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Abstract. The emergence of human motion-based energy harvesters is a reflection of the need to develop future
energy supplies for small-scale human motion-based self-powered and self-sensing devices. Such systems have
widespread application in modern society, which includes health monitoring, medical care, wearable devices,
wireless sensor nodes, and outdoor rescue. This paper overviews the state-of-the-art and recent progress in human
motion-based self-powered and self-sensing devices, where we classify the range of available energy sources, the
energy conversion mechanisms, relevant materials, and novel device architectures to harvest human motion energy.
The range of human motion energy sources is classified into three categories based on how they act as excitation
sources for energy harvesting. The commonly used energy conversion mechanisms are then overviewed in detail,
which include electromagnetic, piezoelectric, electrostatic (dielectric elastomer generator and triboelectric
nanogenerator), and the range of potential electroactive materials are discussed. In addition, the harvesting structures,
operating mechanisms, and performance of human motion-based energy harvesters are overviewed, discussed and
characterized based on the range of available human motion energy sources. Furthermore, the application of self-
powered devices in delivering power to implantable medical devices, wearable devices and other low-powered
electronics are comprehensively reviewed. The state-of-the-art and future advances in human motion based self-
sensing devices are then reviewed and related to their application in human activity recognition, health monitoring
and human-machine interactions. Finally, key developments are summarized and discussed, and the potential

research directions and critical challenges are presented to highlight future opportunities.
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1. Introduction

World-wide, the supply of energy is a cornerstone of the development of human society. The creation of
energy sources that help protect our environment is also an issue of concern for the whole world. Historically,
the range of energy sources utilized by humans have developed initially from traditional fossil fuels
(firewood, coal, and oil) and progressed to renewable forms of energy (wind, hydropower, nuclear, wave,
tidal, biomass, vibrational, and human body energy). Additional energy conversion mechanisms, including
solar energy conversion®*, thermoelectric conversion®, and electromechanical conversion (based on
electromagnetic induction, piezoelectric, and electrostatic effects) have been employed to utilize ambient
forms of energy. These energy sources can be used in a wide range of applications, including large-scale
manufacturing, engineering, farming, transportation, and medical treatment to small-scale power supplies
for lighting, entertainment, low-power consumer electronics and wearable devices. Today, the development
of small-scale wireless electronic devices, such as wireless sensor nodes °, wearable and implantable devices
7, and bioinspired sensors 8, has led to a significant demand for independent, distributed, autonomous, and
high-performance power supplies.

To date, chemical batteries are widely used to power small-scale wireless electronic devices; however,
they cannot satisfy the requirements of delivering a continuous power supply while being lightweight,
comfortable, and small-scale for future wireless electronic devices. In particular, the use of bulky and heavy
batteries is unsuitable in portable applications such as outdoor activities and personnel (e.g. rescue or
ambulance); in addition, batteries are a potential source of pollution during their manufacture and disposal.
The lifetime of the batteries is limited due to their low energy storage density, thus resulting in an
inconvenience and potential danger when replacing batteries, especially for implantable biomedical devices
and other wireless medical and rehabilitation devices. Moreover, many battery systems are unable to operate
at low or high temperature, thus limiting their applications in hostile environments, which is common for the
outdoor exploration devices for the travellers and the outdoor rescue devices.

In recent decades, the rapid development of advanced energy harvesting (EH) technologies and relevant
functional materials has led to the creation of small-scale energy harvesters . The energy harvesters have

been designed to scavenge energy, especially undesired sources of energy. Although such energy sources



can typically produce small-scale levels of power, ranging from pW level to mW level, these energy
harvesters can act as a portable energy supply that is not reliant on the large-scale power grid or battery
supplies during operation. Thus, they are of interest for portable power supplies for creating autonomous
low-powered wireless electronic devices.

Hence, energy harvesting technologies that scavenge energy from green and sustainable energy sources
has significant potential in powering wireless electronic devices. Potential energy sources include many
environmental forms of energy, which include wind, waves, tidal motion, mechanical vibrations, mechanical
rotations, environmental noise, and human body related energy 4. Among these energy sources, the human
body is of importance as it can be harvested actively (i.e., energy is harvested from intentional human
activities, such as hand shaking and palm clapping) or passively (i.e., energy is harvested from unintentional
activities or dissipated energy sources, such as breathing and swing motion during walking). Of particular
interest, when it is difficult to harvest energy from the external environment, is the possibility to obtain
energy from our own body so that energy is always available.

It has been reported that the energy stored in an average-sized person’s fat is as much as a 100-kg battery
15, Therefore, the human body can act as an energy source for many portable self-powered and self-sensing
devices. Moreover, during a normal active day a person dissipates a significant amount of energy, typically
~ 2000 kcal, while sleeping, walking, running, sitting, talking and breathing, with an estimated average
power of 1000 W & 17| Therefore, both active and passive harvesting of energy from the human body
(especially for dissipated energy), can provide a new solution for sustainable energy and provide power for
a range of low-powered wearable or implantable electronics *8. As a result, the development of human body-
based energy harvesters is of particular importance, especially in emergency situations; for example, a simple
hand torch powered by human motion can be extremely important to provide lighting, especially when no
external power supplies are available.

Power can be readily generated from a range of human body-related sources '°, see Fig. 1, such as
temperature differences 2?2, heat dissipation 2% 24, blood pressure 2°, human sweat 2¢ 27, and human motion
which includes the movement of human body, swing motion, and joint rotation. Therefore, human body
energy sources can be generalized into human-motion-based energy and non-human-motion-based energy,

with the former attracting the most attention in the literature. For example, in 1770, the French scientist



Abraham-Louis Perrelet designed a fully autonomous self-winding pedometer watch that generated energy
from the movement of a human arm 28, This represents one of the earliest recorded small-scale human
motion-based energy harvesters. It should be noted that some extended human body motions, such as as the
strike of walking stick as it impacts the floor, can be also converted into electricity provide activity
monitoring, tracing, and accident alert 2°; however, they are not strictly defined as human motion in this

review.
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Fig. 1 Range of energy sources from the human body.

In most cases, energy from the human body can be transformed into electrical energy using a range of
energy conversion mechanisms. For example, thermoelectric energy harvesting is based on the Seebeck
effect 202230 31 thermo-osmotic %2 or thermomagnetic generator * and is able to harvest energy from the
temperature difference between the human body and ambient environment; pyroelectric energy harvesting
is based on the change of spontaneous polarization of a pyroelectric material and can generate electricity
from temperature fluctuations 2% 34-%; biofuel cells can harvest energy from biofluids such as human sweat
2. and specific electromechanical conversion mechanisms 2% % such as electromagnetic, piezoelectric, and
electrostatic energy harvesting technologies can harvest energy from human motion. These are shown in Fig.
2. The generated electrical energy can be stored or further utilized to provide power for low-powered
electronics. In other studies, energy from the human body can be transformed into other non-electrical energy
forms of energy. One example is the mechanical watch, where for centuries mechanical winding mechanisms

have been used to convert arm shaking or swing motion into potential energy, which was stored to power a



watch. Other examples can be reported recently: hydraulic energy can be generated from human walking
which is induced by backpack motion and can support the operation of a hydraulic exoskeleton for a load
carrying mission 3¢, and the energy from leg swings can be stored as elastic potential energy in flat spiral
springs and subsequently released to assist in walking for patients with lower limb dyskinesia through
exoskeletons 3°. While these harvested energies are useful in specific applications, they cannot be readily

used as an electrical power source, thus their applications are relatively limited.

As aresult, human motion is an energy source which provides the possibility for creating energy harvesters
that produce electrical energy as a result of our own body motion, rather than from the ambient environment.
Human motion-based energy harvesters have wide applications in our daily life, ranging from health
monitoring, activity recognition, human-machine interactions, to field survival *> 4. As an example,
bioinspired sensors are a new form of sensor that utilizes existing technologies and processes to simulate
structures and materials in nature 8 which has attracted significant interest recent decades ****. While
bioinspired sensors often exhibit a low-power consumption *°, they require a power supply to support their
function. Xue et al. concluded in their review paper ¢ that there are two approaches to address the power
supply: (1) bioinspired sensors can be combined with energy harvesting technologies, which can convert
energy from ambient environment into electricity. (2) bioinspired sensors based on triboelectric
nanogenerators and piezoelectric nanogenerators can directly convert the detection signal (such as vibration,
and pressure) into a sensing signal without the need for a an external power supply. Inspired by this approach,
the electricity harvested from human motion can be used for two main portable devices namely self-powered

devices and self-sensing devices.

The adjective of being self-powered, according to the Marrian-Webster Dictionary, means having its own
power or propelling force . In recent years, small-scale self-powered devices which generate electricity
from vibrations, rotational motion, and wind have attracted significant attention #’. The development of
human motion-based energy harvesting technologies and associated human motion-based self-powered
devices make them highly portable, so that they can be applied to a wide range of applications, as summarised
in Fig. 2. The applications of self-powered devices include powering implantable biomedical devices,

wearable devices and other low-power electronics.



Correspondingly, the concept of self-sensing is a new term that refers to the ability of a structural material
to sense by itself without sensor incorporation “6. While this definition originated with a reference to self-
sensing concrete, it can be extended to a range of other smart materials that are able to act as self-powered
sensors. Therefore, self-sensing devices are initially self-powered and are then sensitive to a specific physical
quantity such as force, temperature, or motion. Thus, human motion-based self-sensing devices are able to
power themselves by utilizing human motion energy and can be applied in human activity monitoring,
healthcare monitoring, human-machine interaction and bioinspired sensor systems %%, whose applications
include both healthcare and human-machine interaction 8. These applications provide new prospects in the
development of human motion-based self-sensing devices, as seen in Fig. 2. In summary, in this review
paper, self-powered devices refer to self-powered devices which do not have sensing abilities, while self-
sensing devices refer in the self-powered devices possessing specific sensing ability.
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Fig. 2 Energy sources and energy conversion mechanisms for human motion-based energy harvesting and its application in a
range of applications; including powering low-powered electronics and self sensing.



In recent decades, relevant review papers on human body-based energy harvesting have been published
[put all the references here 52-60], For example, Zhang et al. summarized human activity-induced energy
harvesting based on ferroelectrics and ferroelectric biomaterials %2. The review paper of Proto et al. focused
on the development of nanogenerators based on piezoelectric, triboelectric and thermoelectric physical
effects to harvest energy from body-based biomechanical and thermal energies . Huang et al. reviewed the
functional materials, fiber fabrication techniques and device design strategies to form fiber-based energy
conversion devices for human-body energy harvesting %4 Zhou et al. overviewed the mechanical and
biochemical energy from human activities, and the working principles, design approaches, wearing style,
and materials to produce energy harvesters were compared and analyzed “°, while Zou et al. foucussed on
the thermal, chemical and mechanical energy contained in the human body, and the application of harvesting
for smart bioelectronic system 5. Shi et al. examined walking based energy harvesting to scavenge energy
from body vibrations, inertial elements, and foot pressures 6. Mitcheson et al. summarized the energy
harvesters based on human motion, and discussed the trends, applications and future developments 8. Khalid
et al. reported on the piezoelectric, electromagnetic and triboelectric energy harvesting technologies to
scavenge biomechanical energy from walking, stretching, and limb movement 7. Dagdeviren et al.
summarized harvesting from living subjects (including the energy in chemical, thermal and mechanical
forms) for self-powered electronics 8, while Invernizzi et al. addressed the main physical and physico-
chemical processes that lead to energy generation from human motion %°. In the review paper of Cai et al.,
the principles, development, and applications of human motion (including center of mass motion, joints
motion, foot strike and limb swing motion) excited energy harvesters were reviewed .

However, to the best of the authors’ knowledge, no previous work has reviewed the human motion-based
self-powered and self-sensing devices. For an improved understanding of this research topic, a
comprehensive review is required that summarizes the classifications of available human motions, the range
of available energy conversion mechanisms, the available materials, device structures, performance and
ultimately the applications.

In this review, the progress, challenges and potential opportunities of human motion-based self-powered
and self-sensing devices are comprehensively reviewed and critically discussed. The remainder of the review

is organized as follows: Section 2 classifies the available human motion forms of energy based on how they
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operate as excitation sources. The commonly used energy conversion mechanisms and materials are
carefully introduced in Section 3. In Section 4, the state-of-the-art advances of the human motion-based
energy harvesters are comprehensively reviewed, discussed and characterized by introducing their device
structures, operating mechanisms and performance based on a range of human motion forms of energy. The
application of human motion-based self-powered and self-sensing devices are then summarized and
categorized in Section 5, and the application challenges are discussed. Finally, conclusions, challenges and

prospects are addressed in Section 6.

2. Classification of energy sources from human motion

Energy conversion mechanisms, materials and structures for self-powered and self-sensing devices highly
depend on the nature and properties of the range of potential human motions. Therefore, it is necessary to
classify the range of energy sources from human motion which can be harvested, along with their motion
characteristics. Cai et al. % classified human forms of motion into centre of mass (COM), joint, foot strike
and limb swing motion. According to Zhou et al. 4, the mechanical energy generated by human motion
includes energy produced from arm joint movement, ankle joint movement, centre of mass motion, knee
joint movement, heel strike and limb swing. However, these classification methods have primarily
considered the origin of the energy sources, but they do not clearly classify the human motion energy
according to their typical properties. Hence, in this review, human motion forms of energy are classified into
three categories based on how they operate as a source of excitation for human motion-based energy
harvesters, as shown in Table 1: This includes Category | — Human motion that operates as an external base
excitation; Category Il — Human body movement that operates as a direct form of excitation that leads to
deformation; and Category 111 — Human body movement that leads to a slowly varying pressure or small
displacement. The specific properties and representative examples of these three categories are shown in

Table 1, which should be considered in the design of energy harvesters.

Table 1 Classification, definition, properties and representative examples of human motion energies.

Category and definition Properties Representative examples




Category |: Human motion  For macroscopic motion: 1. Walking or running related motions
that operates as an external M Operate as vbrational or rotational (unintentional motion):
base excitation base excitation B Centre of mass motion
B Human motion with high amplitude B Swing motion
(mm or cm level) W Joint rotation
B Low frequency (typically < 10 Hz) 2. Macroscopic motion not related to walking or

running (intentional motions):

For microscopic motion: B Human joint movement
W Operate as vbrational or rotational B Arm / hand shaking
base excitation 3. Micro-physiological motion

B Small level of amplitude W Heart beat

W High frequency W Vibration of vocal cords
Category II: Human body B Random and intermittent B Compression / stretching / twisting excitations
movement that operates as M Harvesters that deform along with this B Bending motion of a finger, wrist, arm, elbow,
a direct deforming form of type of human motion knee and thigh
excitation
Category I1l: Human body B Microscopic motion W Touching, tapping, pressing, sliding or
movements that lead to a B Slowly-varying pressure or small- hammering of finger, hand, toe and heel
slowly varying pressure or displacement motion (um level) W Foot pressure during walking or running
small displacement motion W Breathing

W Blood pressure variation

(1) Human motion that operates as an external base excitation (Category 1). For energy harvesters such as
energy-harvesting backpacks ©, they are able to harvest energy from the continuous vibrational or rotational
excitation induced by human motion. Under these circumstances, human motion operates as an external form
of base excitation for the energy harvester. This category of human motion provides an external vibrational
or rotational excitation, which acts as a base excitation for the energy harvester. In most cases they are
macroscopic motions which are visible to the naked eye with a magnitude at the mm or cm level, while in
the other cases, such as heartbeat, the motions can be smaller.

Examples of these motions are related to walking or running, including the walking/running induced
centre of mass motion, swing motion, joint rotation and other energy sources. A complete gait cycle of a
person can be divided into two main stages: stance and swing 2, as shown in Fig. 3Fig-3. During each cycle,
the centre of mass of a person moves up and down, thereby producing a vertical vibrational excitation, which
can be harvested by an energy harvester mounted on the waistline ®, backpack ¢ or other body parts. The

swing motion of arms §7-5°, wrists 7°, lower-limbs ™, thighs 72, legs "¢ and feet " 7® during the swing stage
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of waking acts as an external base excitation and can be harvested. This form of motion is the primary energy
source for many human motion-based harvesters. Moreover, when a person walks or runs, the rotation of
joints 59, such as the knee-joint ' 7, can be transformed into electricity. Other walking or running related
energy sources include the impact/strike energy of the leg and the heel 7> 77, which are suitable for harvesting
using shoe (including sole or insole)-mounted generators.

It should be noted that since the frequencies of human walking and running motion are relatively low 77,
the frequencies of the related motions are also low; typically < 10 Hz 8. Thus, to harvest energy from these
forms of motion to deliver a self-powered and self-sensing device, energy harvesters should be designed and
explored to scavenge low-frequency motions with wide-frequency characteristics, or can provide frequency
up-conversion technologies, frequency tuning technologies, or non-resonant technologies %7, Moreover,
the irregular motion associated with human walking or running is difficult to harvest due to their high
amplitude (>1 g) and random (time-varying) characteristics ¢ &, which should be considered in the design

of a human motion-based energy harvester.

