TEEH prototype for a human shoe insole 

based on VCSM and achieved a voltage of 220 V and a 
current density of 40 mA during walking. Further litera-
ture regarding VCSM can be found in these references [145, 
146].

4.1.2 � In‑Plane Sliding Mode (IPSM)

The in-plane sliding mechanism is usually preferred over 
VCSM because of its ease to integrate in wearable devices 
and ability to generate more electricity [147]. In general, this 
mechanism is usually used for planar motion, disc rotation, 
or cylindrical rotation [148, 149]. Wang et al. [24] proposed 
a triboelectric harvester based on IPSM for the first time by 
using the relative sliding motion between the two surfaces 
(nylon and PTFE film). Figure 23 illustrates the working 
mechanism of the in-plane sliding mode. From the start, 
the two surfaces (PTFE film and nylon) overlap with each 
other to form full contact. Due to the triboelectrification, 
positive charges appeared on the nylon surface, and PTFE 
film acquired negative charges. When the top surface started 
to slide outwards, a charge separation occurred due to the 
reduction in the contact area of surfaces. The charge sepa-
ration resulted in the formation of the electric field, creat-
ing a higher potential at the top electrode, and the current 
starts to flow from the top to bottom electrodes. This pro-
cess continues until the two surfaces had fully slid across 
each other. Similarly, when the top surface began to move 
inwards, the separated charges started to make contact with 
each other due to the increase in contact surface area and 
the current flows from the bottom to top electrodes until 
these two surfaces entirely overlapped each other. Finally, 
the device returns to an original position, leaving behind no 
charges on the electrodes. The output current depends on the 
rate of two surfaces sliding across each other. The designed 

Fig. 22   Schematic diagram of multilayered Triboelectric energy 
harvester based on VCSM. a Original position of plates, b pressing 
of plates by applying force, c withdrawal of force, d revert to origi-
nal position, e reapplying of force, f short-circuit current during one 
cycle [141]

Fig. 23   Schematics of working mechanism of in-plane sliding mode 
[24]
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harvester showed a higher efficiency with a peak OCV of 
1300 V and short circuit current density of 4.1 mA/m2.

Researchers have proposed different design configura-
tions for the in-plane sliding mode. Song et al. [150] fab-
ricated a smart bracelet by harvesting energy from human 
motion using the in-plane sliding method, and obtained a 
maximum power output of 300.4 µW and conversion effi-
ciency of 69.3%. Wang et al. [151] proposed textile-based 
triboelectric energy harvesters based on the swing motion of 
arms. The harvester utilized the friction between the fabrics 
of the underneath arm and sleeve working as two pairs of 
sliding mode (as shown in Fig. 24), and generated a peak 
power output of 7 mW. Shao et al. [152] developed a theoret-
ical formulation for the in-plane sliding mode by considering 
the effect of external forces, and compared the theoretical 
model with experimental results. Zhu et al. [153] designed a 
micro grating thin film-based triboelectric energy harvester. 
The device worked on the in-plane sliding motion of arrays 
of micro-gratings, ultimately producing a power output of 
3 W with a conversion efficiency of 50%. Similarly, vari-
ous authors have used the in-plane sliding mode to harness 
energy for self-powered electronics [154].

4.1.3 � Single Electrode Mode

The single electrode mode usually consists of a grounded 
electrode, movable active element, and friction layer. Wang 
et al. [155] demonstrated the working mechanism of single 
electrode mode for triboelectric energy harvesting, shown 
in Fig. 25. Initially, the active member was in contact with 
the electrode through the friction layer. Due to the triboelec-
tric effect, a positive charge appeared on the active element, 
while the friction layer acquired a negative charge. As the 
active layer separated from the friction layer, the electrode 
layer gained a positive charge due to the electrostatic induc-
tion effect. Thus, creating the potential difference between 

the ground and the electrode results in the flow of current 
from the electrode to ground. Once the active layer reached 
a far distance, electrical equilibrium formed between the 
electrode and friction layer, thus stopping the flow of elec-
tric current. Likewise, when the active layer moved back to 
the friction layer, the electric potential induced between the 
ground and electrode followed by the electrons moving in 
the opposite direction from ground to the electrode. Hence, 
the cyclic contact and separation between the ground and 
active member resulted in charge flow across the external 
circuit.

