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A B S T R A C T   

Triboelectrification (contact electrification) as a physical phenomenon appeared for the first time in a dialogue 
by Plato around 400 B.C. The phenomenon described in the dialogue is about amber that people wear attracting 
dry hair. The description also indicated that triboelectrification was first discovered on the human body. 
However, the studies that have been carried out on triboelectrification were mostly based on other materials, 
such as polymers, rather than on the human body. The invention of triboelectric nanogenerators (TENGs) has 
recently opened a door for both fundamental and applied research and brought triboelectrification into real 
applications. The human body’s triboelectricity, as a vital part of studies, has also attracted much interest in the 
past ten years. Research and review articles were published during this period. However, few articles included 
the biological fundamentals of the triboelectrification of the human body. Moreover, most of the review articles 
missed two important parts: the electrostatic discharge (ESD) of the human body, which has been widely studied 
in electronics, and the cosmetics that reduce the triboelectrification of hair. A systematic review including the 
fundamentals and the applications could help readers understand the human body’s triboelectricity. Given this, 
we proposed this review article on the human body’s triboelectricity. The paper will cover a brief history and a 
brief mechanism summary of triboelectrification; the epidermis structure of the human hair and skin, including 
how the chemicals on the epidermal layer contribute to the skin’s triboelectricity; fundamental studies of the 
human body’s triboelectricity; and applications that utilize the human body’s triboelectricity. Perspectives for 
future studies and conclusions will be given at the end of the review.   

1. A brief history of triboelectrification 

The first description of the triboelectric phenomenon, "the marvels 
that are observed about the attraction of amber" [1], appeared in Plato’s 
dialogue Timaeus, which dates to approximately 400 B.C. The "attraction 
of amber" refers to the attraction of amber to dry hair that is a result of 
the electrostatic interaction in which electrostatic charges are generated 
by the triboelectrification between the amber and human skin or hair. 
Around 300 A.D., a Chinese Philosopher, Pu Guo [2], described the 
"amber effect" in his poem "Ci Shi Zan (Eulogy of the magnet).". 

“磁石吸铁，琥珀取芥，气有潜通，数亦冥会，物之相感，出乎意 
外。”. 

Below is an English translation of the poem in Dr. Frank Nordhage’s 

thesis [3]: 

"The magnet draws the iron, and the amber attracts mustard seed. There is 
a breath which penetrates secretly and with velocity and which commu-
nicates itself imperceptibly to that which corresponds to it in the other 
object. It is an inexplicable thing." 

"The amber attracts mustard seed" indicates the same physical princi-
ple as amber attracting dry hair. The "breath" describes the electric 
fields created by the triboelectric charges on the surface of the 
amber. The "which communicates itself imperceptibly to that which 
corresponds to it in the other object" explains how the charged object 
interacts with other objects. 

William Gilbert experimentally proved [4] the generation of 
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triboelectric charge by rubbing contact, written about in his book "de 
Magnete" in 1600. Such findings indicated the commonness of the gen-
eration of triboelectric charges between two surfaces in physical contact. 
The Swedish physicist J. C. Wilcke made the first triboelectric series [5] 
that showed the charge affinity of materials. The charge affinity in-
dicates the charge transfer during the triboelectrification process. Fig. 1. 

During the triboelectrification process, the charge generation was 
recognized as being the result of rubbing two materials together for a 

very long time. It was not until 1789 when Alessandro Volta noted that it 
is contact, rather than rubbing, that leads to charge transfer; people 
started to realize that the actual mechanism was not that simple. 

Despite the long history, the actual mechanisms of tribo-
electrification are still not fully understood. Different theories have been 
proposed, including ion transfer [6], electron transfer [7], and material 
exchange [8]. Recent experimental and theoretical approaches indicate 
that electron transfer dominates the charge transfer process of 

Fig. 1. A brief history of triboelectrification. 
All photos and pictures are copied from wikipedia.com. 
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solid-solid interface [9]. 
Apart from theoretical studies, attempts to apply triboelectric 

charges have also been made for a very long time. The first attempt may 
be the friction machines that use the triboelectric effect. Otto von 
Guericke invented the first friction machine [10] around 1663, using the 
triboelectrification between hands and a sulfur globe. The sulfur globe 
was later changed to a glass globe, as suggested by Isaac Newton [11] 
and made by Francis Hauksbee [12]. The second attempt was the in-
fluence machine that uses electrostatic induction. Alessandro Volta [13] 
and Abraham Bennet [14] are the first two persons contributing to the 
invention. Despite these attempts, few applications have been used in 
practice. One of the known applications is the Van de Graaff generator 
[15], which has lately been used as a particle accelerator. Beside these 
machines that can use the human body’s triboelectricity, there are other 
electrostatic generators such as the Kelvin water dropper [16], Holtz 
machine[17], and Wimshurst machine[18] that adopted other materials 
have been invented in the history. 

A new chapter on triboelectrification started in 2012 when Zhong- 
Lin Wang and coworkers [19] invented a triboelectric nanogenerator 
(TENG). The TENG combined the triboelectric effect and electrostatic 
induction [20] to generate energy use in practice [21–25]. As the 

development has progressed [26], an increasing number of applications 
of TENGs have been discovered, such as sensors [27], actuation systems 
[28], control interfaces [29,30], functional systems [31], and healthcare 
[32,33]. Potential applications in the Internet of Things (IoT) [34] and 
artificial intelligence [2] will make TENGs have a high impact on 
modern information technologies. 

2. A brief summary of the mechanisms of triboelectrification 

Triboelectrification is one of the most complex processes that remain 
to be understood by scientists. Several mechanisms (Fig. 2) have been 
proposed in history, including ion transfer [35], electron transfer [36], 
and material transfer [37]. Debates on these three mechanisms have 
continued for many decades. Each mechanism has a range of applica-
tions due to the diversity of material choices in triboelectrification 
studies. The diversity of materials can create a diversity of contacts [38], 
such as metal-metal [39], metal-insulator [40], metal-polymer [41], 
polymer-polymer [42], inorganic-organic [43,44], liquid-solid [45,46], 
and liquid-liquid [47,48]. The diversity of contacts implies that the 
charge transfer processes would be different for different interfaces. 