(a) (b) (©) ) (e) n (a)

Heel contact Toe-off

Toe-off Swing

Mid-stance i
nce o Terminal stance

[ — | | I tan |

Fig. 3 A typical gait cycle during walking, an example of Category | energy source .

The other range of human motions that operate as an external form of base excitation are not related to
walking or running. These motions involve intentional actions from human body 8 #-91 such as human joint
movement (e.g., bending of a finger or arm), arm/hand shaking, or regular hammering by the hand. The
frequencies of these human motions are also low, but they can be controlled by human, which is beneficial
in the design of an active human motion-based energy harvester, which has significant potential in

emergency conditions where there is no external power supply.
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In addition to macroscopic human motion, the internal organs of a human, such as the heart, vascular wall,
and vocal cords can provide an external excitation for in vivo energy harvesters . It should be noted that the
energy from the heartbeat, pulse, and vibration of the vascular wall and vocal cords can be several orders of
magnitude lower than macroscopic motions; nevertheless the micro-scale physiological movement is a
promising energy source for human motion-based energy harvesters powering ultra-low-powered
implantable medical devices (IMDs).

(2) Human body movement that operates as a direct form of excitation (Category Il). Energy harvesters
based on flexible and stretchable materials are able to move and deform in line with the movement of the
human body. For these harvesters, the human motion acts as a direct form of excitation which leads to
excitation, which means that the active part of the harvester deforms with the human motion. Examples
include compression/stretching/twisting excitations %, the bending motion %+ of a finger, wrist, arm, elbow,
knee and thigh, and other motions such as reciprocal abdominal motions resulting from the human breathing
192 and the motion of left ventricle in closed chest environment 1%,

It can be found that in many cases the motion of a joint can act as a direct form of excitation by deformation
for self-powered or self-sensing devices. However, since joint rotations of the elbow, ankle, knee, shoulder
and other body parts can often be random and intermittent, the obtained electrical signals are typically
irregular with varying magnitude °, and this should be considered in the design and development of such
energy harvesters. Moreover, as the energy harvesters should deform along with the human motion, flexible
materials such as stretchable piezoelectric materials, textiles and dielectric elastomers should be selected to
design energy harvesters aiming to exploit this type of human motion.

(3) Human body movements that lead to a slowly varying pressure or small displacement motion (Category
111). The slowly varying pressure from finger touching, foot standing, and blood pressure, can provide
positive work that can be transformed into electrical energy. In most cases, the slowly varying pressure
results in a small displacement or motion (um level), which can be used to stimulate an energy harvester.
Hence, this categoty of human motions are always microscopic, and the slowly-varying pressure or small-
displacement motion is directly applied to the harvesters.

The most common source of such human motion is touching, tapping, pressing, sliding or hammering of

the finger %% 104107 ‘hand 99 104 106,108 tge 9 and heel °7. Another important source of energy is foot pressure
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109-116 dyring walking or running, which may result in friction forces " 118 that can be harvested. Moreover,
slowly varying pressure or small displacement motion can originate for palm clapping % 2, the continual
contact-separation processes between elastomer materials and human skin 2!, breathing!?> and blood
pressure variation 2°. It can be found that both active and passive harvesters can be designed to harvest energy

from human body movements that lead to slowly varying pressures or small displacement motions.

3. Energy conversion mechanisms and materials for human motion-based self-powered and self-

sensing devices

A variety of forms of human motion energy can be harvested for self-powered and self-sensing devices
through a range of energy conversion mechanisms. The characteristics of the range of electromechanical
energy conversion technologies, can match the available energy forms, and can lead to different design
methodologies and a range of energy harvesting structures. Therefore, energy conversion mechanisms
suitable for small-scale human motion-based self-powered and self-sensing devices will be introduced in
this subsection, along with the potential energy conversion materials.

3.1. Electromagnetic induction

In 1821, the phenomenon of electromagnetic (EM) induction was discovered by Faraday. He established
Faraday’s law, and invented an electric generator (Faraday’s wheel) in 1831 %, It was found that when the

magnetic flux @, through a looped electrical conductor varies with time t, a voltage V , which relates to
the induced electromotive force (emf, f,,), will be formed, thus generating electrical energy ***, as shown in

Fig. 4. If the circuit is closed with a load resistance, R, aninduced current of |1 =V /R along the circuit will
be obtained. The emf is related to the rate of change of @, and can be expressed as f,, =—d®,/dt .

According to the energy conservation principle, it is apparent that the system generates electrical energy that

is equal to the physical work done against this force, ignoring any heat production.
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Direction of Movement

Induced electromotive force

Fig. 4 Schematic of the electromagnetic induction effect.

According to the mechanism of electromagnetic induction, electricity can be generated when an external
mechanical excitation is applied to vary the magnetic field across a coil. After Faraday’s wheel, this
electromechanical conversion mechanism led to the design of a range of electromagnetic generators (EMGs)
which are able to transform fossil-fuel energy, water power and wind energy into electricity using a steam,
water and wind turbine, respectively. At the small-scale level, many electromagnetic generators have been
proposed to harvest a range of energy forms, including energy from human motion 6% 62 68,69, 115,125-127,

It is well known that the magnetic flux ®, =B-S, where B is the magnetic induction and S is the area

perpendicular to B. Hence, for the purpose of creating a time-varying magnetic flux, two main forms of
electromagnetic generators are envisaged. The first type of electromagnetic generators is achieved by
moving a coil while fixing the magnet, and this type of electromagnetic generator (a coil) consists of N
turns of a coil which are excited to cut the magnetic induction lines of a constant magnetic field B . The
same result can be achieved by moving a permanent magnet nearby a stationary or fixed coil, thus leading
to another type of electromagnetic generator.

The main components of a vibrational or rotational electromagnetic generator are therefore its permanent
magnets and coils, which influence the performance of electromagnetic generators. Permanent magnets are
a class of materials which can generate a stable magnetic field autonomously. The magnetization M , which
is defined as the magnetic dipole moment per unit volume, is a key material property parameter to evaluate

the strength of a magnet. This can be calculated for M = 4,, - H , where H is the magnetic field strength and

2. 1s the magnetic susceptibility. The materials of the permanent magnets can be classified into four classes
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based on their magnetic properties: diamagnetic, paramagnetic, ferromagnetic and ferrimagnetic materials.

Diamagnetism and paramagnetism can be induced when an external magnetic field B,, is applied to a
material with y, <0 and y, >0, respectively, thus creating an attracting force. These two materials can

only retain magnetization when a magnetic field is applied, which means that they do not have permanent
magnetic properties, and are therefore not important for energy harvesting. In comparison, ferromagnetic
and ferrimagnetic materials can be used to generate a permanent magnetic field due to the alignment of the
electron spin moments of the component atoms/molecules. If the local magnetic moments in the materials
are parallel, the materials provide a strong contribution to the magnetization and are called ferromagnetic
materials. Conversely, those materials, in which the nearest neighbouring atoms (with different moments)
present antiparallel alignment, thus reducing magnetization, are called ferrimagnetic materials. In Table 2,
the important characteristic parameters of the most common magnetic materials are presented. A particular
case of ferrimagnetic materials are anti-ferromagnetic materials, whose magnetization is zero; this type of

material is unsuitable for energy harvesting.

Table 2 Material properties of some commonly used bulk magnets . BHmax indicates the maximum volumetric energy density;
H, is the coercive force; the Curie temperature means the critical temperature for the magnets to lose their permanent magnetic
properties. Among these magnetic materials, AINiCo and SmCos are ferromagnetic, ferrites are generally ferrimagnetic, and

NdFeB can behave both as a ferro- and as a ferrimagnet.

Material BHmax H Curie temperature  Advantage Disadvantage

c

Km3 amy

Ferrites  10-40 100-300 450 Low cost, corrosion resistance Low mechanical strength,
low energy product
AINiCo 10-88 275 700-860 Corrosion and heat resistance  Low coercive force and

energy product

SmCos  120- 600- 700 High energy product, heat High cost, low mechanical
200 2000 resistance strength

NdFeB  200- 750- 310-400 Very high energy product and Low working temperature,
440 2000 coercive force low corrosion resistance

The coil is the other main component of an electromagnetic generator. For an electromagnetic generator
to transform the energy of human motion into electricity, its size should be sufficiently small to allow the
device to be portable or wearable. Two approaches are possible to achieve this goal: the use of micro wire-

wound coils or micro-fabricated coils. For the micro-wound coils, the wire diameter is decreased and the
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increase in resistance per unit length further reduces the efficiency of the electromagnetic generator.
Compared to the micro-wound coils, micro-fabricated coils can be readily fabricated into a small size and
complex geometry, and have therefore attracted significant attention for energy harvesting %.

It should be noted that electromagnetic generators are recommended for macroscale devices, which can
be readily fabricated using high performance bulk magnets and multi-turn coils. Moreover, the generated
voltage of small-scale electromagnetic generators is relatively low (typically < 1 V %), however the current
produced is relatively high. For wearable or portable human motion-based self-powered and self-sensing
devices of small size, their energy harvesting performance is limited. Moreover, since electromagnetic
generators use vibrational magnets or coils, small-scale generators are most suitable in harvesting energy
from human motion that operates as an external base excitation (Category 1).

3.2. Piezoelectric effect

The piezoelectric (PE) effect was first discovered in 1880 by French physicists Pierre Curie and Jacques
Curie 28, They found that specific inorganic crystals, polymers, and biological matters (such as bone, DNA
and various proteins) can be polarized electrically when subjected to an applied mechanical stress. The
polarization charges can be generated on both surfaces of a piezoelectric crystal, thus generating a voltage
difference between the two surfaces, as shown in Fig. 5. This is the so-called direct piezoelectric effect. A
year later, from the principles of thermodynamics, Gabriel Lippmann mathematically deduced the converse,
or inverse, piezoelectric effect *2°, which indicates that a piezoelectric material deforms when it is subjected
to an electric field. One can see that the direct piezoelectric effect can be used for both sensing and energy
harvesting, where the applied mechanical stress or strain generates surface charges or an electrical signal (an
electric field under open circuit conditions) on the piezoelectric material. In recent decades, piezoelectric
generators (PEGs) have shown their advantages of simple configuration, large energy conversion efficiency,
and the ease of integration into more complex systems *°, thus resulting in the rapid development of
piezoelectric generators. The phenomenon of the piezoelectric effect is attributed to the unique elemental
structure of specific crystal lattices. In their crystalline ionic structure, a balanced equilibrium exists between
the positive and negative charges, which is neutralized along the virtual polar axis. When these crystalline
structures are subjected to a mechanical excitation (stress, vibration or strain), this equilibrium can be
disturbed, leading to an irregular arrangement of the dipoles and producing an electrical charge *3* %2, Thus,
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the positive and negative charges are separated with the destroy of the molecule’s neutrality, and surface
charges can be collected via electrodes under short circuit conditions, or result in a potential difference
between the surfaces under open circuit conditions. The number and strength of the electric dipoles of the
piezoelectric material is a factor that affects the material’s behaviour and performance. Additional details
about the influence of mechanical excitations on the molecular and atomic structure of piezoelectric

materials can be found in Refs. [ %3],

Metal plate
Piezoelectric material
g | g o g g o

e

Applied mechanical stress
Fig. 5 [Schematic of the direct piezoelectric effect.

From a macrocosmic point of view, the direct and converse piezoelectric effects are governed by the
following piezoelectric constitutive equations, which show the relationship between the mechanical

stress/strain and the electric field/charge density:
Converse] [S st d' [T
) =l |= : @)
Direct D d ¢ | E
Here, s is the compliance under a constant electrical field; &' is the dielectric permittivity under a constant
stress; d and d' are respectively the matrices for direct and converse piezoelectric effect, where the
superscript t represents the transpose.
For a piezoelectric element with area A, thickness h, and piezoelectric charge constant d =d,, along the
h direction, it can be approximately regarded as a parallel plate capacitor, whose capacitance C =g,s,A/h
, where g, and ¢, are the vacuum permittivity and the relative permittivity of the material, respectively.
When the element is applied with astress o (or aforce F=cA ), the accumulated charge Q on the electrode,

the induced voltage V over the element, and the total generated electrical energy W can be obtained, as

follows:
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where d is a constant and g=d/(g,) is called the piezoelectric voltage coefficient. Volume=A-h

indicates the constant volume of the element.

Approximately 200 different piezoelectric materials have shown their potential in energy harvesting
applications 34, These materials can be categorized into four major groups, including single crystals 32 135,
ceramics 2, polymers and polymer composites/nanocomposites 3. The piezoelectric properties partly
determine the energy harvesting performance of piezoelectric generators. Among these materials, single

crystals have the highest piezoelectric coefficient (d,, =2200 pCN?, k,, =93%) 3, which is beneficial for

their applications in many electromechanical sectors such as sonar transducers, accelerometers, actuators,
and medical ultrasonic devices. The piezoelectric ceramics such as barium titanate (BaTiO3), lead-zirconate-
titanate (PZT), potassium niobite (KNbO3) are polycrystalline materials which have relatively high
piezoelectric properties. The PZT-based ceramics are the most important and widely used piezoceramics in
energy harvesting/storage field, although they are lead-based materials. Piezoelectric polymers such as
polylactic acid (PLA), polyvinylidene fluoride (PVDF), co-polymers, cellulose and derivatives are a type of
carbon-based materials with long polymer chains. Due to their mechanical flexibility compared to signal
crystals and ceramics 2 they can withstand larger strains, providing them with potential for applications
that require large bending or twisting; these materials are suitable for applications such as ultrasonic
transducers, audio transducers, medical transducers, display devices, and sensors. The piezoelectric polymer
composites and nanocomposites (polyvinylidene fluoride-zinc oxide (PVDF-ZnO), cellulose BaTiOs,
polyimides-PZT) have been specially developed to modulate and enhance the properties of the above
materials 7.

The most commonly employed piezoelectric materials for energy harvesting include SiO- (quartz), AIN,
BaTiO3 (BT), poly(vinylidene fluoride) (PVDF), PZT, PMN-PT (Pb[MgwsNbzs]), PZN-PT

(Pb[Zn13Nb23]O3-PbTiO3), and a range of composite systems. In Table 3, the properties of key piezoelectric
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materials are summarized 3141, The most important materials for energy harvesting from human motion are
PVDF polymer and PZT ceramic due to their optimal piezoelectric performance, and more details on these
materials and their manufacturing approaches can be found in Refs. [5% 133.141],

It is noted that the choice of a piezoelectric material also depends on the functionality of the application
sector, design flexibility, application frequency, and available volume %,

Table 3 Piezoelectric materials and their properties 38142,

BaTiO3 PZT-4 PZT-5A PZT-5H PZT-8 PVDF PMN-33%PT PZN6%PT

d;; (102 C/N) -78 -123 -171 -275 -97 -23 -920 -1400
da, 149 289 374 593 225 33 2200 2400
dys 496 584 741 330

Uy (10 Vm/N) 5 -11.1 -11.4 -9.1 -11 216 -17.1 24.3
U 141 26.1 24.8 19.7 254 330 44 41.7
015 39.4 38.2 26.8 28.9

Ky 0.48 0.7 0.71 0.75 0.64 0.15 0.93 0.9
Mechanical Q,, 300 500 75 65 1000 3-10 69

Dielectric loss 0.4% 2% 0.4% 0.42%

Curie temperature 115 328 365 193 300 100 145 100
O

There are many structural configurations available for piezoelectric generators, such as bimorph/unimorph
cantilever beam, circular diaphragm, cymbal type and stack type configurations 3142, Among these device
configurations, the cantilever beam type configuration 3% 43 including bimorph cantilever and unimorph
cantilever, consists of one or two piezoelectric layers and a non-piezoelectric layer. One end of these layers
is fixed, allowing the structure to operate in its flexural mode. The cantilever beam type is one of the most
commonly used energy harvesting structures, in particular for vibrational harvesting. The circular diaphragm
configuration is another piezoelectric generator structure, which is based on a thin disk-shaped piezoelectric
layer that is attached to a metal gasket which is fixed between two clamping rings. The circular diaphragm
configuration is suitable to harvest energy from slowly varying, periodic pressure, and vibrations. The
cymbal and stack type configurations have been proposed for vibrational energy harvesting. The cymbal
type consists of a piezoelectric layer placed between two metal end caps on both sides and is of interest for
applications that lead to high impact forces. The piezoelectric stack consists of multiple piezoelectric layers
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stacked over each other. Additional details regarding these four configurations of piezoelectric generators
can be found in Refs. [*3% 1421441 'and a comparative analysis of the major advantages and disadvantages are
summarized in Table 4. Piezoelectric generators should therefore be designed by considering the application

perspective and operation mode.