Several authors have proposed different working designs 
for single electrode mode for wearable devices that work by 
harvesting energy from human motion. Cheng et al [156]. 
used the human body as a natural electrode and a layer of 
ethylene–vinyl acetate copolymer pasted on the shoe sole 
that served as a friction layer between foot and marble 
ground in order to generate electricity from human walk-
ing, as demonstrated in Fig. 26, and observed the maximum 

Fig. 24   Power textile based on in-plane sliding mode [151]

Fig. 25   Working mechanism of single electrode mode [155]

Fig. 26   Single electrode mode based energy harvesting from human 
walking [156]
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output voltage of 810  V. Similarly, Zhang et  al. [157] 
designed a triboelectric energy harvester based on a sin-
gle electrode to integrate in human clothes for self-powered 
glucose biosensor. The design configuration used aluminum 
foil as an active layer, while polydimethylsiloxane (PDMS) 
and copper film were used as a friction and single electrode, 
respectively, and generated a maximum voltage of 17 V and 
current density of 0.02 μA/cm2. Yang et al. [140] reported 
that a human skin-based triboelectric energy harvester utiliz-
ing the contact/separation between human skin and PDMS 
film recorded an OCV of 1000 V and current density of 
8 mA/m2. Fang et al. [158] developed a single electrode 
mode harvester that consisted of a layer of elastic rubber 
and aluminum foil served as the electrode for self-powered 
sensors. Similarly, multiple researchers have reported dif-
ferent designs for single electrode mode energy harvesters 
[159–161].

4.1.4 � Freestanding Triboelectric‑Layer Mode

The freestanding electrode mode possesses unique charac-
teristics for harvesting energy from a freely moving human 
energy source with enhanced power outputs. Wang et al. [26] 
first developed this triboelectric mode of harvesting. This 
harvester is composed of a freely moving triboelectric layer 
with two stationary metal electrodes, as shown in Fig. 27. 
The triboelectric layer can slide back and forth over the two 
electrodes on the same plane, generating an alternating elec-
tric current because of the electrostatic induction effect.

Various authors have suggested different designs for 
freestanding electrode mode by scavenging energy from 
human motion for powering self-powered and wearable 
electronics. Similarly, a lot of work has been performed in 
this field, such as that by Xie et al [162]. proposing a free-
standing triboelectric harvester using a grating segmented-
structured fluorinated ethylene propylene (FEP) triboelec-
tric layer, two interdigital-fixed aluminum electrodes, and 
grating structured acrylic sheet as a substrate, as shown in 

Fig. 28. The designed device used human hand motion as an 
energy source and harvested approximately 135 V of volt-
age, 9 mA/m2 of current density, and 1.2 W/m2 of maximum 
density. Guo et al. [163] fabricated an ultra-robust rotational 
mechanical energy harvester based on freestanding electrode 
mode with a power capacity of 260 mW/m2. Further litera-
ture regarding freestanding electrode mode can be found in 
these references [164, 165].

4.2 � Recent Progress and Applications 
in Triboelectric Energy Harvesting

Triboelectric energy harvesting is an advanced technique 
compared to piezoelectric and electromagnetic energy har-
vesting, because of its easy fabrication at the nanoscale size 
and low operation frequency [154]. Triboelectric energy har-
vesting is quite famous for harnessing energy from human 
in vitro and in vivo motion. This section describes the most 
recent design configurations of TEEHs for wearable and 
self-powered applications.