Researchers who prefer the ion transfer [49,50] mechanism 

Fig. 2. An electron cloud–potential well model proposed 
for explaining CE and charge transfer and release between 
two materials that may not have a well-specified energy 
band structure, as in Fig. 5. Schematic of the electron 
clouds and potential energy profiles (3D and 2D) of two 
atoms belonging to two materials A and B (a) before con-
tact, (b) when they are in contact, and (c) after contact, 
showing electron transfer from one atom to the other after 
forcing the electron clouds to overlap. (d) Charge release 
from the atom at an elevated temperature T once kT ap-
proaches the barrier height. d, distance between two 
nuclei; EA and EB, occupied energy levels of electrons; E1 
and E2, potential energies for electrons to escape; k, 
Boltzmann constant; and T, temperature. 
Ref. [7] Copyright 2018, John Wiley & Sons, Ltd.   
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recognize that there are no free electrons in insulators. Therefore, 
electron transfer does not occur during the triboelectrification process. 
Experimental evidence of ion transfer came earliest from the printing 
industry, where charge control reagents were used [8]. Recently, a new 
concept of mobile ions [50,51] was introduced to the theory, in which 
mobile ions can freely transfer between surfaces. However, the driving 
force of mobile ions has not been clearly explained [8]. Researchers also 
built a model based on a water layer [50] on the surface and explained 
the transfer of charges. However, such a charge transfer process can 
even occur in conditions without the presence of water [37]. 

The electron transfer mechanism [9] can be established following the 
theories in solid-state physics, such as the work function [52]. Such a 
mechanism can explain the contacts between materials with defined 
work functions. However, for organic materials, such as insulating 
polymers, the work function model does not work very well. An electron 
cloud-potential well model [53] has been recently proposed (Fig. 3) with 
the awareness that insulating polymers have no well-specified band 
structure. In this model, the contact of two atoms results in overlap of 
the electron clouds, leading to electron flow from a higher energy state 
to a lower energy state. A model based on quantum chemistry has been 
presented, in which the HOMO and LUMO orbitals [9] of the materials 
act similarly to the conduction and valence bands of semiconductors. 

Material transfer during the triboelectrification process has been 
experimentally proven using the XPS method [37]. Small clumps of 
materials transfer between surfaces during the contact-separation pro-
cess. Such behavior implies broken covalent bonds on the polymer 
chain, creating free radicals that are chemically reactive and subse-
quently react with oxygen or water to form charged species. 

Apart from the discussion of the mechanisms, a new achievement 
that is of great important is the displacement current theory developed 
by Prof. Wang [54]. The theory adds a new term (∂P/∂t) to the Maxwell’s 
equation to describe the current generated by a polarized field. Based on 
this theory, it is possible to quantitatively describe the current density of 
TENGs. 

Generally, all previous experimental and theoretical studies have 
demonstrated that the mechanism of triboelectrification is very 
complicated. There is no general theoretical model that simply describes 
all of the charge transfer process. In addition, triboelectrification is not 
just a simple physical process but also involves chemical processes in 
some cases. Therefore, multidisciplinary approaches need to be con-
ducted to explore the mechanisms. 

3. Fundamental studies of the human body’s triboelectricity 

3.1. Triboelectric properties of the skin and hair 

Triboelectrification of the human body occurs on either the skin [55] 
or hair [56] where the human body comes into physical contact with 
other objects. Both the skin and hair have high positive charge affinities 
compared to most of the materials that have been tested for their charge 
affinities, as shown in the triboelectric series. Few studies have 
explained why the skin and hair have similar charge affinities despite 
their different appearances. An answer to the question can be an ob-
tained if one investigates the chemical components of the skin and hair. 

The hair cuticle is mainly composed of keratin (Fig. 4) [58], which is 
also a large part of the epidermis of human skin [59]. This component in 
common makes them have similar triboelectric properties. If we 
examine keratin’s chemical structure, we can find that the structure is 
very similar to that of nylon [60]. As a triboelectric material, nylon has a 
very high positive charge affinity, which has been evidenced experi-
mentally. Therefore, the similar chemical structure on the hair cuticle 
and the epidermis of the skin makes them have a high positive charge 
affinity. 

In some triboelectric series where both dry skin and hair are listed, 
the charge affinity of dry skin is higher than that of hair. The mechanism 
behind this is that the epidermal layer of the skin has more chemical 
components (Fig. 5) than hair. In a hair cuticle, almost 95% of the 
contents are keratin [62]. However, in the epidermis, the outermost 
layer (stratum corneum) contains not only keratin but also ceramides, 
cholesterol, and fatty acids [59]. The mixture of these chemicals may 
make the epidermis have a higher positive charge affinity than the hair 
cuticle. However, no direct evidence has been shown yet. 

3.2. Triboelectric charge generation and transfer in the human body 

3.2.1. Triboelectric charge generation 
The charge generation process on human hair (Fig. 6) is similar to 

that for polymers commonly used in TENG studies. Electron transfer 
could be the primary process when hair is experiencing tribo-
electrification. Charge generation on hair has been tested by combing 
hair with different materials, such as metals and polymers. The charge 
density on hair depends on the materials used for rubbing as well as the 
direction of rubbing [63]. Modification of hair by reduction, bleaching, 
and oxidative dyeing has no significant effect on the hair’s triboelectric 
effect [64]. However, modification of hair by a cationic surfactant or a 
cationic polymer could change its charge density [65]. If hair is 
immersed in acid or base solutions, then the charge transfer could also 
be changed, and it is believed that the mobile ions on the keratin surface 
of hair [66] contribute to the charge transfer. The use of an AFM-based 
Kelvin probe [67] led to a recent demonstration of the difference be-
tween virgin and damaged hair (chemically or mechanically) in charge 
generation, showing that charge generation on virgin hair is more stable 
than that on damaged hair with increasing load. 