Table 4 Major advantages and disadvantages of different structural configurations of piezoelectric generators 132 133145,

Type of configuration Features/advantages Disadvantages
Unimorph/bimorph cantilever ® Simple structure W [nability to resist high impact force
beam W | ow fabrication cost

B Low resonance frequency

W Power output is proportional to
proof mass

® High mechanical quality factor

W Compatible with pressure mode

operation
Circular diaphragm B Compatible with pressure mode ™ Stiffer than a cantilever of same size
operation | High resonance frequencies
Cymbal type W High energy output W Limited to applications demanding high-
W Withstand high impact force magnitude vibration sources
Stacked type B Withstand high mechanical load B High stiffness

M Suitable for pressure mode
operation

® Higher output from d,; mode

According to the properties of the energy harvesting configurations described here, specific piezoelectric
generators are suitable to harvest almost every type of human motion, including human motion as an external
base excitation (Category 1), human body movement acting as a direct form of deformation (Category 1),
and slowly varying pressures or small displacements (Category I11). We note that piezoelectric generators
are suitable to develop microsystems since their high power density, simple structure, ease of fabrication and
low number of peripheral components. Moreover, piezoelectric generators can generate high output voltage,
but low current, which results from the high resistance/impedance of the materials and should be considered
in the design of human motion-based piezoelectric generators.

3.3. Electrostatic effect in dielectric elastomer generators
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In the energy harvesting field, electrostatic (ES) or capacitive energy harvesting is based on the variable
capacitor, whose charging capacitance depends on the level of external excitation or deformation 6. The
plates of the initially charged capacitor are separated when an external force or vibration is applied, thus
converting mechanical energy into electricity. As a result, mechanical forces from the movement of the
source are employed to undertake work against the attraction of the charged plates of the electrostatic
generator (ESG); hence, a variable capacitor is formed and the electrical energy stored in the capacitor can
be enhanced 7.

Traditional electrostatic generators using a parallel plate capacitor are not as popular and widely reported
as piezoelectric generators or electromagnetic generators due to their low energy density, which results from
the limited variance in capacitance. In recent decades, electrostatic generators based on dielectric elastomers
acting as the variable capacitor ¢ have provided a considerably enhanced capacitance variance under
external large strains, thereby attracting significant attention.

Dielectric elastomers (DEs) are a type of hyperelastic soft materials in the form of thin films. Dielectric
elastomer-based electromechanical transducers can operate as actuators, sensors and harvesters. When the
dielectric elastomer material is subjected to an electric field, it decreases its thickness and increases its area
due to the Maxwell stress caused by the opposite charges stored on the compliant electrodes (work as anode
and cathode, respectively), which are coated on both faces of the dielectric elastomer film. In these cases,
the dielectric elastomers are acting as actuators or artificial muscles, when the thin dielectric elastomer
membrane is squeezed by the Maxwell pressure caused from electrostatic effect %154, For example, a soft
robot based on this material has been developed to work in the Mariana Trench %5, For dielectric elastomer
sensors, their variation of capacitance can be used to measure, or sense, a stretch or an applied force °°.
Moreover, dielectric elastomer materials can be also used for energy harvesting based on their mechanical-
to-electrical energy conversion mechanism. This is the so-called dielectric elastomer generator (DEG),
which are considered as a promising form of harvester due to the following advantages: 1) their cyclic
working principle can matches well with an alternating or time-varying mechanical energy; 2) they have
relatively high energy densities, with a theoretical energy density of 3 J/g 157 and experimental values of up
to 0.78 J/g *°8; 3) the energy conversion mechanism of dielectric elastomer generators is based on the

deformation-recovery process of the dielectric elastomer material, therefore, theoretically the convertible
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energy density of dielectric elastomer generators is independent of the operating frequency; 4) the raw
materials are low cost; 5) they are light weight, architecturally simple, with few or no moving rigid parts,
and provide silent operation. Moreover, the layout and operation principle of dielectric elastomer generators
can be adapted to different dimensional ranges **°, enabling a diversity of applications including human
motion energy harvesting.

The operation principle of dielectric elastomer generators is relatively simple, which was first studied by
Pelrine et al. in 2001 8, As shown in Fig. 6, a dielectric elastomer generator mainly consists of a deformable
dielectric elastomer membrane (DEM) coated with compliant electrodes to form a variable capacitor €,
When the dielectric elastomer membrane is under an electric field and is mechanically stretched, it will
recover to its initial state when the external force or excitation is removed. Therefore, charges on the
electrodes produce an increased voltage due to the work done against the electric field pressure, leading to
an increase in the electrostatic potential energy of the charges. Three main energy harvesting cycles possible
for dielectric elastomer generators, include constant charge mode, constant voltage mode and constant

electric field mode €. The generated energies using these three energy harvesting cycles are U,2In(l/ @),

U,(L-a®) and U,(1-@?), respectively 12, where « indicates the contraction ratio **! and U, defines the

specific energy. More details of these energy harvesting cycles can be found in Refs. [6%].

Uin (low) Uout (high) Uin (low) Uout (high)

[CHCECHCKC)
™ leccocool ] I"ﬁ_ffm

SLoad
© 0 60 66 6 606

= Deformed under outer force

— Dielectric elastomer
Compliant eletrodes

Fig. 6 [Schematic| of the working principle of a dielectric elastomer generator®,

The group members of Prof. Zhigang Suo at Harvard University have made relevant contributions in this
field. They established a thermodynamic model to analyze the mechanical-to-electrical energy conversion
process of a dielectric elastomer generator, and introduced a work-conjugate plot to determine the maximum
energy that can be converted from a mechanical strain %, They revealed that the planes of the working-
conjugate coordinates are determined by the modes of failure of the dielectric elastomer material, including

electrical breakdown, electromechanical instability, loss of tension, and rupture by stretch. This work-
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conjugate plot is a useful tool for the design of the practical energy harvesting cycle of a dielectric elastomer
generator 1%8.162.166-168 |t should be pointed out that most dielectric elastomer generators can only increase
the amount of power of the priming charges supplied by an electrical energy source, which is normally
provided by an external power supply. Thus, they cannot achieve autonomous power generation. However,
the energy source could be eventually replaced since the charges may be transferred to the load or even
dissipated, which restricts the application of dielectric elastomer generators in self-powered or self-sensing
devices. One potential solution for this issue was proposed by Anderson et al., who reported on a self-
priming dielectric elastomer generator system 69173 that can utilize the generated energy to replenish the
charge losses, meaning that the external energy source is no longer necessary. Thus, the self-powered and
self-sensing dielectric elastomer generator devices can be further designed to expand the applications of
dielectric elastomer generators.

The properties of dielectric elastomer materials play a key role in energy harvesting performance, which
include the relative permittivity (dielectric constant), the breakdown (BD) strength, and the Young’s
modulus. Since the discovery of the dielectric elastomer materials in 1990s, many materials have been
studied for dielectric elastomer generators, including: 1) acrylic elastomers, in particular, commercially
available acrylics from 3M (VHB tapes), which are widely used to build laboratory demonstrators 8 170 174
175, 2) natural or synthetic (e.g., styrene-based) rubbers " 176, and 3) silicone elastomer
(polydimethylsiloxane) (PDMS) 177178, Acrylic VHB tape has been widely used for the demonstration of
dielectric elastomer generators since it can be easily adhered to substrates and can be coated with commercial
conductive grease/paste, thus making the manufacture of dielectric elastomer generator prototypes
particularly convenient. Moreover, the low Young’s modulus of the acrylic materials allows them to achieve
high strains and large elongation compared to other elastomers. These materials possess a relatively high
relative permittivity and breakdown strength, which can be further improved with pre-strain *’°. However,
acrylic elastomers have high electromechanical losses and have limited reliability under periodic excitations
180, They are also temperature and humidity-sensitive materials, and present a slow response actuation when
they are subjected to an input voltage. Natural rubbers, which are soft elastomers with the advantage of a
low Young’s modulus, high elongation at break, and high breakdown strength, but a low relative permittivity,

have been indicated as a promising dielectric elastomer material for energy harvesting due to its large
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breakdown strength 7181 Similar properties can be also observed in the styrene-based synthetic rubbers,
whose application in dielectric elastomer generators have been rarely explored to date #2. Silicones are
considered as a candidate for future of dielectric elastomer generators since they can be manufactured
through different techniques % 8 and offer the possibility for improvement in their electromechanical
properties through physicochemical modification of their components 8. Moreover, the high reliability and
long-term stability of silicones make them attractive for harvesting. The drawbacks of these materials include
their low relative permittivity, which can be addressed through a range of approaches . The material
properties of three representative commercial elastomers can be found in Table 5, which is obtained by Chen
et al. ® and other researchers 8¢ 187 The listed materials include: 1) acrylic VHB 4905 by 3M, which is a
commercialized tape; 2) natural rubber Oppo Band Green 8003 by Oppo, which is mostly used as an exercise
band; 3) Elastosil silicone by Wacker Chemie AG, which was developed as a general-purpose raw material,
but recently the high-tolerance thin films have been developed for dielectric elastomer applications specially.

More details about the pre-mentioned materials and other DE materials can be found in Ref. [8#].

Table 5 Electromechanical properties of three representative commercial dielectric elastomer materials 69,

Acrylic VHB 4905 Oppo Band Green rubber  Elastosil silicone
Shear modulus (kPa) 17 620 308
Relative permittivity 4.14 2.74 2.85
BD strength 70-180 100-300 75-195
Conductivity 1-5 0.1-0.4 5x104-5x10?
Mechanical loss (loss) 12-17 4-23 2-4

The compliant electrodes are another important material for assembling a dielectric elastomer generator.
For the fabrication of laboratory prototypes, carbon-loaded grease is widely used, which can be simply
painted on dielectric elastomer membranes, especially the acrylic dielectric elastomer materials 158 170 175. 190,
However, the carbon-loaded grease is not stable and durable for practical applications. Other candidates
suitable for real applications are conductive elastomer layers doped with conductive fillers 183, and sputtered
micrometer-thin metal films 9%,

The deformability of the dielectric elastomer materials makes it possible to design many different
topologies, thus providing significant flexibility in the design of practical dielectric elastomer generator

models. An overview of some relevant dielectric elastomer generator topologies was summarized by Moretti
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et al. 18, The simplest dielectric elastomer generator topology is the planar topology, and the dielectric
elastomer membranes are stretched by loads applied at the electrode perimeter and is suitable for equibiaxial
(or equal-biaxial) stretching 8% 192 and pure-shear stretching (strip-biaxial extension) '° conditions. The
diamond dielectric elastomer generator (or parallelogram dielectric elastomer generator) ¢, conical
dielectric elastomer generator 12194196 pa]l-contact/impact type dielectric elastomer generator 113 164 197. 198
and circular diaphragm dielectric elastomer generator are other practical topologies 7. These topologies can
lead to various dielectric elastomer generator structures for harvesting energy from vibrations, wind and
human motion. In particular, dielectric elastomer generators are flexible, independent of frequency, have
various architectures, and are suitable to harvest energy from almost every type of human motions, including
human motion as an external base excitation (Category I), human body movement acting as a direct form of
excitation by deformation (Category Il), and slowly varying pressures or small displacement motions
(Category IlI).
3.4. Electrostatic effect in triboelectric nanogenerators

Triboelectricity is a well-known electrostatic phenomenon. It appears commonly in our daily life when
two distinct materials with different electrostatic properties physically contact with each other: when the two
materials contact with each other, one material is charged positively and the other one is charged negatively.
The following separation will produce a net potential difference between two materials. It is noted that the
charge exchange mechanism between the contacted materials is not yet fully understood °°-2°%, In many
cases such as xerography, self-cleaning wrapping materials, adhesion of clean rooms, explosions in fuel
storage tanks, triboelectricity is considered as an unwanted or even adverse phenomenon which may cause
damage. When triboelectricity occurs, the opposite charges are produced on the electrodes based on
electrostatic induction, thus, a potential difference will be generated on the surfaces of the two materials
when they are separated by an external mechanical force. This processes also result in an electron flow
between the electrodes and generate an alternating current (AC) output 202 23, This is particularly interesting
when the system is at a nano-level, leading to the triboelectric (TE) nanogenerator (TENG) with high power
densities, which was first reported by Wang et al. in 2012 24, Subsequently, researchers have paid significant
attention to the TENG since it can convert mechanical energy into electricity with unique advantages such
as ease of fabrication, numerous available materials and configurations 2°>2%°, To date, the power density per
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unit area and unit volume of TENGs have reached 500 W/m? and 15 mW/m?, respectively, and an
instantaneous conversion efficiency up to 70% was reported, which can reach 85% under low-frequency
excitations 210211,

It should be pointed out that the two material layers that separated during external excitations of a TENG
can be regarded as a capacitor with varying capacitance. Therefore, the TENG is a type of novel electrostatic
generator whose underlying fundamental mode of operation is based on Maxwell’s displacement current 212,
Following the detailed summary from Wang et al. 167-17, there are four different operation modes for TENGs
206,213 'which include: (a) the vertical contact-separation (C-S) mode; (b) the lateral sliding (LS) mode; (c)
the single-electrode (SE) mode; (d) the free standing triboelectric-layer (FT) mode, as shown in Fig. 7. The
contact-separation mode shown in Fig. 7(a) is one of the most straightforward layouts of a TENG. When
two dielectric films, which are backed with an electrode, make contact with each other frictionally,
oppositely charged surfaces can be created due to their distinct electron affinity. When an external force is
applied upon one of the two surfaces, they will be separated and a potential difference can be created between
the deposited electrodes, thereby producing a current across an appropriate load to balance the potential
difference 2°*. Hence, a regular external excitation can result in a regular contact and separation of the two
films, and the induced electrons will flow back and forth to generate an AC output in the external circuit 22
215 In the lateral sliding mode (Fig. 7(b)), the charge densities of the top and bottom layers are equal and
opposite since they have opposite triboelectric polarities and are in full contact with each other initially.
When an external force is applied, the top layer will slide outward relative to the bottom layer. Thus, their
contact area decreases, and the charges separate. A potential difference is then generated, which drives the
electrons to flow from the bottom electrode to the top electrode until the top layer slides out completely.
Similarly, a reverse motion can generate a reverse electron flow until electrostatic equilibrium is achieved
206.216 Fig. 7(c) illustrates the single-electrode mode, whose opposite contact layer can move freely without
connection, thus it is free to move. A ground electrode and a moveable contrasting layer can be used to
assemble such a single-electrode mode. A potential difference is produced during the periodic contact-
separation processes of the moveable layer, thus leading an electron flow between the electrode and ground
217219 This mode can work in both lateral sliding and vertical contact-separation modes. Finally, the free

standing triboelectric-layer mode shown in Fig. 7(d) can operate in non-contact mode, in which two
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symmetric electrodes are under the dielectric layer with a small gap. Considering the movable layer is
initially charged in the triboelectric process, the dielectric layer moving close to, and away, from the
electrodes will generate an asymmetric charge distribution, leading to the electron flow from one electrode

to the other and producing an AC current output 2% 22,
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Fig. 7 The operation modes of the TENG 2°: (a) Traditional vertical contact-separation mode; (b) Lateral-sliding mode; (c)

Single-electrode mode and (d) Freestanding triboelectric-layer mode.

It should be noted that most materials cannot be charged equally. In fact, their ability to bear a certain
amount of charge differ. Furthermore, the performance of a material to attract or release the electrons is
decided by the nature of the used material. As a point of reference, a “Triboelectric series” (TE series) shown
in Fig. 8 have been empirically defined *°. This series lists materials from those that tend to be positively
charged, to those that tend to be negatively charged. Materials located far from each other in the triboelectric
series will exchange a larger amount of charges compared to those close to each other, therefore, the

triboelectric series is a useful tool for the prediction of the sign and the extent of the charge separation.
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POSITIVE CHARGE NEUTRAL NEGATIVE CHARGE

Dry Human skin Cotton Wood
Leather Steel Amber
Rabbit Fur = Hard rubber
Glass Nickel, Copper
Quartz Brass, Silver
Human hair Gold, Platinum
Nylon Polyester
Wool Saran Wrap
Lead Polyurethane
Fur Polyethylene
Lead Polypropylene
Silk ) Vinyl (PVC)
Aluminum Silicon
i Paper Teflon

Fig. 8 The triboelectric series *°.

As stated previously, TENGs have four operation modes suitable for various applications, and the range
of available materials is abundant. Therefore, TENGs have attracted significant attention in energy
harvesting for applications in pacemakers, cell modulation, nerve stimulation, wound healing, tissue
repairing, neural prosthesis, drug delivery, hair regeneration, gene delivery, microbial disinfection,
healthcare monitoring and as a biodegradable energy source ??2. Moreover, TENGs can be designed to
harvest a range of energy sources from human motion, including human motion operating as an external
base excitation (Category 1), human body movement acting as a direct form of excitation by deformation
(Category I1) and slowly varying pressures or small displacement motions (Category I11).