4.2.1 � Smart Textile

Lately, smart textiles with the ability to harvest energy from 
human motion have attracted much attention due to their 
versatile applications [166–168]. However, there are many 
issues related to this area, such as biological compatibility, 
stretchability, and durability. Hence, various authors have 
attempted to solve these challenges in smart textiles. Tian 
et al. [169] reported a highly flexible double-layer stacked 
triboelectric textile composed of conductive textile and sili-
cone rubber efficient active element. This device can harvest 
energy from human motion by integrating movement of dif-
ferent parts of the body, as shown in Fig. 29a. In addition 
to energy harvesting, this device can also work in human 
motion monitoring, as shown in Fig. 29b. Figure 29c shows 
the ability of this textile-based energy harvester for powering 
portable electronics. Xiong et al. [170] fabricated a durable, 
biocompatible, and washable textile that can extract energy 
from human skin in order to drive portable and self-pow-
ered electronics. Furthermore, Kwak et al. [171] designed 
a stretchable textile-based triboelectric energy harvester for 
human motion energy harvesting by using knitted fabrics. 

Fig. 27   Working mechanism of freestanding triboelectric harvester 
[26] Fig. 28   Structure of freestanding triboelectric energy harvester [162]
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Aside from that, Seung [172] fabricated a foldable nano pat-
terned textile-based energy harvester by solving the stretch-
ability and flexibility issues. Likewise, various authors have 
fabricated biocompatible, flexible, and washable smart tex-
tiles in these references [173, 174].

4.2.2 � Smart Wearable

Energy harvesting using triboelectric energy harvesters as 
wearable devices has earned immense importance because of 
the drawbacks of other harvesting technologies. PEEHs face 
the issues of poor coupling at the microscale [175] and self-
discharging [176]. EMEHs have low efficiency [177] and 
are complex to fabricate at the nanoscale [176]. By contrast, 
triboelectric energy harvesters are much more suitable to 
integrate in wearable devices because of their easy fabrica-
tion at nanoscale. In the literature, TEEHs are integrated into 
various wearable devices such as footwear for powering self-
powered electronics. However, wearable devices based on 
TEEHs have also been shown to suffer from various issues 
like biocompatibility, humidity, and flexibility. Shen et al. 
[178] presented a humidity resisting TEEH that can harvest 
energy from human motion like hand tapping and walking 
that can generate enough electricity to power a calculator, 
thermal meter, smart watch, and multiple LEDs in varying 

humidity levels. Li et al [179] fabricated a flexible multilayer 
elastomeric structure TEEH and integrated it in a shoe so 
as to harvest energy from human walking with the ability to 
record exercise and fitness data through a multipedometer 
and fitness tracker, as shown in Fig. 30. Figure 30a shows 
multilayer TEEH and Fig. 30b shows a photo of smart shoes 
with pedometer and fitness tracker functions. Figure 30c, d 
show the pedometer and fitness tracker powered by TEEH 
by harnessing energy from walking. Similarly, Zhu et al. 
[180] proposed a flexible TEEH, consisting of a dual layer 
of active elements of polydimethylsiloxane and multiwall 
carbon nanotube that can be attached to a human shoe for 
scavenging energy from human walking. Furthermore, Hou 
et al. [144] designed a robust, low-cost, and high perfor-
mance TEEH-based shoe insole for harvesting energy from 
human walking.

4.2.3 � Smart Skin

Electronic skin (e-skin) is generally defined as an array 
of sensors and actuators that can perceive the thermal and 
mechanical stimuli with human-like sensory abilities. In 
order to exhibit the characteristics of human skin, e-skin 
must withstand prolonged and repeated mechanical stimuli 
such as strain, pressure, and flexion. Electronic skin is a 
self-powered sensor that does not require the presence of 
external power sources such as batteries. Smart skin-based 

Fig. 29   Demonstration of different applications of double layer 
stacked triboelectric energy harvesting textile. a Attach at different 
parts of human body, b smart sensor, c powering portable electronics 
[169]