Different from hair, charge transfer for the skin might be more 
complicated due to the complexity of the surface molecules. An argu-
ment can be made on which process dominates the charge transfer. The 
reason for making the argument is that material transfer occurs all the 
time when human skin comes into physical contact with other objects. 
Evidence of material transfer can be found in fingerprints or palm prints. 
A question that has not yet been answered is whether the material 

Fig. 3. Different mechanisms of triboelectrification.  
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transfer is involved in the charge transfer process. In the material 
transfer of triboelectrification theory, material transfer occurs when part 
of a long polymer chain is stripped off into small segments that can be 
transferred. Such a process involves the breaking of at least a covalent 
bond, and the broken covalent bond will lead to the reaction of the 
atoms with oxygen, resulting in charges at the material surfaces. In the 
case of human skin, the material transfer does not involve breaking of a 
covalent bond. Therefore, it is not clear whether the material transfer 
could cause charge generation. More efforts need to be made to fully 
understand the process in the future. 

3.2.2. Triboelectric charge transfer in the human body 
The electrical structure of the human body is unique because of the 

biological structure. The outermost part of the human body is the stra-
tum and epidermal, which has a high impedance of up to 10 MΩ [68]. 
Beneath the dermal and tissue that have the resistance of approximately 
300 Ω [69]. The high impedance of the skin can act as a dielectric ma-
terial to generate triboelectric charges by contacting other materials. 
The difference between the skin and other synthetic insulators is that the 
skin allows the charges to penetrate at a relatively low breakdown 
voltage. For skin, the DC breakdown voltage is approximately 500 V, 
which can be easily achieved by the accumulation of triboelectric or 
electrostatic charges. Above this breakdown voltage, the charges can 

Fig. 4. Intermediate filament structure of α-keratin: ball-and-stick model of the polypeptide chain, and α-helix showing the locations of the hydrogen bonds (red 
ellipse) and the 0.51 nm pitch of the helix. 
Ref. [57] Copyright 2016, Elsevier. 
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penetrate the skin and be conducted through the body. Experimental 
evidence of such behavior (Fig. 7) has been demonstrated by Zhang and 
coworkers [70–73]. Two hypotheses have been developed based on the 
potentials induced by the triboelectric charges. If the potential is higher 
than 500 V, then the charges can pass through the skin and be conducted 
away, resulting in immediately detected electrical signals. Such a hy-
pothesis has been experimentally proven by the measured current of the 
triboelectric charge flow and the voltage induced on the hand [72] that 
did not participate in the triboelectrification process. In such a case, the 
human body acts as a conduit [74]. If the potential is lower than 500 V, 
then the triboelectric charges will accumulate to build up the potential 

and then pass through the skin. This hypothesis has been experimentally 
proven by measuring the discharge of triboelectric charges from the 
human body. Such a hypothesis also involves the fact that the human 
body is a network of resistors and capacitors. 

Although experimental evidence demonstrating charge transfer 
through the human body has been shown, there are still some charge 
transfer behaviors that need to be addressed. For example, if the local 
potential on the skin is rapidly increased [69], the charges can penetrate 
easier than in a process with a slower increase. For the triboelectric 
process, the potential is usually increased in a very short time. There-
fore, charges may pass through the skin at a voltage even lower than the 
breakdown voltage. Such behavior has been found for rapid application 
of a voltage to the palmar surface, resulting in a capacitive current spike 
[75]. 

4. Negative impacts of the triboelectricity of the human body 

For a long time before 2012, the impact of the human body’s tribo-
electricity that leads to electrostatic charges was considered negative. 
Two examples of the negative impact are frizzy hair and the electrostatic 
discharge of the human body that damages electronics. Products were 
invented to reduce such an impact of the human body’s triboelectricity. 

4.1. The hair’s triboelectricity 

Frizzy hair caused by electrostatic charges is a problem when people 
try to style their hair. Part of the problem is induced by the shampoo 
used by consumers. Anionic surfactants, such as ammonium lauryl sul-
fate, sodium lauroyl sarcosinate, and ammonium laureth sulfate, in 
shampoos can remove sebum and dirt. However, the use of such 
shampoos can cause an increase in the negative charge on hair [79]. To 
reduce the problem, shampoos with cationic, amphoteric, and nonionic 
surfactants [80] are produced for consumers. New hair care products 
with specific components have been developed to reduce the surface 
charge, such as behenamidopropyl dimethylamine [81]. Common 
components in shampoos and their functions are listed in Table 1 [78]. 

In addition to the components in shampoos, the pH of shampoos also 
plays a very important role in the charge generation on hair fibers. 

Fig. 6. Frizzy hair and electrostatically charged hair when a kid is playing on a slide. 
Photos are copied from Wikipedia.com. 

Fig. 5. Skin structure. The components of the epidermal skin barrier are shown 
here. The outermost layer, the stratum corneum, is designed to be difficult to 
penetrate to protect from environmental insults. The granular, spinous and 
basal layers of the viable epidermis are responsible for generating and renewing 
the stratum corneum and are involved in wound healing. The epidermis also 
contains Langerhans cells and melanocytes. The skin barrier provides innate 
immune functions. 
Ref. [61] Copyright 2014, Elsevier. 
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Fig. 7. Hypothesis of the function of the human body. (a) Human skin and a typical TENG component. The epidermis of the skin and PTFE are dielectric materials 
with a high impedance or resistance, while the dermis and the electrode deposited on PTFE have low resistances. (b) Hypothesis I, a surface voltage above the skin’s 
breakdown voltage drives charges through the body. (c) Circuit of the H-TENG according to hypothesis I. (d) Hypothesis II, the body acts as capacitors and resistors 
when the surface voltage is less than the skin breakdown voltage. (e) Circuit of the H-TENG according to hypothesis II. 
Ref. [72] Copyright 2018, Elsevier. 

Table 1 
Shampoo formulation components [58,76–78].  