3.5 Summary of energy sources, conversion mechanisms and materials

The design of human motion-based energy harvesters is highly dependent on the energy conversion
mechanisms and adopted materials, which have been discussed in this section. The four main energy
conversion mechanisms that can convert energy from human motion into electrical energy are introduced.
The corresponding main energy harvesters are electromagnetic generators, piezoelectric generators,
dielectric elastomer generators and TENGs, among which the latter two types of harvesters are both
electrostatic generators. Moreover, the relevant materials for these energy harvesters and the main properties
were introduced in detail. We also summarised the suitable energy sources for different types of harvesters,
which can provide a guideline for the design of optimized human motion-based energy harvesters. Based on
introduction and discussion, the features/advantages and disadvantages of these four types of generators for

harvesting human motion energies are summarized in Table 6, and the relevant materials and degree of
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applicability for different catergories of human motion energy sources are presented. This table provides a

reference for the design (including the energy conversion mechanism, material and structure) of energy

harvesters for a ranage different human motions.

Table 6 Main properties, advantages and disadvantages of electromagnetic generators, piezoelectric generators,

dielectric elastomer generators and TENGs in harvesting human motion, along with the relevant materials and degree

of applicability for different categories of human motion energy sources.

Degree of applicablity for

Type of different categories of human
Main properties / advantages Main disadvantages Recommended materials I
generator motions
I I 1
B Recommended for B Limited energy Permanent magnets:
macroscale devices harvesting ferromagnetic materials
. W Relatively low voltage performance for like AINiCo and SmCos,
Electromagnetic i i i Rk i i
; (typically <1 V) small-size harvesters ferrimagnetic materials High - Low
generator . i . .
| Relatively high current B Low efficiency at low  such as ferrites
frequency Coils: micro-fabricated
coils
B Four types of structural B Low current PVDF polymer and PZT
. . configurations suitable for m Relatively low energy  ceramic
Piezoelectric ) ) . ) .
different energy sources density High High High
generator i .
W Suitable for microsystems
m High output voltage
. e W Cannot achieve Dielectric elastomer
m Working principle matches )
i autonomous power membrane: acrylic
different types of . i
. generation with a elastomers, natural or
mechanical energy . . . .
i 5 . traditional dielectric synthetic rubbers and
. . B High energy density, which .
Dielectric o elastomer generator silicone elastomer
is independent of the . . . .
elastomer X Compliant  electrodes: Medium  Medium  Medium
operating frequency
generator . carbon-loaded grease,
B | ow-cost raw materials i
) conductive elastomer
B Adapted to different
. } layers and  sputtered
dimensional ranges ] .
) micrometer-thin ~ metal
W Soft materials )
films
B Four operation modes B Low current at high Selected from the
suitable for various voltage triboelectric series
applications scenarios W Limited durability . . .
TENG Medium  Medium High

B Abundant range of materials

m High power density
B High conversion efficiency

* Category | indicates human motion operating as an external base excitation; Category Il indicates human body movement acting as a direct form

of excitation by deformation; Category I1l indicates slowly varying pressures or small displacement motions.

It should be noted that other electromechanical conversion mechanisms exist, such as the magnetostriction

223 piezoelectrochemical®?, and reverse electrowetting 225228, These are not reviewed in this paper since their
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application in human motion-based energy harvesters are still under investigation, but are worthy of

investigation.

4. Human motion-based energy harvesters

Human motion-based energy harvesters can produce electrical energy when subjected to a variety of
human motions, which can power a range of wearable or portable devices, thereby leading to potential self-
powered and self-sensing devices operating with different mechanisms, device structures, performance and
application areas. As stated in Section 2, the energy associated with human motion is classified into three
categories, see Table 1. The range of available energy sources determines the range of possible energy
harvester schemes. Therefore, energy harvesters which have potential to form integrated self-powered and
self-sensing devices are reviewed in this section from the perspective of sources of human motion. This
provides a reference for the improved design of self-powered and self-sensing devices based on each form

of human motion.
4.1. Energy harvesters based on human motion as an external base excitation (Category 1)

As introduced in Section 2, the human motions of Category | includes the walking/running-related motions
and non-walking/running-related motions. The relevant energy harvesters are always mounted onto a
human’s body. The energy harvesters based on walking/running-related motions harvest energy passively,
therefore, they have potential to harvest energy during a person’s normal walking or running cycle;
meanwhile, those energy harvesters based on the non-walking/running-related motions are suitable to
generate energy actively.

4.1.1. Walking or running-related motion to provide an external base excitation. For walking or
running-related motion that operates as an external base excitation, they involve the centre of mass
lifting/lowering, swing motion, and joint rotation. All of these motions have low frequency features,
commonly less than 10 Hz. Therefore, relevant energy harvesters using broadband technologies, frequency
up-conversion strategies or non-frequency-related technologies, such as the twinkling phenomenon 22°,

mechanical impact 2°°-2%3, magnetic plucking mechanisms 7°, and other mechanisms 23423, can be adopted to
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convert energy associated with low-frequency, random and irregular human body motion can be converted
into electrical energy.

The continuous centre of mass lifting and lowering during walking or running can act as a source of
vertical base excitation for energy harvesters that are mounted onto, for example, a person’s back or waistline.
In the work of Rome et al. in 2005 %, they recognized that the vertical movement of a heavy load during
walking represents a significant mechanical energy source that can be converted into electrical energy,
potentially at a substantial level. A walking person can be regarded as an inverted pendulum 2% 2°: one foot
is placed down and then the body vaults over it, causing the hip to move up and down by a distance of 4 to
7 cm %0, Thus, for a load carried by a person in a backpack, it will move up and down with the same vertical
distance because it is fixed to the body. This concept leads to a type of classical harvester — the backpack-
type harvesters, which can generate electrical energy when they are carried on a person’s back, as shown in
Fig. 9(a-c). The first backpack-type harvester ¢ 2 is shown in Fig. 9(a), which was termed the suspended-
load backpack. In this device, the load is mounted on a plate is suspended by springs, which are then
connected to a pact frame that is fixed to the body. During walking, the load is constrained by a bushing that
is connected to vertical rods, therefore, the load can only move up and down freely. A geared direct current
(DC) motor attached to the backpack frame acts as a generator which can convert the mechanical energy of
the load into electrical energy through a gear system. Another backpack-type device was reported by Xie et
al. in 2015 %2, as shown in Fig. 9(b). This device consists of a container holding the energy harvester and
another container carrying an external load. The framework of the harvester assembled in the device
container can move with the backpack when worn by a person. The carrying load in the suspended container
can serve as an oscillating mass, since it can oscillate relatively to the framework. Thus, the generator can
convert the relative mechanical motion between the oscillating mass and the framework into electrical energy
using a frequency-tuneable mechanism. A recently reported wearable energy harvesting backpack can be
found in Fig. 9(c), which was reported by Cao, et al. 23, In the backpack, a carried mass was suspended by
two tension springs fixed to the top frame. The vertical motion of the suspended mass during walking will
drive the electromagnetic motor to convert vibrational energy into electrical energy through a rack-pinion
mechanism, which converts the vertical oscillation of the carried mass into rotational motion. It was

concluded that the backpack-type harvesters were designed to transform the energy associated with the
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load/mass motion resulting from the human’s walking. The research group led by Prof. Lei Zuo in Virginia
Tech also improved the energy harvesting performance of the backpack-type harvesters to provide a broader
bandwidth by introducing mechanical motion rectification 2** 245, Feenstra et al. also proposed another

backpack-type energy harvesters employing a mechanically amplified piezoelectric stack 246,
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Fig. 9 Backpack-type self-powered devices that can harvest energy from centre of mass lifting and lowering motion during a
person’s walking or running: (a) Suspended-load backpack with a pack frame fixed to the body ®; (b) backpack-type energy
harvester and the frequency-tuneable backpack-based harvester prototype 2*%; (c) overview and internal view of energy harvesting
backpack, and details of the power takeoff 2%%; (d) preparation mechanism of the fabricated X-shaped paper TENG (XP-TENG)
which can be placed in a backpack to harvest energy ®; () a two-degree-of-freedom electromagnetic generator vertically placed

in a backpack °°.

Additional energy harvesters based on the centre of mass lifting and lowering include energy harvesters
mounted on a backpack, as shown in Fig. 9(d) and (e). A novel X-shaped paper TENG (XP-TENG) proposed
by Xia et al. ® is shown in Fig. 9(d), with its preparation mechanism presented from (a) to (d). This XP-

TENG can convert human motion energy into electrical energy when it is packaged and installed at the
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bottom of a backpack. The XP-TENG forms from a ballpoint ink layer that is painted by a brush pen and
consists of Teflon tape that serves as the triboelectric pairs, and paper that is the supporting component. The
generated electricity can illuminate 10 blue commercial light emitting diodes (LEDs). Another example
proposed by Fan et al. % is shown in Fig. 9(e), where a nonlinear two-degree-of-freedom (2-DOF)
electromagnetic generator is presented. It involves a 1-DOF electromagnetic generator that is levitated
magnetically in a cylinder housing, thereby acquiring some advantages including tunable operating
frequency, improved power output, and extended operating bandwidth. The device can achieve a maximum
output power of 1.22 mW when it is installed vertically in a backpack that worn by a human on a treadmill
moving with a constant speed of 9 km/h. Additional energy harvesters which can be mounted on a backpack
and can be used to harvest centre of mass lifting/lowing motion energy can be found in Ref. [8% 247.248],

In addition to backpack-type harvesters and energy harvesters mounted on a backpack, additional device
types can be used to harvest energy associated with centre of mass lifting/lowering motion. One interesting
example is a pendulum excited piezoelectric generator attached at the waistline %, which involves a
compliant piezoelectric unimorph that can convert kinetic energy from walking and jogging into electrical
energy. It should be noted that the movement of the waist during a person’s walking or running comprises
several components, which include constant velocity translation, and the superimposed and complex
curvilinear motion with components in both axes of constant motion and in the vertical direction. All these
energy sources from human motion can be harvested by the proposed devices.

The swing motion of the arms, lower-limbs and legs during walking and running is another type of energy
source that can be harvested. Most energy harvesters are designed for harvesting energy from a variety of
rotational or swing motions, as shown in Fig. 10(a)-(j), They can be used to harvest energy from the swing
motion of a person during walking or running when they are placed upon arms, lower-limbs, and legs. For
example, Fig. 10(a) shows an electromagnetic generator with a hollow tube and two magnets fixed to both
ends 3. An inside magnetic stack, which is subjected to the nonlinear repulsive force of the end magnets,
can move inside the tube freely with the system, thus generating a current in the coils that are wrapped
around the outside of the tube. Fig. 10(b) shows a piezoelectric generator "4, where two piezoelectric
cantilever beams can harvest energy directly from vibration along the tibial axis, and they can also generate

electrical energy from their vibrations via magnetism when a ferromagnetic ball (located in a sleeve) is
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subjected to the excitation produced by the leg swing. Fig. 10(c) shows another piezoelectric generator,
whose main components are a ridged cylinder and a piezoelectric bimorph. Under a certain excitation, the
cylinder will slide freely on a shaft and the ridge will impact the tip of the bimorph, which will further vibrate
at its resonant frequency after it separates with the ridge. Thus, electrical energy can be obtained via the
direct piezoelectric effect. All these designs were demonstrated to be capable of harvesting energy from the
swing motion of legs. Moreover, the rope-driven rotor based rotational energy harvester ¢ shown in Fig.
10(d) and the cycloid-inspired wearable electromagnetic generator % shown in Fig. 10(e) can harvest energy
from an arm swing. Fig. 10(f) shows a transverse mechanical impact driven frequency up-converted
piezoelectric and electromagnetic hybrid energy harvester that can harvest energy from human-limb motion
", Fig. 10(g) shows a hip-mounted electromagnetic generator to harvest energy from the thigh swings during
walking 72. A liquid metal magnetohydrodynamics generator shown in Fig. 10(h) has shown its potential for
energy harvesting when actuated by wrist swings during brisk walking 7°. A multi-coil topology harvester 7”
presented in Fig. 10(i) and a nonlinear piezoelectric generator consisting of a piezoelectric cantilever beam
that magnetically couples to a ferromagnetic ball and a crossbeam 78, as shown in Fig. 10(j), can harvest
energy from foot swings when mounted on a shoe. These architectures can harvest energy from both human-
based motion and other swing or rotation motion. Following this idea, additional swing or rotation-motivated
energy harvesters can be used to harvest energy from human swing motions when mounted on the human
body. The vibro-impact dielectric elastomer generator 113164 197. 198 shown in Fig. 10(k) can generate energy
when the inner ball impacts either dielectric elasomer membranes on both ends under the external excitation
applied on the outer cylinder. However, specific energy harvesters have been designed for the human motion-
based swing energy harvesting. One example can be found in Fig. 10(l), which shows a wearable
electromagnetic generator with a flat-type magnets and coils. Energy can be generated in the swing motion
of the arm during walking. Although this study focused on the manufacture and assessment of two types of
conductive yarns which could be used as coils and could be easily integrated into outdoor garments, this

concept provided a novel design for human swing motion-based energy harvesters.
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Fig. 10 Energy harvesters based on the swing motions during a person’s walking or running. (a) Schematic/prototype of
magnetic-spring based harvester 3; (b) configuration of the piezoelectric generator 7*; (c) Schematic drawing/prototype of the
impact-driven piezoelectric generator 7®; (d) rotational energy harvester based on a rope-driven rotor ®; (e) schematic structure
and the operation mechanism of the cycloid-shaped electromagnetic generator ®; (f) transverse-impact driven frequency up-
converted hybrid energy harvester and its operation mechanism 7; (g) hip-mounted generator 72; (h) a single unit liquid metal
magnetohydrodynamics generator (LMMG) and the configuration of a unidirectional flow passage in vivo 7 (i) harvester
attached externally to a shoe with magnet stack 77; (j) piezoelectric generator and its application when embedded into a shoe ;
(k) schematic of the vibro-impact dielectric elastomer generator 113 164 197.198; (]y concept for integrated energy harvester design

and an example of fabricated conductive yarn coil .
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The rotations of the joints of a person during walking or running can also operate as the base excitation
source for energy harvesters. The most common joint rotation motion includes the motion of the ankle, knee,
elbow and shoulder. Some representative architectures can be found in Fig. 11 and Fig. 11(a) shows a
biomechanical energy harvester reported in 2008 that generates electrical energy during human walking
when it is mounted at the knee . Using the orthopaedic knee brace of the harvester, the motion of the knee
can drive a gear train through a one-way clutch. When the speeds are suitable, the motion associated with
knee extension can be transmitted, which can be further converted into electrical energy via a DC brushless
motor. It should be pointed out that this device assists muscles with negative work. Another approach is
shown in Fig. 11(b), which is a piezoelectric knee-joint energy harvester that can harvest knee-joint motion
energy during walking when installed on the leg 7. In this device, an inner hub is fixed to the shank, while
an outer ring is fixed to the thigh. They will rotate relatively to each other under the knee motions during
walking. As a result, piezoelectric beams with secondary magnets are plucked by the primary magnets fixed

on the outer ring through the magnetic force, thus producing electricity through the piezoelectric effect.

Fig. 11 Energy harvesters based on the rotation of joints during walking or running. (a) biomechanical energy harvester that can

generate electricity during walking *5; (b) wireless sensing system powered by the knee-joint piezoelectric generator .

Energy harvesters can be designed based on other walking or running-related motions, such as the
impact/strike of the leg, the heel and the foot during walking or running. Energy harvesters mounted
vertically upon the leg, the heel and the foot can be excited by continuous impacts during walking, which
predominately originate from strikes between the shoe and the ground. For example, the device reported by
Wang et al. ™ (Fig. 10(a)) can be vertically attached to a human’s lower-limb, thereby producing electrical
energy from strikes. Ylli et al. 7" proposed another shock-excited harvester based on the acceleration

excitation source relating to the acceleration pulses upon heel-strike. Moreover, the biomechanical energy
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in human motion control processes, which is hard to classified into the three catergries, can be harvested
through a hybridized electromagnetic-triboelectric nanogenerator proposed by Liu et al 24°,

4.1.2. Additional macroscopic motion operating as an external base excitation. In addition to walking
or running-related motions, macroscopic motion that does not relate to walking or running can also operate
as a continuous base excitation source for energy harvesters. As previously introduced in Section 2, this type
of motion includes the intended actions from the human body, such as human joint movement, arm/hand
shaking, hammering by hand, and bending by arm. Considering that this type of motion is produced by a
person intentionally, the relevant energy harvesters can be operated based on a person’s subjective demand,
making them useful in emergency situations when an urgent power supply is needed. Moreover, since the
frequency and amplitude of the excitation depend on the person, the energy harvester design can be more
diverse compared to the human walking or running-related energy harvesters. It should be noted that such
energy harvesters are similar to those excited by human walking or running-related centre of mass
lifting/lowering and swing motions since they are excited by external excitations. Their most important
difference is the optimal frequency — for human walking or running-related energy harvesters, and they
should be capable of operating effectively under the walking or running frequency, which is typically as low
as less than 10 Hz; for the energy harvesters excited by the person’s intentional motions, their optimal
operating frequency can be higher. Hence, these two types of harvesters can be replaceable by tuning their
optimal operating frequency.