Fig. 30   Smart shoes a shoe outsoles composed of multilayer TEEH, 
b smart shoe with pedometer and fitness tracker functions, c pedom-
eter, d fitness tracker [179]
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TEEH can perform as both a sensor and mechanical energy 
harvester [181]. The integration of TEEH with e-skin has 
brought about a lot of applications in touch-based sensors 
[140], human–machine interfaces [182], and artificial intel-
ligence systems [183]. TEEH output performance dramati-
cally relies on the quantity and frequency of external stimuli. 
Yang et al. [140] proposed human skin like TEEH that can 
be used as a self-powered tactile sensor for touchpad tech-
nology (cell phone and keyboard) and harness energy from 
human hand and fingers touch pressure. Dhakar et al. [184] 
fabricated a novel stretchable and wearable self-powered 
motion sensor that can identify human finger movement 
for static and dynamic states and provides the location and 
pressure of the human touch. Wang et al. [185] reported a 
transparent skin like TEEH using polydimethylsiloxane as an 
active element and polyconic as an electrode, and harvested 
energies from human motions such as tapping, bending, and 
curling for self-powered systems. Similarly, Lai et al. [186] 
designed a highly stretchable and washable textile-based 
TEEH that exhibits both active tactile sensing and biome-
chanical harvesting properties during contact with human 
skin. Figure 31 shows the textile-based harvester, worn on a 
human wrist that produces electricity when touching human 
skin so as to power the self-powered smart watch. Jiang et al. 
[187] fabricated a compact self-powered skin-based TEEH 
combined with micro-supercapacitors for both energy har-
vesting and storage.

4.2.4 � Biomedical Health Monitoring

Recently, triboelectric energy harvesters have shown con-
siderable potential in the field of biomedical applications 
for harvesting energy from human in vitro motion as well as 
from human in vivo motion such as pulse vibration, respira-
tion, and heartbeat. Generally, biomedical devices operate on 
small energy, and the energy harvested from human motion 

is enough to run these devices [188, 189]. Ding et al. [190] 
developed a self-powered tactile sensor composed of carbon 
nanotubes doped with TEEH with excellent features such as 
durability, high sensitivity, and quick response. Further, the 
device was used in the design of a sleep belt for real-time 
heart rate and breath monitoring, showing its potential for 
disease diagnosis as presented in Fig. 32. Figure 32a shows 
the design of the carbon nanotube doped TEEH. The belt is 
attached under the chest of the subject to monitor heart rate 
and breathing, as shown in Fig. 32b. Figure 32c shows the 
calculation setup to monitor heartbeat and breathing, and 
the ballistocardiogram output voltage of a sleeping person 
is shown in Fig. 32d. Ma et al. [191] reported a self-powered 
multifunctional triboelectric sensor that provides precise, 
regular, and real-time monitoring for various physiological 
and pathological changings in the human body. Lin et al. 
[12] constructed a self-powered body sensor network for 
human heart rate monitoring by harvesting energy from 
human walking. The proposed device used Bluetooth to con-
nect with a mobile, and instantly provides heart rate moni-
toring data on the mobile screen.

4.3 � Issues and Challenges

Triboelectric energy harvesting is one of the most 
advanced harvesting technologies among all energy har-
vesting technologies. Although there have been many 
published papers in this field for different self-powered 
applications, this field still faces a number of problems 
and issues for biomechanical energy harvesting. Based 
on the working mechanism of TEEH, it is observed that 
to accomplish the useful triboelectrification, TEEH has 
to undergo long term and frequent mechanical impacts 
that result in device failure and series of problems such 
as safety hazards, loss of life span, and degradation of 
output performance [192]. Further, environmental dust and 

Fig. 31   Skin based energy harvesting for self-powering smart watch 
[186]

Fig. 32   Heartbeat and breath monitoring system a monitoring belt, b 
subject sleeping while wearing monitoring belt, c computational sys-
tem, d ballistocardiogram for breath and heartbeat [190]
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moisture decrease the output performance by penetrating 
the surface of TEEH thus compromising the reliability, 
robustness, and durability of these devices [193]. There-
fore, it is essential to develop strategies to enhance the 
safety and sustainability of TEEHs. During the past few 
years, significant research has been done to overcome such 
issues. Xu et al. [194] recently reported self-healing TEEH 
by introducing a healable polymer into the device and 
recorded the recovery percentage in strain can reach up to 
97% after healing the broken specimens for 2 h at 65 °C. 
Zheng et al. [195] presented multilayered encapsulation 
of TEEH to improve the durability and reliability in vari-
ous severe environments. Moreover, liquid–solid contact 
TEEH is introduced to reduce the triboelectric material 
abrasion by frictional contact between the surfaces. The 
other advantage of such devices is their insensitivity to 
humidity which further improves their durability [196].