Shampoo components Function Example 

Cleaning agent 
(surfactant) 

Anionic Primary cleansing of the hair with improved removal of lipids Soap 
Cationic Provide softness to the hair and improve combability. Reduce hair static electricity Quaternary ammonium salts 
Amphoteric Mild cleansers, reduce the tendency of anionics to adsorb onto proteins Betaines, amphoacetates 
Nonionic Improve hair manageability. Provide dispersing, emulsifying and detergent 

properties 
Ethoxylated fatty alcohols, tweens, alkyl 
polyglucosides 

Conditioning agent Impart softness and gloss, reduce flyaway and enhance disentangling facility – 
Special care ingredients Treat specific hair or scalp conditions, such as dandruff, greasy hair, dermatitis, 

seborrhea, alopecia, and psoriasis 
– 

Additives Contribute to the stability and comfort of the product, adjust the pH and viscosity Foam stabilizers, chelating agents, viscosity builders 
(gum, salt, amide) 

Preservatives Reduce possible microbial contamination – 
Aesthetic agents Provide aesthetics to the shampoo, either color or fragrance Fragrance, colorants, pearlescent or opacifier agents 

Table from ref. [78]. 
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Alkaline pH has been observed to increase the negative charge density 
[82] of the hair fiber, which could lead to cuticle damage, especially at 
pH values higher than 5.5. Cationic ingredients should be added to 
shampoos if their pH value is above 3.67 [82]. 

Another way to reduce the electrostatic charge on hair is to apply 
conditioners. For example, if a shampoo of pH higher than 5.5 has been 
used, then a low-pH conditioner should be applied to reduce static 
charge generation [82]. The use of conditioners can reduce friction 
among hair fibers. Conditioners usually deposit positively charged ions 
or molecules that possess a natural negative dipole moment [78]. 
Common components in conditioners and their functions are listed in 
Table 2 [78]. 

To style the hair, consumers may use hair dye to change the color. 
Traditional hair dyes, such as carbon black-based dyes, do not reduce 
the electrostatic charge on hair. Graphene-based dyes [83] have been 
recently reported that can significantly reduce the generation of surface 
charges on hair. 

4.2. Electrostatic discharge (ESD) 

The daily movements of the human body generate a charge on the 
body, and the charges could be released suddenly when part of the body 
comes into contact with (contact discharge) or becomes close to (arc 
discharge) a conductive object. Such a phenomenon is called electro-
static discharge (ESD). Charge generation on the body was considered to 
be the result of triboelectrification between, for example, shoes and a 
resistive floor [84,85] or cloth on the body and the textiles of chairs 
[71]. Models such as the capacitance model [86] and multielement 
model [87] have been developed to simulate the ESD of the human 
body. 

The ESD is electrically characterized by its voltage, current, and 
waveform. The peak currents are nonlinearly related [88] to the voltage 
on the human body. The relationship can be described by IESD(A) =

5.144⋅(VESD(V) )0.6215
. The intensities of the peak currents are usually in 

the range of several amperes [89]. 
Since the 1980s, damage of electronic devices due to the human 

body’s ESD [85,90,91] has gained much attention. The damage can 
involve direct failure of physical destruction or indirect failure of false 
edge sensitivity [90], as well as degradation of semiconductor compo-
nents [92]. Recently, as wearable electronics have come into use, the 
risk of ESD to electronics has also gained much attention [93]. To pro-
tect electronic devices, different types of ESD devices have been 
invented. The first patented device to reduce the influence of ESD might 
be the anti-electrostatic garment invented by Gambetti, which was 
patented in 1965. Such a garment is made as overalls with a cable that 
conducts charges [94]. However, the garment should be properly 
designed and used; otherwise, it could also pose an ESD risk to 

electronics [95]. Currently, wrist straps are mostly used to conduct 
electrostatic charges away from the human body. In addition to the 
method of conducting electrostatic charges away, another method that 
reduces ESD events by introducing a guard electrode [96] between the 
human body and a target was recently developed. Briefly, a voltage is 
applied to the guard electrode based on the input from a probe that 
senses the body’s polarity. In this way, the potential difference between 
the human body and electronics will not be high enough to lead to ESD. 

5. Applications that utilize the triboelectricity of the human 
body 

Since the 1660s, scientists have started to discover applications of 
the human body’s triboelectricity (Fig. 8). The milestone of the appli-
cations is the invention of the TENG in 2012. Since then, the focus has 
moved from mainly reducing the influence on electronics of electrostatic 
charges on the human body to the utilization of triboelectricity for en-
ergy conversion and a variety of sensors. Here, we divide the applica-
tions into three parts: applications before the 21st century, applications 
from the beginning of the 21st century to 2012, and applications after 
2012. 

5.1. Applications before the 21st century 

Before the 21st century, applications that utilized the human body’s 
triboelectricity were mainly focused on electricity generation. The mode 
of electricity generation was similar to the single-electrode mode of 
TENGs. The first application of the human body’s triboelectricity might 
be the friction machine invented by Otto von Guericke around 1663 
[17]. The friction machine generates electricity by rotating and rubbing 
a sulfur globe with hands. The sulfur globe was later replaced by a glass 
globe, as suggested by Isaac Newton and made by Francis Hauksbee 
(Fig. 8). The charges generated by the friction machine can be tempo-
rarily stored in a Leyden jar [97] (Fig. 8), invented by Ewald Georg von 
Kleist, Pieter van Musschenbroek and Andreas Cunaeus. The Leyden jar 
acts as a capacitor constructed between the human hand and water. In 
the mid-18th century, Benjamin Franklin (Fig. 8) optimized the friction 
machine’s design and made Franklin’s electrostatic machine [98]. 
Instead of a hand, the machine uses a cloth pad to generate charges that 
are conducted away with a set of metal needles. 

5.2. Applications in the 2000~ 2012 period 

Before 2000, especially since the 1980s, the main topic regarding the 
human body’s triboelectricity was the ESD [88,93,99–103]. Studies 
were conducted to measure the ESD and to develop different methods to 
reduce its impact. During the period from 2000 to 2012, the focus moved 
toward sensors that utilized the human body’s triboelectricity. An 
example is the sensor that can sense human walking [104] on different 
floors such as wooden and ferroconcrete floors [105]. Based on the 
electrostatic current induced by the human body’s triboelectric charges, 
the human gait can be recognized using remote sensing techniques 
[106]. 

Similarly, human hand motions [107] can also be monitored 
remotely [108] using the induced electrostatic signals. The common 
basis of these applications is that they utilize the capacitance between 
the human body and surrounding environment [109]. No direct 
touching of the human body with surrounding objects or the ESD process 
is involved in the applications. A different route that utilizes ESD of the 
human body can be used to make touch sensors(Fig. 9) [110]. 