In Fig. 12, examples of energy harvesters excited by human motions which are not related to walking or
running are presented. Fig. 12(a) shows an AA-sized electromagnetic generator 8, which consists of a 3D-
printed tube that is fully wrapped with coils and a cylindrical permanent magnet that is able to move freely
inside the tube. The structure of this device is similar to the pre-introduced electromagnetic generator shown
in Fig. 10(a). This device has can generate an average output power up to 63.9 mW with a power density of
9.42 mW/cm?® when it is driven by a hand shaking at 5 Hz. Moreover, this generator can be installed on the
ankle and excited by the human walking-induced swing motion with the frequency of 1 Hz, thus producing
a power of 4.2 mW and a power density of 0.62 mW/cm?. In Fig. 12(b), Salauddin et al. present a human-
induced vibration driven hybrid electromagnetic-triboelectric generator °° including a Halbach magnet array,

nanostructured polytetrafluoroethylene (PTFE), Al nano-grass, and magnetic springs. This energy harvester
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can be installed on a smart mobile to produce an output power of 5.8 mW during handshaking. In addition,
this harvester can also harvest energy from the centre of mass lifting/lowering motions when it is embedded
in a mobile phone and then mounted in a backpack, thereby producing the slightly lower output powers of
2.6 mW and 3.4 mW from human walking and slow running, respectively. A fully-enclosed hybrid
electromagnetic-triboelectric nanogenerator, which involves a magnetic ball moving freely inside a hollow
circular tube °, is shown in Fig. 12(c). This hybrid generator can effectively harvest energy from irregular
low-frequency (< 5 Hz) natural human wrist motions (such as swing, waving, and shaking) via both a rolling
electrostatic effect and electromagnetic induction. Moreover, the cycloid inspired wearable electromagnetic
generator proposed by Maharjan et al. %8 (Fig. 10(e)) can harvest energy from the motion of hand-shaking

and custom arm swing motions.

Fig. 12 Energy harvesters excited by the human motion not related to walking or running. (a) Structure and assembled prototypes
of the human motion harvester &; (b) hybrid electromagnetic-triboelectric generator and its application in energy harvesting from
handshaking, walking and slow running *°; (c) schematic and photograph of a circular-shaped hybrid electromagnetic-

triboelectric nanogenerator °.

Moreover, as stated in Section 2, micro-physiological motion, such as the heartbeat, vibrations of the
vascular wall and vocal cords, are a promising energy source that can operate as an external base excitation.
While these harvesters can only produce a low-magnitude of energy, they have potential to power ultra-low-
powered implantable medical devices (IMDs), which act as a significant role in the disease treatment and
health monitoring of humans. To date, many micro-physiological movement-based energy harvesters have
been proposed and studied, most of which are used to power implantable medical devices. Additional

features such as structural size, durability and biocompatibility should be considered in the design of such
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energy harvesters. These energy harvesters are presented in Section 5.1.1, in which the implantable medical

devices are also introduced.

4.2. Energy harvesters based on human body movement acting as a direct form of excitation for

deformation (Category II)

Specific human body movements, such as the bending motion based on joint rotation 2, can directly
stretch or deform an energy harvester, thus acting as a direct form of excitation by deformation. These energy
harvesters have flexible and stretchable materials which can be attached to the human body and can be
deformed and recovered following the movement of human body. According to our introduction on materials
in Section 3, some piezoelectric, triboelectric and dielectric materials have the properties of stretchability,
therefore, these energy harvesters are most based on the piezoelectric and electrostatic mechanisms.

In Fig. 13, examples of classical energy harvesters excited by the direct deformation and movement of
human body are presented. Fig. 13(a) shows a wearable energy harvester with a polydimethylsiloxane
(PDMS) elastomer film %, a magnet and a flexible substrate of a nickel cantilever beam, which has a lead
zirconate titanate (PZT) piezoelectric ceramic film bonded to its surface. The beam resonates under the
coaction of the magnetized nickel cantilever and the fixed magnet when the PDMS substrate is stretched out
and rebounds regularly, which will result from the continuous joint rotation when this device is installed on
a human joint and both ends of the substrate are adhered to the two sides of the joint. Thus, a continuous
releasing/pull-in motion of the joint will be converted into electrical energy. While the operating mechanism
of this device is complex, in contrast Fig. 13(b)-(h) shows simple energy harvesters with the joint rotation-
based bending motions working as a source of direct form of deformation. These devices are based on
stretchable flexible smart electronics or smart materials, which can be easily fixed on the surfaces of joints
such as the finger, the elbow and the knee, thereby producing electrical energy according to their own
mechanical-electro conversion mechanisms when they are stretched following rotation of the joint. These
smart electronics or smart materials include: 1) TENGs, such as an all-rubber-based thread-shaped TENG %
(Fig. 13(b)), a stretchable triboelectric textile ° (Fig. 13(c)), and a single waterproof and fabric-based
multifunctional TENG ¥ (Fig. 13(d)); 2) flexible piezoelectric generators *¢-1% (Fig. 13(e-g)); 3) dielectric

elastomer generators 1% (Fig. 13(h)). Moreover, Fig. 13(i) shows an interesting modified pant belt which can
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harvest energy from a human’s breathing motion %2, The belt consists of an array of polyvinylidene fluoride
(PVDF) piezoelectric films and an energy harvesting circuit. When this belt is worn, the internal pressure of
human body, which may change during a person’s normal respiration, will be applied to the device. Kinetic
energy will be converted into electrical energy through the integrated piezoelectric film. Fig. 13(j) shows a
piezoelectric mechanical energy harvesting device that can be used in closed chest environments 1%, which
is composed of an array of microscopic piezoelectric ribbons that are integrated on a thin polyimide substrate.
Thus, electrical energy can be produced when the device is deformed during the motion of the left ventricle.
Although this device is relatively immature, it shows an application potential in biological environments to

support implantable wireless electronic devices, such as the pacemaker, due to its biocompatibility.
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Fig. 13 Energy harvesters excited by the direct deformation and movement of the human body. (a) Structure, operation
mechanism and applications of the wearable energy harvester with a magnet and a micromachined nickel cantilever %; (b) self-
powered smart textile that can harvest energy when fixed on the elbow and the knee %; (c) stretchable triboelectric textile that
can harvest energy when fixed under the arm, at the elbow joint, at the knee joint and under the foot %; (d) waterproof and fabric-
based multifunctional TENG harvesting human-motion energy through a garment %; (e) flexible piezoelectric generator used in
wearable application %; its driving mechanism (i - iii) and chip micrograph are presented; (f) voltage response of a flexible and
self-powered piezoelectric nanogenerator (PENG) due to arm bending *; (g) intelligent human-robotic interface based on the
interaction between human and 3D printing robotic hands %; (h) dielectric human kinetic energy harvester 1°; (i) pants belt with
an integrated energy harvester that can generate energy from abdominal passive motion °2; (j) piezoelectric generator for left

ventricle motion in closed chest environment 1%,
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4.3. Energy harvesters based on slowly varying pressures or small displacement motion (Category 111)

The final type of human motion-based energy source results from slowly varying pressures such as the
finger touching, foot standing, and blood pressure. It should be noted that in most cases the energy is
harvested through the small displacement motions that result from a slowly varying pressure, but these
displacement motions are relatively small (um level), which do not act as continuous excitations. In these
cases, the flexible and stretchable materials are recommended.

In Fig. 14, examples of energy harvesters based on the slowly varying pressure or small displacement
motion are introduced. Fig. 14(a) shows a dielectric and dielectric materials-based TENG (DD-TENG) 1%,
which can continuously generate energy through the continuous contraction and separation between the
dielectric materials. The DD-TENG can be further developed into a pouch-type DD-TENG device through
a simple sealing and pinning process '%. When this device is touched by the fingers and the hand, it can
harvest mechanical energy. Moreover, it can be used to harvest the energy of human motion during walking
and running by simply installing onto a luggage or bag and hanging it on the shoulders, thus acting as a
wearable device. Although the main purpose of the design is to reduce the effect of relative humidity on the
output energy of a TENG, it provides a commonly-used pouch-type structure with a TENG inside to harvest
energy from slowly varying pressure of a person. Similar TENG-based devices, which are capable of
harvesting slowly varying pressure-induced energy from finger touching and finger tapping can be found in
Fig. 14(b-d), where a crepe cellulose paper and nitrocellulose membrane-based TENG %, a human body
constituted TENG 1%, a stretchable and shape-adaptable liquid-based single-electrode TENG % (this device
can also harvest energy from different types of body motions such as the bending/releasing of the knee,
elbow and wrist when it is worn in various parts of human body) are presented. In addition to TENGs,
piezoelectric generators using stretchable and flexible materials can utilize a similar pattern. For example,
Fig. 14(e) shows a fabricated piezoelectric nanogenerator comprising of a NiO@SiO./PVDF nanocomposite
107 which can produce energy through the piezoelectric effect under finger pressing, toe pressure, heel
pressure and wrist bending. A ZnO nanorod patterned textile based sandwich structured-piezoelectric
nanogenerator *° is shown in Fig. 14(f) which can generate energy from palm pressing and foot stepping.
The piezoelectric generator reported by Mondal et al. ® can be used to harvest energy from finger tapping
and toe pressing. The above-mentioned slowly varying pressure-based TENGs and piezoelectric generators
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have simple structures, and their related work was focused on the material properties that can enhance the
energy harvesting performance. Moreover, Fig. 14(g) shows the reported bio-based TENGs using human
fingernails 2°, which serve as highly triboelectric materials. Energy harvesting gloves are further designed
based on the TENGs and Teflon pasted on a copper foil. When the fingers move back and forth, they are in
contact with the Teflon layer and form five single-electrode TENGs, thereby generating electrical energy.
Fig. 14(h) shows an interesting human skin and polydimethylsiloxane (PDMS) interaction based TENG %,
in which electrical energy is produced by continuous contact-separation processes between PDMS and the
human skin when it is positioned over the human wrist. In Fig. 14(i), an arterial blood pressure-based
piezoelectric generator is presented °. The proposed harvester is a piezoelectric bimorph with a circular and
curved shape that fits into the blood vessel and undergoes bending motion because of bold pressure variation,
thereby generating electrical energy. This harvester shows significant application potential since it provides
a novel solution to power the implantable micro-sensors in the human brain.

The pressure produced during walking can be used to generate electrical energy, thereby leading to a range
of interesting device designs — the sole/insole-mounted energy harvesters, which can harvest energy from
the pressure of the foot. Some typical architectures can be found in Fig. 15 and Fig. 15(a) shows an in-shoe
magnetic harvester that can convert human foot strike energy into electricity 1. Footstep motion can be
transmitted to the upper moving board and can then be amplified by two sets of trapezoidal sliders; the linear
footstep motion is further converted to a rotational motion through a gear train; the rotational motion then
drives the generator to produce electrical energy; the harvester involves horizontal and vertical springs that
can provide a restoring force. Xie et al. pointed out that the allowed vertical displacement of the shoe heel
is extremely small (approx. 1 cm %%), and the frequency of the foot strike is relatively low, which should be
considered in the design of displacement-based energy harvesters. Fig. 15(b)-(e) shows some TENG devices
110,114,117, 118 "\which can be attached into an insole for harvesting energy from the walking-based press, or the
friction between the foot and the shoe, or that between the sole and the floor. It can be found that the
structures of many TENGs are simple, and they can be easily attached into shoes without changing their
original shapes and hindering human footsteps during walking. Hence, TENGs have potential advantages
for sole/insole-mounted energy harvesting documents. Moreover, Fig. 15(f) shows a pressure-type generator

which can harvest human motion energy during stepping. This device consists of a base, a pressure device,
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a transmission structure, and a small brushless DC motor. The detailed operating mechanism can be seen in
Ref. [1*%]. Inspired by this device, a similar contact-type dielectric elastomer generator proposed by Zhang
et al. 12 can be used to harvest pressure energy when it is assembled into a shoe. Electrical energy can be

generated through the deformation-recovery processes under intermittent pressures from the foot.

Triboclectric Nitrile glove
layer
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Fig. 14 Energy harvesters excited by the slowly varying pressure or small displacement motion. (a) the photographic a), output
voltage b) and output current c) of a pouch-type dielectric and dielectric materials-based TENG device under various human
activities while touching with an index finger (i), both the index and middle fingers (ii) and the hand (iii), respectively; relevant
figures when it is located on a luggage/laptop is plotted in d-f) 1%; (b) working principle of the paper-based TENG; (c) human
body constituted TENG which can generate electricity when the right hand is used to pat the polytetrafluoroethylene (PTFE)
film and the left hand is connected to a rectifier 1%; (d) liquid-based single-electrode TENG to power portable electronic products
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when it is tapped by hand 1%; (e) piezoelectric power generation by piezoelectric nanogenerator due to toe pressure, heel pressure
and wrist bending 1°7; (f) ZnO nanorods patterned textile based piezoelectric nanogenerator which can power a miniature display
screen by palm pressing and light several light emitting diodes (LEDs) by foot stepping 1°; (g) operation mechanism of fingernail
single electrode mode TENG glove under the states of finger extending and finger bending *%°; (h) wrist-band coupled TEG and

the contact and separation actions using finger-tip *2%; (i) curved beam harvester inside the artery 2.
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Fig. 15 Sole/insole-mounted energy harvesters related to the human walking or running. (a) model of the in-show energy
harvester and schematic when assembled in the heel area of a shoe %°; (b) operation mechanism and circuit configuration for an
energy-harvesting insole which can power 57 light emitting diodes (LEDs) under walking '7; (c) operation of the TENG when

walking *8; (d) hybrid triboelectric-piezoelectric nanogenerators (TP-NGs) embedded in a shoe insole, where the TP-NGs are
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located at the forefoot, arch, and heel positions 11°; (e) flexible multi-layered TENG with five layers of units and its application
in lighting the commercial LED bulbs during walking '; (f) pressure-type generator and its application when installed into a
shoe 5; (g) contact-type dielectric elastomer generator which can generate electricity when installed into a shoe 2.

4.4. Summary of human motion-based energy harvesters

The development of human motion-based energy harvesters can be designed to integrate self-powered and
self-sensing devices with a variety of mechanisms, structures, performance and application prospects. The
state-of-the-art advances in human motion-based energy harvesters have been comprehensively reviewed in
this section.

From the perspective of the human motion sources, human motion-based energy harvesters can harvest
energy from a range of human motion via different energy conversion mechanisms and materials (Section
3). For energy harvesters based on the human motion acting as an external base excitation (Category 1), they
can harvest energy passively or actively. In general, walking or running-related motion is suitable for passive
energy harvesters, in which frequency up-conversion strategies should be taken into account due to the low-
frequency of the relevant motions including the centre of mass lifting/lowing, swing motions, joint rotation
and other walking or running-related motion. In addition to walking or running, additional macroscopic
motions are suitable for active energy harvesters and can operate based on a person’s subjective demand,
making them highly useful in emergency situations when a power supply is urgently needed. Continuous
excitations can also involve some micro-physiological movements such as the heartbeat, the pulse, the
vibration of the vascular wall and the vocal cords, which is a promising energy source for human motion-
based energy harvesters to power ultra-low-powered implantable devices.

For energy harvesters based on the human body movement operating as a direct form of excitation for
deformation (Category I1), flexible and stretchable materials are necessary to allow them to be attached to
the human body and be deformed/recovered following the movement of the human body. In addition, for
energy harvesters based on a slowly varying pressure or small displacement motion (Category 1l1), flexible
and stretchable materials are also recommended. Among these energy harvesters, promising sole/insole-
mounted energy harvesters can be designed to harvest energy from the pressure of the foot.

Moreover, the energy conversion mechanisms for human motion-based energy harvesters, along with

their energy sources from human motion, energy harvesting performance and applications, are summarized
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in Table 7, which provide an overall understanding of the progress of human motion-based energy harvesters.
It can be found that as we analyzed, electromagnetic generators are suitable to harvest energy from Category
I and 111 sources, but they are less suitable to harvest human motion energy of Category Il due to the limited
flexibility and stretchability of electromagnetic generators. In contrast, piezoelectric generators, dielectric
elastomer generators and TENGs can harvest all categories of human motion energies, indicating their
feasibility in their design for a range of human motions. Hence, for a given energy source from human
motion, the appropriate energy conversion mechanisms can be chosen accordingly.

The power and power density of human motion-based energy harvesters reported in literature are
presented in Table 7. It is noted that the same method to calculate the output power is not used; where some
paper report the average power, while some reported the peak power. Hence, it is difficult to fully evaluate
and compare the energy performances of the proposed harvesters. Nevertheless, we can still learn the levels
of output power and power density. It is also noted that for most harvesters, the power density was calculated
from the output power per unit volume (W/m?), while for some harvesters, especially the TENGs based
systems, which produce streatchable and deformable thin harvesters, their power densities were calculated
as output power per unit area (W/m?). Moreover, there are limited reports on the energy conversion efficiency
of the harvester, which are typically reletavely low, indicating that the output power of the human motion-
based energy harvesters can be further improved by enhancing the energy conversion efficiency of the
harvesters with repsect to the harvesitng structure and active material employed. With regard to the
application areas, it can be seen that there are limited examples where the pratical applications of the human
motion-based energy harvesters in powering low-powered electronics or provding self sensing functionality,
while most work to date simply introduces the potential applications of the harvesters, which have not been
realized physically. Hence, more effort is needed to be made to make the harvesters practicable in real

operation environmenst.