The other critical problem in TEEHs is the inflexibility of 
wearable harvesters due to their usage of metal electrodes. 
In order to overcome this problem, several researchers have 
proposed various designs. Lim et al. [197] constructed a 
fully stretchable harvester by using gold (Au) nano-sheets 
inserted between elastomers and electrodes that showed 
good properties in stretching and compression. He et al. 
[198] fabricated a highly stretchable harvester consisting of 
the fiber-convolving fiber and stretchable electrode. Simi-
larly, different stretchable devices have been proposed, as 
given in these references [199, 200]. The other big problem 
is the humidity dependence of TEEHs. In order to tackle 
this problem, Chen et al. [201] reported a waterproof device 
using micro-patterned polydimethylsiloxane (PDMS) that 
behaved as a friction and covering layer due to its hydro-
phobic attribute. Likewise, Yan et al. [202] designed a tribo-
electric harvester with hydrophobic modifications that make 
the device capable for use under high humidity. Moreover, 
for the fabrication of fashionable garments, washability is 
the crucial factor. Yu et al. [203] designed a comfortable 
and fashionable textile made of core–shell yarn with natural 
fibers wrapped around conductive fibers. Similarly, Zhao 
et al. [173] solved this issue using loom weaving metallic 
yarns made from traditional weaving process. Skin-like and 
biocompatibility in human-based energy harvesting is sub-
stantially important, as these harvesters are in direct contact 
with human skin. Li et al. [204] used polypropylene ferro-
electret in TEEH as a skin friendly material to overcome the 
biocompatibility issue. Further literature regarding issues 
and challenges for human powered triboelectric energy har-
vesters can be found in this Ref. [205]. Triboelectric energy 
harvesters are the most suitable energy harvesters among 
all, but they are still not fully developed for human motion 

energy harvesting due to the biocompatibility and flexibility 
issues.

TEEHs has shown considerable progress during the last 
few years. This technology can be revolutionary, but so far 
the future directions of this technology mainly depend on the 
issues and challenges that are still not addressed thoroughly. 
These issues and problems are summarized below:

1.	 Understanding the fundamental phenomenon of the 
working mechanism of TEEH is not yet clearly under-
stood. So clearly understanding this phenomenon is very 
crucial as it forms the theoretical foundation of this tech-
nology.

2.	 Improving durability and reliability is a critical issue for 
further advancement in this technology.

3.	 The power management approach is much needed to 
overcome the high open circuit voltage and low output 
current issue to reduce power loss.

5 � Comparison of Different Energy 
Harvesting Technologies

This section summarizes a detailed comparison of biome-
chanical energy harvesting technologies (piezoelectric, 
electromagnetic and triboelectric) and also present a brief 
overlook of other energy harvesting mechanisms opted for 
energy harvesting from human motion such as electrostatic, 
thermoelectric and pyroelectric energy harvesting.

Table 3 summarizes a brief comparison between differ-
ent energy harvesting devices with displayed advantages, 
disadvantages, and challenges. Piezoelectric devices pos-
sess high voltage with little mechanical damping, but they 
are not compatible with the current miniaturized fabrica-
tion techniques. Electromagnetic devices, on the other hand, 
require no outside sources but usually experience coil losses 
and low output voltages. Due to enough power requirement, 
speed growth gears are usually added to meet desirable rotat-
ing velocity. Therefore, it is challenging to fabricate these 
devices at microscale level suitable for human body appli-
cations. Triboelectric harvesters show considerable advan-
tages as compared to other abovementioned devices such as 
high power density, high conversion, and device flexibility. 
However, they have reliability and durability issues, and 
still, their working mechanism is not fully understood yet. 
The main challenges are to overcome washability, humid-
ity, durability, and biocompatibility issues in these devices.

Table 4 summarizes the brief comparison of the ideal 
body parts and techniques used in the literature to effec-
tively harvest energy from different harvesting technologies. 