5.3. Applications developed after 2012 

In 2012, Wang’s group published the first study on TENGs and 
indicated that such TENGs could be used for harvesting mechanical 
energy [19]. Such a finding makes triboelectrification a very useful way 

Table 2 
Conditioner formulation components [58,78].  

Conditioner 
components 

Function Example 

Polymers Increase luster and gloss, 
reduce the combing force, 
reduce static electricity 
(due to hydrophobic 
agents) 

Silicone 

Oils/waxes and 
cationic molecules 

Reduce static electricity 
(due to hydrophobic 
agents) 

Mineral oil, long-chain 
alcohols, triglycerides, 
esters 

Additives, 
preservatives, and 
anesthetic agents 

Provide aesthetics to the 
shampoo, either color or 
fragrance 

Fragrance, colorants, 
pearlescent or opacifier 
agents, viscosity builders, 
pH adjusters, colors 

Table from ref. [78]. 
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to produce electrical power. The first TENG that utilizes the human 
body’s triboelectricity was published in 2013 by Yang and coworkers 
[111]. Recently, many studies have been performed to discover appli-
cations of the human body’s triboelectricity. Generally, there are two 
categories of applications: energy harvesting and sensors. 

5.3.1. Utilizing of body motions 
From a body motion point of view, the reported TENGs based on the 

human body’s triboelectricity have been applied on different part of the 
body to harvest energy or sensing. Almost all of the 9 categories of body 
movements have been adopted in studies including such as flexion and 

extension, abduction and adduction, etc. Many studies have utilized the 
hand or fingers movement [112–118]. However, the operation modes 
are different, including finger sliding [34], finger pointing [115], finger 
press [117–119], and finger bending [114]. Besides, TENGs have also be 
mounted on the foot [120] or shoes [121] to harvest energy from 
walking [122–124]. 

Because of the diversity of body motions, TENGs could be mounted at 
different places. Many studies have demonstrated the applications at one 
or two body parts. However, multiple parts mountable TENGs at 
different body parts have also been achieved. Lai and co-workers [120] 
have reported a single-tread-based wearable TENG than can be mounted 

Fig. 8. Devices used in history to convert the 
human body’s triboelectricity to electricity. Top 
left: Typical friction machine using a glass 
globe, common in the 18th century. Top right: 
Franklin’s electrostatic machine on display at 
the Franklin Institute. Bottom: Discovery of the 
Leyden jar in Musschenbroek’s lab. The static 
electricity produced by the rotating glass sphere 
electrostatic generator was conducted by the 
chain through the suspended bar to the water in 
the glass held by assistant Andreas Cunaeus. A 
large charge accumulated in the water, and an 
opposite charge accumulated in Cunaeus’ hand 
on the glass. When he touched the wire dipped 
in the water, he received a powerful shock. 
All images copied from Wikipedia.com.   
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at the elbow, the knees and on the foot. Xiong and co-workers [125] 
have reported a textile-based TENGs that can realize durable biome-
chanical energy harvesting at different places such as shoulders, chest, 
arm and leg. Wang and co-workers [126] have reported a bioinspired 
stretchable TENGs that can utilize the muscle’s shape change to generate 
electricity that can be mounted at multiple places of the body. These 
examples have demonstrated different strategies to take advantages of 
the results of body motions. Lai’s work has utilized the motions at the 
joints; Xiong’s paper have used the body motion induced tribo-
electrification of the skin; Wang’s reports have demonstrated the pos-
sibility to use the muscle’s contraction and extension. 

5.3.2. Energy harvesting 
Applications that use the human body’s triboelectricity for energy 

harvesting have a common strategy, that is, to convert body motions 
into electricity. In most of the studies (Table 3 and the relevant refer-
ences therein), a single-electrode mode TENG is adopted, and human 
skin is applied as a triboelectric material to create triboelectrification 
with a counter dielectric material and generate charges on it. In these 
cases, the triboelectric charges generated on the human body are 
ignored. One exception is a report by Zhang and coworkers [72], where 
they constructed a single-electrode mode H-TENG (Fig. 9) that harvests 
only the triboelectric charges generated on the human body. The 
H-TENG produces a higher output power density than other 

single-electrode TENGs where human skin is involved. 
The contact-separation mode [127–129] has also been adopted in 

some of the studies. Using this mode, the triboelectric charges generated 
on the human body are included in the energy conversion process. An 
output power density up to 30 W/m2 could be achieved using this mode 
(Fig. 10) [129]. However, this mode is less studied due to the relatively 
more complex construction than the single-electrode mode. 

From a triboelectric material point of view, polydimethylsiloxane 
(PDMS), silicone and polytetrafluoroethylene (PTFE) are the most 
commonly used triboelectric materials in human skin-involved TENGs. 
Table 3 shows a list of the materials and relevant references. PDMS and 
silicone are soft materials that can maximize the contact with human 
skin, resulting in maximized charge transfer. PDMS has an extra 
advantage that makes it a popular material, the viscoelastic property. 
Such a property allows PDMS to be easily made in different shapes. PTFE 
is used mainly because of its significant negative charge affinity, which 
can lead to high output of the TENGs. In addition to these traditional 
polymer materials, new materials, such as black phosphorous [125], 
have also been studied to discover their potential in utilizing to tribo-
electricity of the human body. 

The constructions of the TENGs listed in Table 3 vary depending on 
the purpose. Generally, they can be classified into two categories: 
standalone and wearable TENGs. The standalone TENGs harvest energy, 

Table 3 
TENGs utilizing the human body’s triboelectricity.   