Table 7 Energy conversion mechanism, human motion energy source, energy harvesting performance and application
case of human motion-based energy harvesters in the literature.

Applicable

Energy Performance
y human -
conversion motion Application case Ref. Year
mechanism Power/power density Efficiency
source
Electromagnetic ~ Category |  7.4W 30%-40% Unspecified L. C. Rome et al * 2005
0.3 -2.46 mW - Unspecified C.R. Sahaetal. ® 2008
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5W

3.61 uW

1.44 mw/~0.03-0.5 mwem
0.35-0.5 mW

41 W

44.1-99.3 uW

92 uW

71-342 uW

0.84 mW/40 pWem (swing
harvester), 4.13 mwW/86
uWem™ (shock harvester)
0.32 mW (average), 1.89 mwW
(maximum)

0.833 mW

4.52-42.7 mW/0.19-0.91
mwem-?

0.3-0.47 mW

203 uW (hand shaking), 32
uW (walking) and 78 pW
(running)/52 pWem™

4.95 mW (worn at the arm
during a run), 6.57 mw (hand
shaking)/730 pWem™

1.1 mw (walking), 2.28 mW
(running)

Up to 6.01 mW (vertically
attached), up to 10.66 mW
(transversely attached)

4.8 mW/228.6 pWem®

63.9 mW/9.42 mWem (hand
shaking), 4.2 mW/0.62
mWem 2 (worn on ankle
during walking)

20 mW/0.82 mwem?

2mw

10.4 mW

1.09-1.22 mW

8.8 mW/0.73 mwem?
1-440 pW

Without ferrofluid: 10.15 mwW
(walking) and32.53 mW
(running); with ferrofluid:
17.72 mW (walking) and
54.61 mW (running)/1.45
mwWem-?

0.074-0.090 mW/0.95-1.16
uW/g

6.11W

<63%
> 45%

21%
10%

30.98%

42%

7.7%
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Unspecified
Unspecified
Unspecified
Unspecified
Unspecified
Unspecified
Powering sensorized
total human knee
prosthesis
Unspecified
Unspecified

Unspecified

Powering a non-contact

temperature
measurement system
Unspecified

Unspecified
Unspecified

Unspecified

Unspecified

Unspecified

Charging a NiMH
battery and supply an
acceleration and
temperature wireless
sensor node
Unspecified
Unspecified

Unspecified
Unspecified
Unspecified
Powering a
hygrothermograph
Powering a sports
stopwatch

Powering a LoRaWAN

sensor node
Unspecified

Unspecified

Unspecified

J. M. Donelan etal. **
D.Jiaetal.”

B. J. Bowers et al &
S. E. Jo et al 2
S.Juetal®

D. Dai etal

V. Luciano et al

D. F. Berdy et al 2’
K. Yllietal 77
J. Yeoetal ®*

D. Alghisi et al 2%

K. Yllietal ™
J. Jun et al

J. Seo et al &7
M A Halim et al 2%

M Geisler et al >°

S.Wuetal

W Wang et al ™

M Geisler et al 2°

H. Leeetal ®
X Zhao et al &

P Gui et al 12

P Chen et al 2

H Liu et al %2

K Fan et al %

P. Maharjan et al %

V. Nico et al ¥

C Li.etal

L. C. Zhao et al %*

L. Huang et al ®

2008
2009
2009
2012
2013
2014
2014

2015

2015

2015

2015

2016
2016

2016
2016

2017

2017

2017

2017

2018
2018

2018
2018
2018
2019
2019
2019

2019

2019

2020



0.45 mW/20.9 pWem® - Unspecified K. Fan etal. & 2020
(human jogging), 0.65
mW/30.2 pWem® (arm swing)
3.48-4.04 W - Unspecified Z. Hou et al 2 2021
~0.3 W/3 W/kg - Unspecified M Liu et al ¢ 2021
Category Il - - - -
Category 111 0.81-1.39 W/9.7 mWcm™ ~57% Unspecified L. Xie et al 1° 2015
97 mW/1.17 mWem® - Unspecified F. Deng et al '*% 2019
32.2 mW (peak value) and 7.7 - Powering a Y. Zhang et al % 2020
mW (RMS power)/72.2 hygrothermograph and
uWem™ 70 LEDs
Piezoelectric Category | - - Unspecified L. Mateu et al ¢ 2005
~0.4 mwW - Unspecified J Feenstra et al ¢ 2008
600 pW/10 pWem™ 25% Unspecified M. Renaud et al % 2008
Up to 2.1 mW/3.8-13 pWem™ 8% Unspecified P.Pillatsch et al 2012
8 uW (hybrid harvester), 3 uyW - Powering pacemakers M. A. Karami et al % 2012
(bistable harvester)
51 uW - Unspecified S. Weietal 7 2013
43 pW/23.2 pyWem™ - Unspecified P. Pillatsch et al 2¢7 2014
3.7 uW/7.4 ptWem® - Unspecified M. Wahbah et al 2% 2014
0.29 mw 1.71% Unspecified R. Shukla et al % 2015
Up to 16 mW - Powering a custom D. Alghisi et al %° 2015
wireless temperature
sensor module
3.21 Mw, 18.73 uW and 23.2 - Unspecified J. Cao etal 27° 2015
puW for linear, monostable and
bistable harvesters
52.8 mwm? - Self sensing for human N. Wu et al #* 2015
body biological signals
such as coughing action
and arterial pulses
Over 100 pW - Unspecified P. Pillatsch et al 27 2016
- - Unspecified K.Fanetal ™ 2017
0.03-0.35 mW - Unspecified K. Fanetal ® 2017
0.175 mW/7.6 pWem™ - Unspecified M. A. Halim et al ® 2017
~1.9-~4.5 mW 80% Powering a wireless Y. Kuang et al ® 2017
sensor node
30.55 uW - Unspecified W. Wang et al 2 2017
- - Self sensing for human- Y. Chen etal #* 2017
activity-related
multimodal stimuli such
as pressure, strain,
sound, temperature and
light illumination
0.136-0.457 pW - Unspecified K. Lietal 2018
- - Self sensing for human S. Khalifa et al 27 2018
activity recognition
Up to 2.779 mW - Unspecified 1. 1zadgoshasb et al ¢ 2018
17.47 pW - Unspecified W. Wang et al 27 2018
0.96-86.12 pW Unspecified 1. 1zadgoshasb etal ?® 2019
1.6 mw - Unspecified F. Gao et al 2™ 2019
402 mwm? - Self sensing for 1. Choudhry et al 22 2020
biomechanical strain
15.41 mW/1049.01 pWem™ Powering low-powered B. Wang et al 2 2021
electronics such as watch
and screen
Category Il 1.5 mW - Unspecified H. Abdi et al 1% 2014
0.4-0.6 pW - Self sensing for human Y. K. Fuh et al 2 2015
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motion such as wrist
bending and torsion



31.9 uW - Interface as a machine G. D. Pasquale etal 2 2015
controller
0.03-0.073 pW - Unspecified Y. Zhang et al ** 2016
Of the order of 0.1 pW on the - - Y. Chaetal 2 2017
hip and ankle and 1 pW on the
knee
685 Wm* 13.86% Powering low-powered B. Dutta et al *7 2018
electronics, and self
sensing for pressue and
form a health-data glove
for healthcare monitoring
- - Unspecified M. B. Khan et al *® 2019
4.24 mwW - Powering low-powered S. Mondal et al * 2020
electronics, and self-
sensing for bending and
vibration
2 pwW - Be a drive unit of the P. K. Yang et al *® 2020
synchronous human-
robot interface
402 mWm2 - Self sensing for 1. Choudhry et al 2 2020
biomechanical strain
Category Il - - Unspecified L. Mateu et al ¢ 2005
18.6 mW (slow walking) and - Unspecified L. Xie et al % 2014
27.5 mW (fast walking)
5.75-8.92 mwW - Form a self-powered H. Kalantarian et al > 2016
pedometer
0.03-0.35 mwW - Unspecified K.Fanetal ® 2017
11.7 uW (Carotid artery) and - Powering embedded A. Nanda et al »® 2017
203.4 uW (Aorta) micro sensors in human
brain
685 Wm* 13.86% Self sensing for low level  B. Dutta et al 1 2018
pressure and form a
hand-data glove for
healthcare monitoring
- - Unspecified W. Cao et al % 2018
- - Unspecified Z. Heetal %7 2018
1.136 W - Unspecified S. M. Hossain et al %® 2018
- - Unspecified Z. Zhang et al **° 2019
12.8 mwW - Unspecified F. Qian et al % 2019
4.24 mW - Powering low-powered S. Mondal et al * 2020
electronics, and self-
sensing for pressing
402 mwWm? - Self sensing for 1. Choudhry et al 2% 2020
biomechanical strain
Electrostatic: Category | 2.1 mWcm™ - Unspecified C. Jean-Mistral et al 10 2012
dielectric Category Il - - Reducing knee joint H. Lai et al 2% 2019
torque deviation
Category 11l 120 mW - Unspecified V. Goudar et al *** 2014
22.94 mwW Unspecified C. Zhang et al 12 2020
Electrostatic: Category | 30.7 Wm™? ~10.62% Unspecified W. Yang et al ¢ 2013
triboelectric 60 W - Unspecified Y. Luetal 2014
0.5 mW - Unspecified J. Chen et al #? 2016
4.88-13.5 mW/542.22 uyWem? - Unspecified K. Xia et al % 2018
- - Self sensing for physical ~ H. Huang et al 2% 2018
activity recognition
528 uW - Unspecified H. J. Hwang et al 2% 2019
0.377 wJ from each cardiac - Powering cardiac H. Ouyang et al 2% 2019
motion cycle/110 mWm pacemaker
Category Il 0.892 mWcm? - Driving portable Z. Tian et al 2 2017
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competition timer, digital
clock and electronic
calculator

0.88 Wm™ 20% Real-time human- K. Dong et al 2018
interactive sensing
1mw - Powering a calculator X. Hou et al ® 2018
16 mwm - Self-powered human- Y.C. Laietal ¥ 2019
system interfaces
163.3 W - Unspecified J. Zhu etal ® 2019
2.0 Wm? - Driving portable L. Wang et al ¢ 2021
electronic products such
as calculator, and self
sensing for motion
counter
Category 11l 9.8 mWcm?2and 10.24 mWem™ - Unspecified P. Bai et al 2013
3
6.7 Wm? - Unspecified S. Wang et al % 2014
7.33 mW/0.626 Wm - Unspecified Y. Kang et al 27 2015
370.8 pWem™ - Powering low-powered M. S. U. Rasel eaal *** 2017
electronics such as
pedometer
4.8113 mW(clapping motion) 24.94% Unspecified X. Lietal 2 2017
and 7.5248 pW(slow
walking)/46.6 pWem™
0.88 Wm™ 20% Real-time human- K. Dong et al 2018
interactive sensing
30 Wm - Motion sensor and signal ~ R. Zhang et al 1% 2018
sender
72 pW - Driving a watch H. Zhang et al 2018
44.6 mWm? Powereing commercial Z. Zhang et al #°
electronic devices such
as calculator and sigtal
thermometer, and
monitoring human
motions such as walking,
running and jumping
18.15-25.35 Wm? - Unspecified A.R. Mule et al 2019
16.1 Wm? - Self sensing for press S. Chen et al 1% 2019
and human-machine
interfacing
1.8 mwW/2 Wm? - Self sensing for L. Wang et al 3° 2019
temperature and press
36 uW - Self-powered X. Cui et al *® 2019
physiological monitor
6.2 uW - Unspecified Khushboo et al ** 2019
48.8 pW/122 mWm™ - Self sensing for J. Fuetal ' 2020
distinguishing different
people
0.9 ytWem? - Unspecified H.J. Ohetal Y 2020
2.0 Wm? - Driving portable L. Wang et al 1¢ 2021
electronic products such
as calculator, and self
sensing for motion
counter
11.7 pW/8.87 pWem™ - Self sensing for weight J. Fuetal 3 2021
and pressure
Hybrid Category | (EM/TE) 5.8 mW - Charging low-powered M. Salauddin et al ® 2018

(handshaking), 2.6 mw
(waking) and 3.4 mW (slow
running)/up to 344 Wm
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(EM/TE) 8.8 mW 77% Driving low-powered P. Maharjan et al 2019
electronics such as sports
stopwatch, wristwatch,

digital humidity
temperature meter
(EM/PE) 93 uW by PE - Unspecified M. A. Halim et al * 2019
transducer) and 61 pW by EM
transducer)/8 pyWem™
(EM/TE) 3.25 Wm?2 by TENG - Unspecified C. Hou et al ** 2019
and 79.9 Wm? by EM
generator
(PE/TE) 2.4 W/13.94-22.004 - Demonstrative S. Gao et al 3 2021
pWem™ rehabilitation, human-
machine interfacing and
sports monitoring
(EM/TE) 0.43 W (average) - Powering low-powered L. Liuetal 2 2021
and 0.55 W (peak value)/1.26 electronics such as
mwWem pedometer, Bluetooth
module, and recodering
motion
Category Il - - - - -
Category 11l (PE/TE) 52-127 uW Powering a wireless D. W. Lee et al *° 2020

pressure sensor network
and self-detection of
human body motion

5. Application status and challenges

With the help of the energy harvesters introduced in Section 4, human motion-based self-powered and
self-sensing devices can be further developed for different applications. In this section, the state-of-the-art
advances in human motion-based self-powered and self-sensing devices are comprehensively reviewed from

the perspective of the end applications, and challenges are further discussed.
5.1. Human motion-based self-powered devices

The proposed human motion-based energy harvesters can be applied in a range of applications as self-
powered devices. Their suitability is determined by the structure, size, output power, mechanical flexibility,
and biocompatibility. It is noted that self-powered devices have their own power or propelling force,
according to Merriam-Webster dictionary “6, hence, the combination and integration of conventional
electronics and energy harvesting technologies can lead to a generalized self-powered device. It can be seen
from Table 7Fable7 that some of the proposed devices have been specifically designed to power themselves
and used in specific applications. However, some devices reported in the literature have only reported their

energy harvesting performance, and in these cases the devices have the potential to power other electronic
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devices. In this section, the applications of human motion-based self-powered devices, including the

harvesters having potential to form a self-powered device, are introduced.

5.1.1. Powering implantable medical devices. Implantable medical devices (IMDs) usually refer to
microsystems which are placed inside the body of a patient who suffers from severe or chronic diseases such
as diabetes, colon cancer and heart disease *’. Common implantable medical devices include pacemakers,
cochlear implants, visual prostheses, neural recording microsystems, deep brain stimulators, implantable
cardiac defibrillators, coronary stents, hip implants, interocular lenses, and implantable insulin pumps. Some
implantable devices, such as pacemakers, require an external power supply, and one of the most challenging
issues is to power these devices durably, stably and safely. At present, most of implantable devices are
powered by chemical batteries and when the batteries are exhausted they need to be replaced or taken out,
which brings additional pain and danger for the patients 3%. Hence, researchers have attempted to solve this
issue by improving the power supply system for these devices. One possible solution is to power implantable
devices by extracting energy from their operation environments, in particular from human body motion.

To design reliable human motion-based micro energy harvesters (MEHSs) for biomedical applications, a
number of important factors need to be taken into account. For example, most implantable devices are
directly used inside a human body, thus, micro energy harvesters must be anti-infection. They should have
considerable stability and durability; their size should also be small (in general under 1 cm? in volume 3¢)
to avoid any unnecessary impact on human body. Micro energy harvesters should have good
biocompatibility to integrate with currently available in vivo implantable medical devices. Moreover, when
designing a micro energy harvester, it is of importance to comprehensively explore the characteristics of the
energy sources to be harvested, such as the frequency and amplitude of the expected motion. In addition,
implantable medical devices should also be considered in the design of the energy harvesters. For
implantable devices with a need for long-term operation, such as the pacemakers, the energy harvesters
should exhibit high stability and a long lifespan. However, for applications related to short-term transient
electronics for implantable medical devices, which are integrated with living tissue and used for diagnostic
and/or therapeutic purposes during certain physiological processes °7: %, the energy harvester should be

degradable and resorbable in the body; as a result there is no need for a medical operation to remove the

52



device and adverse long-term effects are avoided. Hence, biodegradable energy harvesters fabricated with
abosrbale organic and inorganic materials have been proposed 3%°.