840	 International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:821–851

1 3

Piezoelectric technology is researched mainly for muscle 
and knee motion, walking and palm grasping and imple-
mented in the backpack, shoe and wrist devices. However, 
there is a need to enhance the performance and capture 
ultra-low frequency vibrations and human motion. There-
fore, researchers used different techniques to overcome these 
challenges; among them, the frequency-up conversion is the 
most widely used technique. EMEHs are more suitable for 
utilizing the center of gravity movements of the upper body, 
lower limb movement, foot strike, and knee movements. 
However, to achieve the appropriate power output, it is nec-
essary to amplify the human motion, for that gear train is 

usually used for portable rotary generators. Device efficiency 
of gear and generator type is much higher than other energy 
harvesting devices. Thus, for high power wearable energy 
harvesting, EMEHs are the best candidate due to their high 
power and high conversion efficiency. TEEHs are more prac-
tical and efficient for converting human body movements 
to electricity. The triboelectric harvester can also act as a 
body motion sensor that possesses the excellent potential 
for biomedical monitoring. Lately, self-powered electronic 
skin has attracted much attention. Due to the high response 
time and higher sensitivity, TEEH is a suitable candidate 
for self-powered electronic skin. However, TEEH suffers 

Table 3   Summary of Energy harvesting technologies in terms of their advantages, disadvantages and challenges

Type of energy 
harvesting

Advantages Disadvantages Challenges

PEEH High energy density Difficult integration [175] Ultralow frequency of human [92]
High voltage output [175] Poor coupling [175] Brittleness and rigidity of Piezo 

materials [206]
No need of mechanical stopper [175] High impedance and low current [207] Complex human motion [7]
High capacitance [208] Need of piezoelectric material [177] Toxicity of piezo materials [98]
Small mechanical damping Self-discharge at low frequency [176]
No voltage source [175]

EMEH No voltage source [175] Low efficiency at low frequency [208] Designing a flexible system [117]
High output current [208] Coil losses [177] Difficulties in integration [114]
Low output impedance [207] Difficult integration [209] Difficulties in miniaturizing [135]
Small mechanical damping [175] Low voltage [209]
No need of contacts [209] Complicated to miniaturized [176]
Robust and durable [208]

TEEH Low operation frequency [105] Mechanism not fully understood [22] Inflexibility of electrode [197, 198]
Device flexibility [105] Difficult to integrate [22] Humidity [202]
High power density [22] Low current at high voltage [105] Washability [203]
High conversion efficiency [22] Durability [192] Biocompatibility [173, 204]

Table 4   Summary of the techniques and the ideal body parts and movements for effectively harvesting energy

Type of energy harvesting Ideal body parts and movements for energy harvesting Techniques for harvesting energy effectively

Piezoelectric energy harvesting Feet motion [74, 210]
Arm and leg motion [211]
Finger and palm motion [65]

Non linearity [76, 77]
Double pendulum system [211]
Frequency up conversion [93]
Circuit management [212, 213]

Electromagnetic energy harvesting Wrist motion [125]
Feet motion [128]
Knee motion [214]
Leg and arm [132]
Center of gravity of upper body [215]

Sprung eccentric rotor [118]
Frequency up conversion [132]
Spring clockwork mechanism [216]
Spring-less system [217]
Non linearity [218]

Triboelectric energy harvesting Human Skin [170, 185]
Hand tapping [178]
Cloth [219]
Cardiac and lung contraction and relaxation [190]

Ultrathin flexible single-electrode [155]
Core–shell structure mechanism [203]
Air-cushion mechanism [220]
Liquid metal electrode [221]
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from low durability, biocompatibility, high power loss and 
inflexibility issues. Therefore, different techniques are used 
to overcome the abovementioned challenges and to harvest 
energy effectively as shown in Table 4.