VOC (V) ISC or ISCD P or PD 
(load) 

TENG mode Ref 

PDMS 1000 8 mA/m2 500 mW/m2 Single 
electrode 

[111] 

PDMS 70 2.7 µA/m2 – Single 
electrode 

[131] 

PDMS 107.2 
(CE) 132 
(CF) 

0.32 µA (CE) 
0.5 µA (CF) 

– Single 
electrode 

[55] 

PDMS 70 0.46 µA 135 mW/m2 

(800 MΩ) 
Single 
electrode 

[132] 

PDMS 70 30.2 mA/m2 2.79 W/m2 

(150 MΩ) 
Single 
electrode 

[133] 

PDMS 58.6 – 0.16 W/m2 

(40 MΩ) 
Single 
electrode 

[134] 

PDMS 103 – 4.8 mW/m2 

(10 MΩ) 
Contact- 
separation 

[127] 

PDMS 130 1 µA/cm2 – Contact- 
separation 

[135] 

Silicone 50 6.5 µA/cm2 40 µW/cm2 

(1 MΩ) 
Single 
electrode 

[136] 

Silicone 45 17 µA 19 µW 
(60 MΩ) 

Single 
electrode 

[137] 

Silicone 72 18 µA 34.4 µW/ 
cm2 (1 MΩ) 

Single 
electrode 

[121] 

Silicone 28 0.56 µA – Single 
electrode 

[116] 

Silicone 200 200 µA 14 mW 
(1 MΩ) 

Contact- 
separation 

[128] 

PTFE 320 0.8 µA/cm2 159 µW/m2 

(28 MΩ) 
Single 
electrode 

[113] 

PTFE 570 30 µA – Single 
electrode 

[34] 

PTFE 600 160 µA 3.3 W/m2 

(50 MΩ) 
Single 
electrode 

[72] 

PTFE 520 120 µA 30 W/m2 

(300 MΩ) 
Contact- 
separation 

[129] 

HBP-fabric 880 1.1 µA/cm2 0.52 mW/ 
cm2 

(100 MΩ) 

Single 
electrode 

[125] 

Kapton (vs. 
human 
hair) 

103 10.9 µA 60 mW/m2 

(1.2 MΩ) 
Contact- 
separation 

[56]  

Fig. 9. (a) Schematic diagram of the deployment of a human body motion 
experiment. Elsevier. (b) Schematic of the measurement system for detecting 
contact between the subject’s hand and the wall. 
Part (a) Ref. [106] Copyright 2012. Part (b) Ref. [110] Copyright 
2011, Elsevier. 
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in most cases, from hand motions such as patting. The advantage of such 
TENGs is the simplicity of the construction. The constructions of wear-
able TENGs [130] are more complex than those of standalone TENGs. 
Such TENGs can be attachable to the skin [131] or shoes [121] or 
wearable as accessories [127] or textiles [125]. For such TENGs, the 
flexibility and stretchability of the triboelectric materials are crucial. 
Therefore, textile-like constructions of TENGs with specifically designed 
fibers have been popularly made [120,121,125]. 

It seems the material choices in literatures that used in TENGs for 
harvesting energy from human body are not very broad. PDMS, silicone 
and PTFE are mainly used, despite other materials such as HBP fiber and 
Kapton have also been used. The reason behind might be the softness of 
the human skin works better with soft counter materials like PDMS and 
silicone. In the future, one may expect new types of materials to be used 
in related studies. 

5.3.3. Sensors 
TENGs that utilize the human body’s triboelectricity are natural 

body motion sensors because the motions are involved in the tribo-
electrification process. Different types of sensors, such as force sensors 
[120], tactile sensors [111], and motion sensors [131,138], have been 
developed. The working principles of the single-electrode and 
contact-separation modes of the TENGs that utilize the human body’s 
triboelectricity make them respond differently to different applied 
forces. However, the electrical signals are not linearly related to the 
applied force [120], requiring further studies to optimize either the 
material selection or the construction of the TENG. A tactile sensor also 
senses the force that is applied to a TENG; however, the sensitivity 
should be much higher than that of a force sensor. Yang and coworkers 
[111] developed a tactile sensor with a sensitivity of 0.29 V/kPa 
(Fig. 11). An 8 × 8 matrix tactile sensor with a pixel size of 
3 mm × 3 mm can sense the force difference at different locations. 

Fig. 10. Performance of the H-TENG. (a) Schematic drawing of the circuit of an H-TENG. The function of the body is discussed in the section below. (b) Open-circuit 
voltage measured for the H-TENG. (c) Short-circuit current measured for the H-TENG. (d) Measured current and voltage vs load resistance. (e) Output power per 
square meter of the H-TENG vs load resistance. The value was calculated using W˭I2R. (f) Charging of a 0.47 µF capacitor by an H-TENG at a hand patting frequency 
of 6 Hz. The figure shows the voltage and the corresponding charges on the capacitor. (g) Photograph of a timer driven by an H-TENG. h, Photograph of lighting 377 
LEDs with an H-TENG. 
Ref. [72] Copyright 2018, Elsevier. 
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Kim’s group fabricated a system [117] combining single-electrode-mode 
TENGs (S-TENGs) and field-effect transistors (FETs) to sense finger 
touching (Fig. 12). Such a tribotronic device has a sensitivity of ≈2% 
kPa− 1 and a detection limit of <1 kPa. Another dual-mode sensor [115] 
was recently developed for sensing finger touching in both a high 
pressure range (10–120 kPa) and a low pressure range (<10 kPa) with a 
sensitivity of 1.04 V/kPa. 

More recently, a new type of 3D touch pad [139] has been developed 
to enhance the human-machine interaction. Such a 3D structure con-
structed by a multi-channel positioning layer and a single-channel 
pressure sensing layer. The working principle of the 3D touch pad is 
shown in Fig. 13. In brief, the touch of positive charged finger will drive 
the positive charges bounded on the electrode and shielding layer to the 
ground to keep a neutralization. Further pressing of the finger will lead 

to the triboelectrification at the sensing layer. There two procedure 
produces different signals for processing. The results in the paper will 
lead to a universal tactile sensing strategy for robotics and 
human-machine interactions. 