To date, many human motion-based energy harvesters have been proposed to power implantable medical
devices. Implantable cardiac pacemakers are good examples, which have unique challenges in terms of a
high level of safety and reliability, as shown in Fig. 16. The required power of modern pacemakers has been
significantly reduced to be less than one microwatt in recent years 3°> 310 Since batteries take up
approximately 2/3 of the size of a typical pacemaker, utilizing an energy harvester to power a pacemaker
can not only expand the lifetime of the pacemaker but also makes it possible to significantly reduce its size.
To achieve this goal, Karami et al. designed mono-stable and bi-stable energy harvesters in 2012, using
vibrations from heartbeats, which were converted into electrical energy that can continuously recharge the
batteries of pacemakers 2. The results showed that a bistable energy harvester can produce a satisfactory
power level (more than 3 uw) regardless of the heart rate, which ranges from 7 beats per minute to 700 beats
per minute. Recently, a self-powered pacemaker charged by the heart’s own movement has been proposed
by researchers from Stanford University ', The pacemaker is able to harvest the energy associated with
the relative motion between a magnet and a conductor due to the contraction of the heart muscle via
electromagnetic induction. The power generated by this energy harvester can be as high as 160 uw, which
can be stored to power the pacemaker when the heart has disease. Ouyang et al. proposed an implanted
symbiotic pacemaker based on an implantable triboelectric that is capable of harvesting energy from cardiac
motion 2%, This pacemaker successfully corrected sinus arrhythmia and prevented deterioration with an open
circuit voltage up to 65. 2 V and an energy of 0.495 pJ per cardiac motion cycle, which is higher than the
required endocardial pacing threshold energy (0.377 pJ). Moreover, the arterial blood pressure-based
piezoelectric generator 2> shown in Fig. 14(i) is designed to power embedded micro sensors in the human
brain to measure neural and physiological data. When the harvester is implanted into the carotid artery, the
harvested power for slower pulse rates approaches 30 uw. Additional in vivo examples of energy harvesting
from animals can be found in the review paper of Dagdeviren et al. 58, which provides novel concepts that
have potential for applications in the human body in the near future.

It can be found that in designing this type of energy harvester, their light weight, small size, anti-infection

property, stability, durability, biocompatibility and absorbability should be taken into account ¢, and the
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harvester must not impede the normal operation of internal organs. In solving these issues, self-powered
devices have significant potential to power implantable biomedical devices, and benefit our health.
Additional examples about the implantable energy harvesters can be found in the review of Jiang et al. 32,
where harvesters which can harvest energy from not only human motion energy (organ motion such as

heartbeat and respiration), but also chemical energy from the redox reaction of glucose.

Schematicof pacemaker system.

Fig. 16 Self-powered devices for implantable biomedical devices 3.

5.1.2. Powering wearable devices. Wearable devices represent electronic components and software
controlled products that can be incorporated into clothing or can be worn on the body like accessories 4.
Today, a variety of wearable devices have been developed, which include electronic skin (e-skin) 35318
biomedical monitors %%, bionic-robots 3:*-%?!, human-interactive interfaces °% % 322-324 military 2% 3%, and
consumer electronics (smart glasses 27-33°, smartwatches 331-3%), Wearable devices have shown their
capabilities in providing human health-related information and human-machine interactions. Therefore,
wearable devices are becoming increasingly more popular as research areas in both academia and industry
since they are considered to have an ability to enable a paradigm shift in the digital world.

To date, most wearable devices are powered by batteries. However, with the developments of modern and
future wearable devices, they raise new requirements such as a need to be lightweight, conformal and
seamless, which cannot be satisfied by the current rigid and bulky batteries, especially in the applications
such as outdoor activities, harsh industrial scenarios and service personnel (ambulance, rescue and military).

Moreover, the chemical used in existing batteries also leads to environmental pollution problems. Hence,
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power generation technologies that harvest energy from green and sustainable energy sources have a
potential in powering wearable devices. In the review paper by Gao et al. '8, the state of the art in wearable
power generation methodologies, including electromagnetic wave energy harvesting, photovoltaic energy
conversion, thermoelectric energy generation, fuel cell chemical energy conversion and mechanical
harvesting, were comprehensively introduced and summarized. Among these technologies, human motion-
based energy harvesters provide a potential solution to power wearable devices. To date, human motion-
based energy harvesters for wearable devices can be divided into integrated harvesters and independent
harvesters.

Integrated harvesters indicate that the energy harvesting component is a key part of a wearable device??,
This is commonly seen in self-powered e-skins and textile-type harvesters 2°2 3%, E-skin is a type of flexible
and stretchable skin-type electronics that is capable of transducing a mechanical signal into an electrical
signal, which has applications in wearable electronic devices, health control, healthcare monitoring and
artificial intelligence 3334, A complete e-skin device includes the power supply, a variety of skin-like
sensors and actuators, and pathways for signal extraction and processing 341, The long-term continuous power
supply for e-skins is a challenge, which can be potentially solved by harvesting energy from ambient
environment, especially from the human body including the physical motion and its thermal emission. Hence,
human motion-based self-powered e-skins, which are mostly based on piezoelectric and triboelectric
generators, have begun to emerge 3234 One example can be found is a self-powered, wireless-control,
neural-stimulating e-skin with a TENG driven by human motion **°. Since e-skins often work as a sensor,
their detailed introduction is presented in the section of human motion-based self-sensing devices (Section
5). The textile-type human motion-based energy harvester is another type of integrated harvester. The
integration of comfortable, soft and breathable wearable electronics integrated into textiles or clothes has
been widely used in many fields, which brings significant convenience and advantages to our daily life. For
wearable applications, the ubiquitous and stable energy associated with human motion is the ideal energy
source for wearable electronics, thus leading to a type of sustainable self-powered multi-functional electronic
device 346347 such as highly stretchable TENGs %97, wearable pouch-type TENGs %, flexible piezoelectric
nanogenerators 1*°, wearable electromagnetic harvesting textiles ¢, are suitable in these applications.

Additional examples of textile-type harvesters can be found in Refs. [2%: 2% 324.348] |t can be seen that
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integrated human motion-based self-powered devices are mostly made of flexible and stretchable materials
since their mechanical properties match the human body.

In comparison, independent human motion-based energy harvesters can provide energy for wearable
devices, including consumer electronics such as smart watches and smart glasses, which provide a
convenience for our daily life. Specific energy harvesters have been proposed to power such devices, instead
of batteries, thereby providing a potential solution to significantly improve their endurance time. For
example, human motion-based energy harvesters have demonstrated their application potential in powering
a commercial wrist watch %1, However, since independent energy harvesters operate as an external power
supply they can increase the size of the wearable devices and make their structure more complex. Therefore,
integrated energy harvesters should be further developed in the future work to design complete self-powered
consumer electronics.

5.1.3. Powering other low-powered electronics. In addition to implantable biomedical devices and
wearable devices, which are in demand for self-powered applications, other low-powered electronics can be
powered by human motion-based energy harvesters. For example, harvesters have shown their application
in powering portable devices: a scientific calculator can be powered by an air-cushion TENG %°, a human
body constituted TENG 1%, a double-layer-stacked triboelectric textile 2°¢ and a stretchable triboelectric
textile ° excited by human movement; a timer can be powered by a human body constituted TENG % and
a double-layer-stacked triboelectric textile 2%; a double-layer-stacked triboelectric textile can be used to
power a digital clock 2, Some harvesters can be used to power a wireless sensor?! such as a digital
thermometer 2%°, temperature sensor °* 26, an insole pressure network *° and a wireless sensor node 7 7% 8%
102,259,260 Many human motion-based energy harvesters were not proposed for a clear application area, and
researchers have simply proposed various schemes based on different energy harvesting mechanisms and
explored their energy harvesting performance. However, the proposed human motion-based energy
harvesters have potential to operate as a power supply. As long as the output power of the harvesters is larger
than the required operating power, they have potential to be used to power electronics. If the output power
is smaller than the operating power, the energy generated from the harvesters can be used as a supplement
for batteries so that they are be recharged or used for a longer period of time. One important potential

application case, from the viewpoint of the authors, is self-powered outdoor rescue devices *° such as the
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headlight/hand lamp, compass, global positioning system (GPS) locator, portable batteries and rescue signal
transmitter. Hence, all the proposed devices provide energy options of the low-power electronics in the future.
It is clear that a high output power, small size, lightweight, highly integrate, flexible and durable energy
harvesters are favourable for these electronics.

5.1.4. Application challenges. Human motion-based energy harvesters can be used in a range of
applications, whose performance is decided by the structure, size, output power, flexibility, and
biocompatibility. In the literature, some specific devices are designed to power themselves, such as
implantable medical devices, while other devices only show their potential in powering any low-power
electronics by only quantifying the energy harvesting capability. It can be seen the area of human motion-
based self-powered devices is at an early research stage and low technology readiness (TRL) level. The main
application challenges of human motion-based self-powered devices are :

(1) The output power is a key index to evaluate the performance of human motion-based self-powered
devices. It can be seen from Table 7 that most harvesters have a relatively low output power level (mW or
pW level). There are reports that the output power is larger than the power consumption or power
requirement of some low-powered electronics 27265, so has the potential to act as a power supply for these
electronics. However, in practical applications, the generated electrical energy may be dissipated through
the external circuit and energy storage system. Hence, the output power of current harvesters should be
improved to ensure their reliability in operation of power supply.

(2) In small-scale applications, such as powering implantable medical devices, the devices have strict

dimensional restrictions. Hence, the power density of existing harvesters, see Table 7, should be further

improved so that the harvesters can supply sufficient energy with a reasonable size.

(3) As shown in Table 7, the energy conversion efficiency of human motion-based energy harvesters have
not been fully studied, and the reported efficiencies are relatively low. Although most harvesters scavenge
energy from the wasted energy of human motions, the conversion efficiency is less well studied. However,
enhancing the energy conversion efficiency could be beneficial to improving the output power of a harvester
under a certain operation environment, thereby improving overall performance.

(4) Human motion-based energy harvesters can convert human motion into electricity, but before it can

be used by the terminal electronics, an extrenal management circuit or energy storage system 68 255 265 gre
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necessary. As introduced previously (Section X), electromagnetic and piezoelectric generaters usually
produce an AC voltage under human motion, while wireless sensors and portable devices often use a DC
voltage. Therefore, an electrical interface between the harvesters and terminal electronics is essential.
However, the external circuit may consume energy, thus reducing the available energy of the whole system.
This is a particularly important restriction for small-scale human motion-based harvesters with a low output
power/power density, which must be taken into account in future applications. Moreover, the electrical
interface or the external circuit may have influence the dynamic response of the harvester, which impedes
effective optimization design and application of the harvesters.

(5) In some applications, the output power generated from the human motion-based harvesters is not
necessary to power a terminal electronic directly. Instead, it can be stored in an energy storage device, such
as advanced batteries and supercapacitors. Thus, human motion-based energy harvesters and energy storage
devices can be integrated into self-charging power systems (SCPSs) 4°, which can storage the generated
power effectively and supply power when needed. While there some reports have demonstrated that the
power generated from a human motion-based energy harvester can be used to charge a capacitor 58 107. 255
more work is needed on self-charging power systems . For example, the energy density of the energy storage
devices can be improved %% %1 and the potential flexibility and wearability of energy storage devices should
be considered %2, These progresses have been summarized in other review papers 3335, Moreover, the total
efficiency of a self-charging power system is determined by the energy conversion efficiency, the circuit
efficiency and the storage efficiency. These factors along with their combined influences should be fully

studied facing the pratical applications.
5.2. Human motion-based self-sensing devices

The development of advanced energy harvesters has an important role in the development of wireless
sensors. On one hand, harvesters can provide energy for low-powered wireless sensors so that they can act
only as a power supply. Wireless sensors have broad applications in many wireless environments and are
useful in our daily life. For example, wireless sensor networks can be applied in condition monitoring of
engineering structures **¢ and in the railway industry 37; wearable sensors can be used for human health

monitoring **8 and activity monitoring *°, and sensors inside a human body can be used to monitor important
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physiological indexes such as heart rate 3%, arterial pulse % and blood pressure 36?; sensors installed outdoor
can be used to measure the temperature, wind speed, and collect data 3-5; wireless sensor networks are the
core element of the Internet of Things 6% %7, On the other hand, some energy harvesters can behave as
sensors, without any sensor incorporation based on their unique material properties, thereby removing the
restriction of using additional sensors. In these cases, the devices can be termed self-sensing devices, which
have attracted significant attention in the research community. In this section, the state-of-the-art human
motion-based self-sensing devices will be fully reviewed.

For most human motion-based self-sensing devices, the measured physical quantities are reflected by the
electrical signal generated from the energy harvester. Hence, the accuracy of the electrical signal is a key
factor of energy harvesters, but not the generated output power. Moreover, the materials for energy
harvesters should be sensitive to excitations, such as the pressure-induced strain. Therefore, according to the
energy conversion mechanisms of the pre-mentioned energy harvesters (Section 3), most human motion-
based self-sensing devices are based on a flexible piezoelectric or triboelectric energy harvester, which can
be mounted on the human body and generate electrical signals according to different strains, angles and
pressures.

In the following of this section, human motion-based self-sensing devices, which can generate electricity
from human motions and act as a sensor for human activity monitoring, healthcare monitoring, and human-
machine interactions and other bio-signals, are comprehensively reviewed.

5.2.1. Human activity recognition. Considering that human motion-based energy harvesters are installed
upon the human body, the energy harvesters with sensing properties can be used to recognize human
activities. Examples of such self-sensing devices can be found in Fig. 17.

Human motion-based energy harvesters can be used to recognize the macroscopic limb movements of a
human, such as finger tapping, leg contact-separation movements, and the upper limb swing. For example,
the human body constituted TENG % introduced in Fig. 14(c) can act as a high-performance, self-powered
body motion sensor, as shown in Fig. 17(a). When the TENG is packed on a trouser, it can work in a vertical
contact mode with the open-circuit voltage being proportional to the size of the TENG or the pressure applied
onto the TENG. Thus, when the harvester is subjected to finger tapping with the pressure being relatively

unchanged, its open-circuit voltage has a linear relationship with the contact area, which can be simply
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represented by the number of fingers. This device can be used to sense the adding/removing of the hand, and
the friction between the skin and the polytetrafluoroethylene (PTFE) film from hand sliding. Based on a
similar mechanism, a flexible and self-powered e-skin based on an extra-stretchable TENG 38 can generate
energy from finger pressure, and sense the strength and the motion trajectory of mechanical stimulations, as
shown in Fig. 17(b). Other self-powered e-skins with tactile sensing characteristics can be found in Refs.
[3%8:369]. Another similar self-sensing device that can recognize the contact-separation movement of a leg or
other body movement was proposed by Tian et al. 2%, A flexible nanocomposite-based piezoelectric
nanogenerator proposed by Choudhry et al. 2% can act as a strain sensor to recognize the bending and relaxing
states of the finger, wrist and elbow. The yarn-based TENG proposed by Dong et al. ° has many applications
in human activity recognition, as shown in Fig. 17(c). A skipping rope with two yarn-based TENGs can be
used for self-counting by analyzing the generated electrical signal that reflects the contact-separation motion
between the bottom touch-down section and the ground; a self-powered smart gesture-recognizing glove,
which is simply assembled by pasting five TENG yarns on the dorsal of a regular glove, has been designed
to detect and recognize the finger gestures; a real-time golf scoring system based on this TENG can be used

to recognize eight golf swing steps through the corresponding output voltage curve, as shown in Fig. 17(c).
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Fig. 17 Human motion-based self-sensing devices for human activity recognition. (a) Human body constituted TENG which
can act as an active sensor to recognize the finger pressure 1%; (b) a flexible and self-powered e-skin based on an extra-stretchable

TENG that can sense the strength and the motion trajectory of mechanical stimulations *¢®; (c) versatile core-heath yarn used in
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a self-counting skipping rope, a self-powered gesture-recognizing glove, and a real-time golf scoring system %; (d) digitalized
outputs of a ratchet-based TENG that can match the rotation angles to the pulse numbers 3%; () health-data glove with three e-
skin sensors integrated to index, middle and ring fingers 1°7; (f) flexible and dual-mode TENG as a self-powered sensor to detect
the phalanges” movement of fingers and even the bending angles 3°; (g) Performance of highly flexible power generator as an
active sensor under the skin and operated by human motion movement when attached to the wrist joint 2; (h) noncontact TENG,
whose output voltage signals can reflect the walking gait cycle (leg raising and falling), moving direction, walking or running
speed and moving path directly and clearly 37; (i) wireless TE motion sensor node which can recognize the common physical

activities including sitting and standing, walking, climbing upstairs and downstairs, and running 2%,