Table 5 presents a brief comparison of the performance 
outputs of the different devices according to their attached 
position on the human body. TEEHs shows higher open cir-
cuit voltages up to several hundred of volts but for a very 
short period of time from several milliseconds to several 
hundred milliseconds during contact or release thus exhibit-
ing higher instantaneous efficiency and low average energy 
conversion efficiency. However, these devices show bet-
ter potential to integrate into wearable energy harvesting 
devices due to their easy scalability, light weight and flex-
ibility. PEEHs also exhibits higher power outputs at higher 
frequency range however for a long frequency regimes such 
as human motion, their efficiency is low. However different 
studies [54] [59], enabled the operation frequency of PEEHs 
close to that of the human body and showed higher output 
performance which proves the practicability of these devices 
for human motion energy harvesting. On the other hand, 
EMEHs are more feasible for macroscale and mesoscale 
applications like knee cap, hip-mounted, and backpack 
applications and showed higher power outputs and higher 
energy conversion efficiency.

Among biomechanical energy harvesting technologies as 
reviewed above, electrostatic energy harvesters have also 
gained much interest due to their high output voltages and 
easy to integrate with microelectronics [225]. Electrostatic 

energy harvesters are capacitive devices; however, on the 
other hand, piezoelectric and electromagnetic harvesters are 
inductive. Electrostatic devices work through the relative 
displacement of two parallel plates with a layer of dielec-
tric in between, thus allowing the conversion of mechani-
cal motion into electrical energy. Usually, these devices are 
considered more suitable for low-frequency applications. 
The major limitation of these types of energy harvester is 
the need for the power source to charge the capacitors with 
the initial voltage to begin the energy harvesting process. 
And the other drawback is the complexity to fabricate these 
devices to maintain the minute gap between the two plates 
as the two plates should not come in contact with each 
other [226]. Furthermore, bandwidths and power density 
are the two important factors to evaluate the efficiency of 
such devices. Generally, optimal power outputs can only be 
obtained at narrow frequency ranges. ESEHs might be appli-
cable to harvest energy for narrow bandwidths. However, 
larger bandwidths are required to harvest energy from human 
motion. To overcome these challenges, Lu et al. [227] devel-
oped a low frequency self-biased silicon-based electrostatic 
energy harvester with enhanced frequency bandwidths from 
1 Hz to 60 Hz by using frequency up-conversion system. 
The prototype was tested with handshaking and obtained 
the maximum power density of 142 µW/cm3. Further, vari-
ous researchers have used these energy harvesters for bio-
mechanical energy harvesting from human motion in these 
references [228, 229]. These devices are compatible with 
microfabrication techniques; however, the requirement of 
additional charge sources makes them least useful for human 
motion based energy harvesting.

Apart from biomechanical energy harvesting, the human 
body itself can generate heat for powering low powered 
devices. The use of mechanical energy harvesting technolo-
gies can be limited in health care systems and is not reli-
able for patients and older adults. Therefore in such cases, 
heat-based energy harvesters such as thermoelectric and 
pyroelectric devices are more favorable to use [230]. The 
main difference between these two energy harvesters is that 
thermoelectric energy harvester (TMEHs) depends on the 
space temperature difference across the device while pyro-
electric energy harvesters (PREHs) relies on the temporal 
variation of the device temperature. Despite their long life, 
high reliability, and low maintenance benefits, these devices 
suffer from low energy conversion efficiency and high costs. 
Attempts are being made to overcome these challenges. 
These devices has plenty of applications in the human 
wearable and implantable biosensor. Ayesha et al. [231] 
and Kim et al. [232] recently built a self-powered pyroe-
lectric and thermoelectric generator using body heat as an 
energy source for biomedical monitoring purposes such as 

Table 5   Summary of the performance of different energy harvesters 
exploiting human motion energy

Type of energy 
harvesting

Power out-
put (mW)

Open circuit 
voltage (V)

Attached position

PEEH 28 20 Shoe [54]
0.0002 0.7 Skin [50]
45.6 – Backpack strap [59]
1.7–2 40–60 Arm and leg [211]

EMEH 0.5 0.24 Leg and arm [132]
2.58 0.5 Arm [133]
2.28 0.5 Shoe [128]
0.203 1.12 Wrist watch [125]
0.284 2.5 Hip mounted [222]
1.7 1.4 Knee [214]
32 – Backpack [215]

TEEH 4.67 392 Skin [223]
2.1 210 Shoe [224]
– 1050 cloth [219]
0.3 305 Wrist bracelet [150]
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respiration and heart monitoring with the maximum power 
density of 0.034 µW/cm2 and 38 µW/cm2. Further literature 
on such energy harvesters can be found in these references 
[233–235]. The capacity of these devices depends on the 
human body environment. However, due to the stable human 
body environment, the heat based devices is not satisfactory. 
Therefore making them less popular among heat conversion 
devices in future.