Another type of sensor is dedicated to sensing body motions that is 
different from sensing forces because it has the requirement of recog-
nizing or identifying different motions [30]. A simple approach to 
recognizing different motions is to put multiple sensors on different 
body parts [140,141], and the response of one of the sensors indicates 
the motion of the body part. Such an approach is effective but requires a 
complex connection of sensors and actuators. Zhang and coworkers [71] 
reported a new way of sensing body motions by reading the triboelectric 
signals generated at the moving body part (Fig. 14). In this way, one has 
the possibility of using a simple circuit to identify different body 

Fig. 11. (a) Photograph of a device on a red LED array, exhibiting the transparent feature. (b) Photograph of the bent device. (c) Output voltages of one device in the 
matrix under different pressures. (d) Output voltage as a function of applied pressure. The red line corresponds to the linear fitting function. (e) Photograph of the 
matrix touched by a human finger. (f) Measured positive output voltage map for the touching in e. 
Ref. [111] Copyright 2013, American Chemical Society. 
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motions. However, due to the complexity of body motions, there is a 
need for assistance from computer science, such as machine learning, to 
improve the performance of the sensor. 

In addition to tactile and motion sensors, there are other types of 
sensors with more specific aims utilizing the human body’s triboelec-
tricity. One example is a TENG attached to fingers to sense finger joint 
motion and predict the bending angles. A sensitivity of approximately 
0.3 pF/◦ has been achieved. Another example is a control disk [34] that 
sends different codes to realize smart home control and password 
authentication access control. 

6. Perspectives 

TENGs have attracted much attention from researchers in different 
areas due to their broad range of applications. The study of the human 

body’s triboelectricity is however less studied compared to other areas, 
such as energy harvesting from different resources, although increasing 
interest has been observed recently in the literature. 

In addition to the above reviewed studies, there are many other 
studies that one can perform in the future.  

1) Mechanism of the skin’s triboelectrification. The epidermal layer of 
human skin has many chemical molecules that contribute to its 
triboelectric properties. How these molecules act under different 
conditions is not known. In addition, how skin conditions, such as 
wrinkles and elasticity, influence the triboelectricity is also unclear.  

2) Biomedical applications utilizing the human body’s triboelectricity. 
A person moves differently when he or she is experiencing different 
diseases, which can generate different triboelectric signals. By 
analyzing the signals, a doctor can obtain a better diagnosis. An 

Fig. 12. Graphene tribotronic array. a) Schematic depiction of a 3 × 3 graphene tribotronic array. b, c) Photograph of the tribotronic array mounted on the wrist 
with a double finger touch (b), and corresponding spatial map in terms of current modulation, ∆Ids (c). (d–f) Schematic depiction of the movement of a ball over the 
PDMS friction layer, and (g–i) corresponding spatial maps in terms of ∆Ids. 
Ref. [117] Copyright 2016, John Wiley and Sons, Ltd. 
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example is to sense the body’s triboelectric signals for a person with 
Parkinson’s disease [71]. By analyzing the information of the signals, 
e.g., frequency and intensity, a doctor can predict the progress of the 
disease and give proper treatment. 

3) Human-machine interactions utilizing the human body’s triboelec-
tricity. There are studies to create human-machine interactions by 
triggering TENGs with body motions. However, using the human 
body’s triboelectricity would be more precise and may communicate 
more complex information.  

4) Aging of the human skin. There is no knowledge about how human 
skin aging relates to its triboelectrification. However, as the skin is 
experiencing triboelectrification processes all the time, there could 
be a potential relationship between the aging and 
triboelectrification. 

The study of the human body’s triboelectricity is not a simple task, 
requiring multidisciplinary collaborations with scientists from physics, 
electronics, chemistry and biology. To utilize the human body’s tribo-
electricity, one may need input from computer science. 

7. Conclusions 

Ever since the discovery of triboelectrification, the human body’s 
role has been involved. Many scientists have made many efforts to study 
and utilize the human body’s triboelectricity. We have reviewed here 
the studies that focus on the human body’s triboelectricity from the 
beginning of the discovery. A brief history of triboelectrification has 
been given along with information about important people related to the 
human body’s triboelectricity. Mechanisms of triboelectrification have 
also been briefly reviewed, showing the differences in the theories. 

The core of this paper is to review the studies that are directly related 
to the human body’s triboelectricity. Studies at different times and from 
different areas, such as cosmetics, electronics protection, energy har-
vesting, and sensors, have been reviewed. Perspectives for future studies 
have also been given, focusing on the mechanisms of human skin tri-
boelectrification and the applications that can be achieved by multi-
disciplinary collaborations. 

The paper gives a systematic overview of the human body’s tribo-
electrification and applications that are directly related. The informa-
tion provided here could promote the study of the human body’s 

Fig. 13. Working principles of the 3D-TTP. (a) Cross-sectional view of a sensing unit and charge distribution within an Approach-Touch-Press process. (b) Simulation 
by COMSOL to elucidate the potential variation of the positioning layer and its influence on the other electrode. (c) Potential simulation by COMSOL of a pressure 
sensing unit shielded from the upper positioning part. (d) and (e) Positioning principle based on the synchronous signals from the intersected rows and columns. (f) 
Signals of the pressure sensing part synchronous to the upper positioning signals. 
Ref. [139] Copyright 2020, Elsevier. 
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triboelectrification, which may have great importance in many appli-
cations, such as biomedical devices and artificial intelligence. 
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[59] C. Pailler-Mattei, C. Guerret-Piécourt, H. Zahouani, S. Nicoli, Interpretation of the 
human skin biotribological behaviour after tape stripping, J. R. Soc. Interface 8 
(2011) 934–941, https://doi.org/10.1098/rsif.2010.0672. 

[60] R.A. Ortega, E.S. Carter, A.E. Ortega, Nylon 6,6 nonwoven fabric separates oil 
contaminates from oil-in-water emulsions, PLoS One 11 (2016), e0158493, 
https://doi.org/10.1371/journal.pone.0158493. 

R. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1038/s41467-019-09461-x
https://doi.org/10.1021/cm00018a006
https://doi.org/10.1021/cm00018a006
https://doi.org/10.1002/adma.201706790
https://doi.org/10.1002/adma.201706790
https://doi.org/10.1511/2012.97.316
https://doi.org/10.1511/2012.97.316
https://doi.org/10.1016/j.mattod.2019.05.016
https://doi.org/10.1109/EE.1954.6438752
https://doi.org/10.1109/EE.1954.6438752
https://doi.org/10.1098/rsnr.2012.0023
https://doi.org/10.1088/0031-9120/12/2/003
https://doi.org/10.1088/2058-7058/17/2/37
https://doi.org/10.1016/j.nanoen.2019.05.049
https://doi.org/10.1016/j.nanoen.2019.05.049
https://doi.org/10.1109/MIA.2005.1380320
http://refhub.elsevier.com/S2211-2855(21)00299-8/sbref14
http://refhub.elsevier.com/S2211-2855(21)00299-8/sbref14
http://refhub.elsevier.com/S2211-2855(21)00299-8/sbref14
https://en.wikipedia.org/wiki/Electrostatic_generator#Friction_machines
https://en.wikipedia.org/wiki/Electrostatic_generator#Friction_machines
https://en.wikipedia.org/wiki/Wimshurst_machine
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nantod.2016.07.004
https://doi.org/10.1016/j.nantod.2016.07.004
https://doi.org/10.1016/j.nanoen.2018.11.064
https://doi.org/10.1016/j.nanoen.2018.11.064
https://doi.org/10.1002/aenm.201901320
https://doi.org/10.1002/adfm.201901102
https://doi.org/10.1002/adfm.201901102
https://doi.org/10.1038/s41467-018-06198-x
https://doi.org/10.1002/aenm.201802906
https://doi.org/10.1016/j.scib.2019.07.001
https://doi.org/10.1016/j.scib.2019.07.001
https://doi.org/10.1016/j.nanoen.2019.03.018
https://doi.org/10.1016/j.nanoen.2019.03.018
https://doi.org/10.1016/j.nanoen.2019.104005
https://doi.org/10.1126/scirobotics.aat2516
https://doi.org/10.1126/sciadv.1700694
https://doi.org/10.1126/sciadv.1700694
https://doi.org/10.1002/adfm.201504396
https://doi.org/10.1021/acsnano.0c07498
https://doi.org/10.1021/acsnano.0c07498
https://doi.org/10.1016/j.scib.2020.10.002
https://doi.org/10.1016/j.scib.2020.10.002
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1016/j.nanoen.2020.104456
https://doi.org/10.1109/TIA.2011.2126032
https://doi.org/10.1109/TIA.2011.2126032
https://doi.org/10.1039/C4FD00159A
https://doi.org/10.1126/science.1201512
https://doi.org/10.1080/00018738000101466
https://doi.org/10.1098/rspa.1951.0019
https://doi.org/10.1103/PhysRevB.45.3861
https://doi.org/10.1016/0304-3886(94)90026-4
https://doi.org/10.1063/1.324388
https://doi.org/10.1021/acs.jpcc.8b02478
https://doi.org/10.1021/acs.jpcc.8b02478
https://doi.org/10.1038/s41467-020-15926-1
https://doi.org/10.1002/adma.201905696
https://doi.org/10.1038/s41467-019-14278-9
https://doi.org/10.1016/j.nanoen.2020.104703
https://doi.org/10.1016/j.nanoen.2020.104703
https://doi.org/10.1038/s41467-019-10232-x
https://doi.org/10.1021/ja506830p
https://doi.org/10.1002/anie.200701812
https://doi.org/10.1002/anie.201003985
https://doi.org/10.1002/anie.201003985
https://doi.org/10.1002/aenm.201701210
https://doi.org/10.1002/aenm.201701210
https://doi.org/10.1002/adma.201803968
https://doi.org/10.1002/adma.201803968
https://doi.org/10.1016/j.mattod.2016.12.001
https://doi.org/10.1016/j.mattod.2016.12.001
https://doi.org/10.1049/el.2016.3174
https://doi.org/10.1021/acssuschemeng.8b00136
https://doi.org/10.1016/j.pmatsci.2015.06.001
https://doi.org/10.1016/S0738-081X(00)00133-4
https://doi.org/10.1098/rsif.2010.0672
https://doi.org/10.1371/journal.pone.0158493


Nano Energy 86 (2021) 106041

17

[61] M. Visscher, V. Narendran, Neonatal infant skin: development, structure and 
function, Newborn Infant Nurs. Rev. 14 (2014) 135–141, https://doi.org/ 
10.1053/j.nainr.2014.10.004. 

[62] J.C. Souza, W.B.S. Machini, M.V.B. Zanoni, A.M. Oliveira-Brett, Human hair 
keratin direct electrochemistry and in situ interaction with p -toluenediamine and 
p -aminophenol hair dye precursors using a keratin electrochemical biosensor, 
ChemElectroChem 7 (2020) 1277–1285, https://doi.org/10.1002/ 
celc.202000151. 

[63] J. Jachowicz, G. Wis-Surel, L.J. Wolfram, Directional triboelectric effect in 
keratin fibers, Text. Res. J. 54 (1984) 492–495, https://doi.org/10.1177/ 
004051758405400713. 

[64] J. Jachowicz, G. Wis-Surel, M.L. Garcia, Relationship between triboelectric 
charging and surface modifications of human hair, J. Soc. Cosmet. Chem. 36 
(1985) 189–212. 

[65] G. Wis-Surel, J. Jachowicz, M. Garcia, Triboelectric charge distributions 
generated during combing of hair tresses, J. Soc. Cosmet. Chem. 38 (1987) 
341–350. 

[66] S.P. Hersh, P.L. Grady, G.R. Rhat, Efect of internal and external tensides on the 
electrical properties of polymeric surfaces, Pure Appl. Chem. 53 (1981) 
2123–2134. 

[67] I.P. Seshadri, B. Bhushan, Effect of rubbing load on nanoscale charging 
characteristics of human hair characterized by AFM based Kelvin probe, 
J. Colloid Interface Sci. 325 (2008) 580–587, https://doi.org/10.1016/j. 
jcis.2008.06.015. 

[68] K. Wake, K. Sasaki, S. Watanabe, Conductivities of epidermis, dermis, and 
subcutaneous tissue at intermediate frequencies, Phys. Med. Biol. 61 (2016) 
4376–4389, https://doi.org/10.1088/0031-9155/61/12/4376. 

[69] R.M. Fish, L.A. Geddes, Conduction of electrical current to and through the 
human body: a review, Eplasty 9 (2009), e44. 
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