Micro motions and their accuracy in terms of displacement or angle can be recognized by human motion-
based energy harvesters, especially the finger and wrist motion. For example, Gao et al. proposed a motion
capturing and energy harvesting hybridized lower-limb system 3%, which consisted of a sliding block-rail
piezoelectric generator that can harvest low-frequency biomechanical energy, and a ratchet-based TENG (R-
TENG) that can sense the lower-limb. It was reported that the digitalized output of the R-TENG matched
the rotation angles to the pulse numbers, as shown in Fig. 17(d), making it useful for demonstrative
rehabilitation, virtual reality and sports monitoring. The same research group proposed the use of a
triboelectric bidirectional sensor as a universal and cost-effective solution for developing a customized
exoskeleton for monitoring the movable joints of the human upper limbs with low power consumption 72,
Its potential application for supporting the manipulation in both real and virtual worlds, including robotic
automation, healthcare, and training applications were demonstrated. A stretchable and shape-adaptable
liquid-based single-electrode TENG 1% can generate electrical signals that directly respond to external
mechanical actions. When the TENG is installed on the finger joint, it can monitor the angle of finger bending
since the peak value of the electrical output varies with the bending angle. Hence, this TENG can act as a
wearable active sensor to monitor human motions by extracting information from electrical signals. Some
other human motion sensors that can recognize the fingers and bending angle include a fabricated
piezoelectric nanogenerator based on SiO./PVDF nanocomposites %7 shown in Fig. 17(e) and a human
motion sensor based on flexible dual-mode nanogenerator *° shown in Fig. 17(f). A highly stretchable all-
rubber-based thread-shaped TENG % can quantitatively recognize the state of finger motion using the similar
operating mechanism, as shown in Fig. 13(b). In addition, Fig. 17(g) presents a nano/micro fiber (NMF)
based on an all-direction energy harvester 2 that can recognize a bending wrist and the torsion of a wrist

when operated by human motion.
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Another important human activity that can be recognized by self-powered sensors is a standing/walking
posture. For example, a noncontact paper-based TENG 7%, shown in Fig. 17(h), has demonstrated its
potential in monitoring the walking gait cycle (leg raising and falling), moving direction, walking or running
speed and moving path. This device consists of a printed paper with a metal electrode as one part of the
TENG, and the human body as the other part. The rise and fall of the leg during the motion cycle can be
reflected by the output voltage simultaneously, and the moving direction can also be recognized. Moreover,
by simply fixing two paper-based TENGs on the wall, the walking or running speed of a person can be
calculated through the voltage peak values of these two TENGs with passing time. By fixing two individual
TENGSs on two orthogonal walls, the moving path of a person can be derived based on the measured output
voltages. The human activity recognition from kinetic energy harvester (HARKE) is realized through a
simple piezoelectric cantilevered beam system 27>, Results show that the HARKE can detect daily activities
such as standing, walking, running, ascending stairs and descending stairs with 80% to 96% accuracy
depending on the activities and the placement (location) of the wearable device on the human body (hand or
wrist). A simple wireless triboelectric motion sensor node 2° shown in Fig. 17(i) can recognize common
physical activities including sitting and standing, walking, climbing upstairs and downstairs, and running. A
similar function can be realized through a wearable TENG with polytetrafluoroethylene (PTFE) film and
cotton film 37, which can measure the human walking state when it is located on the sole of shoes. Another
interesting example is a pedometer without batteries, which is an energy harvesting shoe 2%, The proposed
simple activity monitoring system based on a piezoelectric harvesting platform can record the step number
according to the output voltage with the median accuracy of 10.8%. The hybridized electromagnetic-
triboelectric nanogenerator designed by Liu et al. 2*° can be also used to recognize squatting and standing up
actions of, lifting of the leg up and down (when mounted on the thigh and foot) and to record motions of
forward and unexpected falling (when equipped on the walking aid).

We have seen that some human motion-based energy harvesters can act as self-sensing devices to
recognize human activities, and in some cases, they can even measure physical quantities, such as the joint
bending angle, and walking speed. However, it should be noted that the relationships between these physical
guantities and outputs (voltage or current, in most cases) are relatively poor, therefore, their performance as

sensors for obtaining accurate physical quantities should be further improved by developing high-
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performance self-sensing devices. This is an important development direction for human motion-based self-
sensing devices for human activity recognition.

5.2.2. Human health monitoring. Human health monitoring is another promising application for human
motion-based self-sensing devices. For example, the fabricated piezoelectric nanogenerator **” shown in Fig.
17(c) can recognize the movements of different fingers, and the signal patterns can provide information for
healthcare monitoring for bead-ridden patients 374377, The walking gesture can provide rich human health
information, which corresponds to diverse physical states. A human body-based electrode-free TENG 18
(Fig. 15(c)) can realize health monitoring and disease diagnosis based on the generated signal during human
walking, as shown in Fig. 18(a). This energy harvester will generate a positive pulse voltage when the left
foot departs from the floor and a negative pulse voltage when the left foot falls on the floor. Similarly, a pair
of opposite pulse voltages will arise when the right foot lifts and lands. The abnormity of either foot (such
as being injured) will result in different walking gestures and output voltage compared to those in a normal
way. The second plot in Fig. 18(a) shows the output voltage of an able-bodied person and a disabled person.
One can see a clear distinction between the output voltages, thereby determining the possible physical
condition of a person. The weight of a person can also be recognized from the output voltages. As shown in
the third plot of Fig. 18(a) and the inset, the amplitude of the output voltage shows an approximately linear
increase as the weight increases, indicating that the TENG has a potential application in weight-bearing
training and weight monitoring. In addition, this TENG can be used to recognize the height of a person’s
vertical leap, as shown in Fig. 18(a), which indicates a linear relationship between the jumping height and
the amplitude of the output voltage. This can be explained that the vertical separation velocity between two
triboelectric materials reflects the take-off velocity of a person, and further decides the amplitude of the
output voltage. The results further demonstrate that the TENG has potential in physical training and
physiological monitoring. Another interesting self-sensing device for health monitoring are the self-powered
sensors for coughing action 27 274 as shown in Fig. 18(b, c). When the cellular polypropylene flexible
piezoelectric generator 27* shown in Fig. 18(b) is fastened on the neck of a healthy person, coughing, which
leads to vocal cords vibration, will produce a current signal. The normalized power spectrum density can
reflect the coughing action better. Hence, some coughing-based diseases can be monitored. This device can

be also used to detect the arterial pulses of a person when it is fastened on the wrist, thereby monitoring a
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person’s health condition. The mechanism and function of the flexible (1-x)Pb(Mg,Nb)O3-xPbTiOs; (PMN-
PT) ribbon-based piezoelectric-pyroelectric hybrid generator for coughing action recognition (Fig. 18(c)) is
similar to this device. The flexible nanocomposite-based piezoelectric generator 2% is stated to be a suitable
candidate in various medical diagnostic applications, but the authors did not provide an in-depth elaboration.

Most human motion-based self-sensing devices for human health monitoring are in vitro and mounted
outside of human body, and the human health status can be monitored by the generated signal resulting from
finger touching, walking, jumping, and coughing. Hence, the human health status is recognized indirectly.
If the self-sensing devices can measure the biomedical signals, such as blood pressure, pulse, blood sugar
level, and heart rate, the human health status can be recognized directly, and the results can be more
informative. Hence, one important development direction of human motion-based self-sensing devices for
human health monitoring is in vivo self-sensing devices. These devices should be able to harvest energy from
human motions, and are sensitive to biomedical excitations. Moreover, they should have good
biocompatibility and durability. The development of advanced materials may promote the improvement of

such devices.
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Fig. 18 Human motion-based self-sensing devices for human health monitoring. (a) electrode-free TENG, through the output
voltages of which the gait of an able-bodied person and a person with disability and different weights and jumping heights can
be recognized *%; (b) human body biological signals detecting sensor to measure the coughing action, along with the electrical

outputs caused by coughing ?7%; (c) device attached on a neck and the voltage output waveform for the sensor caused by coughing
274

5.2.3. Human-machine interactions. In some cases, human motion-based self-sensing devices cannot
measure the physical quantities precisely, but the obtained electrical signal can be used as a trigger signal to
enable human-machine interaction systems. These devices do not act strictly act as sensors, but their
sensitivity to human motion has wide ranging innovative applications. Hence, these devices will be

introduced in this subsection, and typical devices are presented in Fig. 19.
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Fig. 19 Human motion-based self-sensing devices for human-machine interactions. (a) Output voltage and current during finger
touching and releasing, which provide a basis for the fabric-based multifunctional TENG (WPF-MTENG) as fabric human-
system interface. Photos show the wireless wearable WPF-MTENG-based music-controlling keypad and music-play system %,
(b) TENG-based paper piano for self-powered human-machine interfacing 1%; (c) human-machine interaction with a self-
powered wearable touch panel based on the liquid-based single-electrode triboelectric nanogenerator attached on a person’s
forearm, and letters can be typed to display by light emitting diode (LED) screen %; (d) intelligent human-robotic interface
established based on the interaction between human and 3D printing robotic hands. Human forefinger in different bending states
can generate the corresponding activation voltages synchronously by the SnS; piezoelectric nanogenerator device adhered to the
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human forefinger, thus driving a robotic forefinger °; (e) a virtual foot game controlled by a magnetic-interaction assisted

hybridized triboelectric-electromagnetic nanogenerator 378,

Fig. 19(a) shows a waterproof and fabric-based multifunctional TENG (WPF-MTENG) ¥. Electrical
signals can be generated when the two fabrics are in contact with each other during finger touching. Using
these responding signals, the WPF-MTENG, which can be simply integrated into a smart cloth, and can act
as a self-powered human-system interface. For example, this work proposed a smart cloth with five WPF-
MTENGS acting as music-controlled keys, which can control a music player system remotely when they are
integrated with a data-processing micro controller and wireless transmitter. Pressing the keys of “Play” and
“Next” can remotely play the music and play the next song of the player system, respectively. A similar
application can be found in Fig. 19(b), which shows a paper piano with paper-based TENGs (P-ENGs) 1%
(Fig. 14(b)). In the proposed self-powered human-machine interactive paper piano, the keyboard is
composed of seven P-TENGs. On pressing and releasing the keys (i.e., the P-TENGSs) of the keyboard,
electrical energy is produced, which is used to charge the related capacitors. Thus, the sound programme can
be controlled by the varying voltage through real-time communication. Similarly, a wearable and self-
powered touch panel 1% fabricated as an array of lateral sliding TENG (Fig. 16(d)) units as touch-sensing
components has demonstrated its application as a self-powered interactive device, as shown in Fig. 19(c).
Moreover, the disulphide piezoelectric generator with strain sensing and self-powered functionalities ' in
Fig. 13(h) can act as a human-robot interaction system to synchronize human-robot motion, as shown in Fig.
19(d). This figure presents the platform of a fully 3D printed robotic hand, which is connected to a control
program. Flexible piezoelectric nanogenerator devices adhered to the fingers, whose bending and stretching
will y produce signals, can be used to drive the robot hand simultaneously with a series of signal generation,
processing and recognition. Researchers have shown that the movements of a robotic forefinger can be
precisely controlled by a human forefinger through the activation voltage generated at different bending
states (off, I, Il and Il1), thereby demonstrating its application in real-time imitation of human gesture. To
apply this platform for a future human-machine interaction (HMI) system, the real-time performance of a
smart sign language system is further demonstrated. Liu et al. proposed a magnetic-interaction assisted
hybridized triboelectric-electromagnetic (MAHN) device %78, which can harvest energy from various sources

and realize human-machine interfaces. It was demonstrated that the MAHN can be applied as a self-sensing
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device in transferring direction commands, which can be applied in the orientation control in a game of
Snake, real-time operation of a PowerPoint presentation, and a virtual football game, as shown in Fig. 19(e).

The concept that the generated electrical signal acting as a trigger signal opens a new world for the
application of human motion-based self-sensing devices. If the electrical signal is sufficient to reflect the
actions from human body, it can be used to transmit a signal or trigger a machine, even though the energy
density of the device is small. This is helpful for the design of a rescue signal generator, a remote controller,
or a complex human-machine interaction system for remote or dangerous work. It should be noted that for
establishing a human-machine interaction system, data-processing micro-controller/ signal processing circuit
and the wireless transmitter for remote control are necessary, which often needs an external power supply.

5.2.4. Application challenges. Human motion-based self-sensing devices have been comprehensively
reviewed and introduced from the perspective of their applications. It should be noted that some harvesters
can harvest energy not only from human motion, but also from other energy sources, and they can act as
self-powered sensors to measure specific physical quantities such as velocity 2%4, pressure 1°7: 2%, weight 2°7
302 sound and temperature 2’4, However, these devices are not introduced in this review paper since they do
not harvest energy from human motions. Moreover, self-powered e-skin 7 is a form of self-sensing device,
which can harvest energy from light, heat, movement and biochemical elements **°. Among these energy
sources, human motion is a type of suitable energy source for the self-powered e-skins, where more details
on self-powered e-skins can be found in Ref. [%81].

For self-sensing devices, the accuracy of the electrical signal is highly important, but not the generated
output power. Based on the accuracy of the device in reflecting the measured physical quantities, the
applications of the generalized human motion-based self-sensing devices can be divided into two groups,
namely sensing and identification. To date, human motion-based self-sensing devices which can recognize
human activities and monitor human health only have limited accuracy, which is a key challenge to develop
high-performance self-sensing devices. The generalized self-sensing devices, which utilize the obtained
electrical signal as a trigger signal for human-machine interaction systems, have shown their potential in the
design of rescue signal generators, remote controllers, and complex human-machine interaction systems for
remote or hazardous work. The challenges for such devices include integration with the rest system, and the

stability and reliable of generated electrical signal.
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6. Conclusions and prospects

The utilization of advanced energies, including wind energy, wave energy, tidal energy, hydropower, solar
energy, nuclear energy, vibrational energy, and human body-related energy provides an important solution
for sustainable development and environmental protection. Among these available sources, energy from the
human body can provide a promising opportunity to generate energy from ourselves, with a reduced reliance
on an external energy source. Hence, human motion energy is highly suitable for active or passive small-
scale energy harvesters. Although their generated power is significantly lower than that from large-power
grid, they are stable and abundant, and have unique applications as an energy supply for low-powered
electronic devices. This includes consumer electronics, wireless sensors, structural health monitoring devices,
human healthcare devices, and in the design of rescue devices, self-sensing devices, human-machine
interactions, and in biology, military, or transportation. Therefore, human body-related energy harvesters
have attracted increasing attention in recent decades.

The human body-related energy sources include temperature difference, heat dissipation, blood pressure,
human sweat, and human motion, among which human motion has attracted attention. Moreover, human
body-related energy can be transformed into both non-electrical energy (e.g., the mechanical energy to drive
a mechanical watch) and electrical energy, and the electricity-oriented energy harvesters are popular since
they have wide application potential. Therefore, the development of human motion-based energy harvesters
is a rapidly developing area.

In this paper, the state-of-the-art advances of the human motion-based energy harvesters and their
applications in self-powered and self-sensing devices are comprehensively reviewed. Firstly, the available
human motion sources are re-classified into three categories based on how they operate as excitation sources
for human motion-based energy harvesters, including human motion operating as an external base excitation
(Category 1), human body movement operating as a direct form of excitation by deformation (Category I1),
and a slowly varying pressure or small displacement motion (Category IllI). Four commonly used
electromechanical energy conversion mechanisms, by which the human motion energies can be converted
into electricity, are further introduced along with the relevant materials. The human motion-based energy

harvesters can be further used for self-powered and self-sensing devices.
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In reviewing the current literature, inspiration can be obtained for the future research direction of human
motion-based self-powered and self-sensing devices, and the challenges that should be addressed. These
include:

(1) The performance of the human motion-based self-powered and self-sensing devices highly depends
on the nature of the material. Hence, the future development of advanced functional or energy materials can
be exploited in novel human motion-based devices.

(2) It is of importance to improve the power density by increasing the output power, optimizing the device
structure, and reducing the weight of vitro human motion-based energy harvesters. An additional challenge
is to ensure consideration to the comfort of the carrier.

(3) For the use of in vivo energy harvesters to power implantable medical devices, the most important
factors which should be taken into account include its light weight nature, small size, anti-infection property,
stability, durability, biocompatibility and comfort.

(4) For practical applications of the human motion-based energy harvesters, since the output power is
typically low, designers should enhance the power of harvesters by both improving their energy harvesting
performance and designing high-efficiency interface circuits. The inherent irregularity and inhomogeneity
of the human motions should be also considered in the design of future energy harvesters.

(5) Another approach to enhance the electrical output of harvesters is to design multi-source harvesters
which can simultaneously harvest heat energy, chemical energy, fluid-solid coupling and self-excited
vibration energy. This is of interest for the development of the intestinal and vascular self-powered micro-
robots by improving their function in human health monitoring and microsurgery.

(6) For human motion-based self-sensing devices, the sensing accuracy and reliability should be further
improved, and the multi-functional self-sensing devices are of interest.

(7) Other important potential applications for the human motion-based self-sensing devices include gait
monitoring, motion capture and human-machine interaction. By combining energy harvesting with
information and sensing technologies, they can provide a basis for the future high-accuracy multi-functional

devices.

71



(8) Human motion-based self-powered and self-sensing devices have potential to acquire data from human
body or ambient environment, which has significant potential when combined with Atrtificial Intelligence
and Machine Learning approaches.

In summary, human motion is a type of promising energy sources for small-scale self-powered and self-
sensing devices. These devices have shown their wide applications in human’s daily life ranging from daily
energy supply to delicate human health monitoring, and can be applied in more and more scenarios by

solving their application challenges in the future.
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