6 � Conclusions

In this paper, we presented a comprehensive review of 
human motion-based energy harvesting for smart wearable 
electronics such as smart textiles, smart wrist wearables, 
smart footwear, smart skin, etc. We concentrated on biome-
chanical energy harvesting techniques and classified them 
according to their working principles. Further, various types 
of design configurations and prototypes for smart wearable 
electronics that can harvest energy from different biome-
chanical motions are reviewed and summarized in detail. 
Ultimately, challenges and issues for the development of 
self-powered wearable electronics are discussed under each 
harvesting technology section.

Harvesting biomechanical energy from human motion 
is quite a challenge, as it involves multidimensional move-
ments such as the swinging motion of the arms, and exhibits 
low-frequency range (1–10 Hz). Therefore, several designs 
for smart wearable electronics using different energy har-
vesting technologies have been proposed to meet these 
challenges. Piezoelectric energy harvesters (PEHs) showed 
considerable potential for human motion-based energy har-
vesting. However, the operating bandwidths of piezoelectric 
devices are quite high, making them unfeasible for human 
motion-based energy harvesting. Moreover, linear PEHs are 
unable to scavenge energy from complex multidimensional 
movements of human motion.

By contrast, electromagnetic energy harvesters (EMEHs) 
showed a higher output power, but due to their lack of min-
iaturized designs, they are not suitable for smart wearable 
electronics. However, several designers have combined 
EMEHs with PEHs and Triboelectric energy harvesters 
(TEEHs) so as to build hybridized EMEHs, and improved 
their miniaturized designs for wearable devices. Triboelec-
tric energy harvesters have emerged as the most advanced 
human motion-based energy harvesting technology. Among 
other techniques, TEEHs showed better performance regard-
ing power outputs and integration in wearable devices. 
However, these harvesters suffer from issues of flexibility, 
stretchability, and humidity. Various designs have been pro-
posed to solve these issues, but this technology still requires 
further improvement.

From the author’s point of view, PEEHs and TEEHs are 
more likely to lighten up the future of human motion energy 
harvesting technology as recently, these devices have gained 
much improvement due to the progress in nanotechnology. 
However, the performance of PEEHs is not much improved, 
and the triboelectric phenomenon is still not fully under-
stood yet; therefore it still lacks the theoretical foundation. 
Further, High open circuit voltage and low short circuit cur-
rent results in power loss and therefore, power management 
approach is much needed in triboelectric energy harvesters. 
On the other hand, EMEHs are famous in macroscale and 
mesoscale applications owing to their higher energy outputs 
and higher conversion efficiency, but the major challenge is 
the miniaturization of EMEHs and compact configuration 
and therefore not suitable for wearable energy harvesting 
technology. Last, the most critical aspect is the gap between 
the frequency range of human motion and the operating 
frequency of the device for energy conversion efficiency. 
Hence, it is challenging to develop devices to harvest energy 
from the complex and irregular movements of the human. 
Hybridization of the different mechanisms might be an effec-
tive solution to scavenge energy from the human effectively. 
Further, the mutual interaction between different devices is 
not fully explored and understood yet. Last but not least, 
the development of low powered electronics may help in 
developing the energy harvesting devices as it will shorten 
down the gap between the output power of the harvester and 
the power demand of load electronics.

Although, currently, these biomechanical energy-harvest-
ing technologies are not fully developed and suitable for 
smart wearable electronics, according to its rapid growth 
and progress, it can be forecasted that human motion-based 
energy harvesting will soon pave its path into the real world.
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