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Theory and principle of  Low Noise Cable Triboelectric 
 

 

Abstract: Long-term observation of the triboelectric effect has not only proved the feasibility of many novel and 
useful tribo-devices (e.g., triboelectric nanogenerators), but also constantly motivated the exploration of its 
mysterious nature. In the pursuit of a comprehensive understanding of how the triboelectric process works, a 
more accurate description of the triboelectric effect and its related parameters and factors is urgently required. 
This review critically goes through the fundamental theories and basic principles governing the triboelectric 
process. By investigating the difference between each charging media, the electron, ion, and material transfer is 
discussed and the theoretical deduction in the past decades is provided. With the information from the 
triboelectric series, interesting phenomena including cyclic triboelectric sequence and asymmetric triboelectrification 
are precisely analyzed. Then, the interaction between the tribo-system and its operational environment is 
analyzed, and a fundamental description of its effects on the triboelectric process and results is summarized. In 
brief, this review is expected to provide a strong understanding of the triboelectric effect in a more rigorous 
mathematical and physical sense. 

 
 

 

 
 

1 Introduction 

The triboelectric effect was the earliest focus in the 
tribology study. For over 2000 years, its generality 
and interesting phenomena have attracted significant 
research interests. In summary, the triboelectric effect 
is interesting but complex mainly due to the 
following reasons: (1) Even for a highly charged 
surface (namely 1 mC·m−2), the charge density can 
only achieve 1 electron unit per ~105 surface atoms 
[1]. (2) Basic questions including which surface will 
be charged positively and which will have negative 
charges when two surfaces are brought into contact 
are still difficult to answer with certainty, and exceptions 
(i.e., cyclic triboelectric series) from different theories 
seem exclusive to each other [2]. (3) Multiple factors 
can  work  on  the  same  triboelectric  process, which 

adds to the complete analyses by decoupling each 
dominant parameter for modeling the triboelectric 
effect. Considering these esoteric aspects in the 
triboelectric effect, many experiments have been 
conducted. Though all these results are appreciable, 
their significance suffers greatly, owing to the lack of 
more solid theoretical deductions to interpret their 
phenomena in the triboelectric process [3]. 

Ironically, with so many tasks to solve and questions 
to answer, triboelectric devices and applications [4–8] 
see a far-reaching success in recent years. For example, 
some previous studies (e.g., into volcanic dusts) have 
revealed a close relation between environmental 
phenomena and triboelectric effect [9, 10]; manufac- 
turing and processing also face the influence of 
triboelectrication [11]. Indeed, these achievements 
eagerly  need  more  understanding  in  theories   and 
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mechanisms in order for a better optimization, a more 
efficient design, and a greater development potential. 
Nowadays, newly developed low-band-gap polymers 
and hard X-ray generators also urgently require a 
critical review into the triboelectric effect for some novel 
insights into the applications of these tribo-devices 
[12, 13]. Though many simulation and modeling 
methods are being used to help explain the phenomena, 
the insufficient physical laws and mathematical 
description add to the difficulty [14, 15]. 

This review aims at providing and summarizing 
the deterministic theories, principles, and mechanisms 
for the triboelectric effect. Due to the intrinsic 
characteristics of the triboelectric effect for being 
system-related and environment-dependent, the review 
first analyzes the charging media in the tribo-system 
and summarizes the potential mechanisms for these 
charging media to transfer (the charging process) in a 
more mathematical and physical sense (with some 
novel notions). With this understanding, a more 
complete list of the triboelectric series is summarized 
and the abnormal triboelectric sequence phenomena 
are discussed with clearer mathematical and physical 
explanations. After all the review into the tribo- 
system and its related depictions for the triboelectric 
effect, the important factors influencing the triboelectric 
performance are systematically studied in the same 
analytical manner. In addition, we describe the potential 
applications for these theories and principles for a 
more comprehensive integration with the triboelectric 
research and related fields, and how it can be used for 
a rational design of the tribo-system is also  included 

measurement and assessment of the triboelectric effect 
requires suitable models such as charge injection depth 
and the evaluation of important parameters such as 
surface charge density. Given the possible electrical 
objects, the charging media can be divided into 
electron, ion, and (nano-)materials. The underlying 
reasoning for the classification has never been 
explained systematically, and is summarized here, as 
shown in Table 1. From our viewpoint in this review, 
the most obvious difference for these three media is 
the unit charge carrying capacity. These are the general 
criteria to decide which media contribute dominantly 
to the observed phenomena in the triboelectric effect. 

 

2.1 General important parameters 

2.1.1 Charge injection depth 

The triboelectric effect will introduce the charge to 
transfer dynamically, be stabilized dynamically, and 
be held at the tribological interface. Should the charge 
be held, the triboelectric interface must have the 
capacitance characteristics [8,  16,  17].  For example, 
it has been proved that part of the initial cause of 
tribological electrification depends  on  the presence 
of the internal electric fields in solid insulators [18]. 
Irrespective of the types of triboelectric contact modes 
used, the charge will be effective to a certain depth to 
form the capacitance. This depth is called the charge 
injection/penetration depth [19]. 

For simplicity, the capacitance characteristics in the 
triboelectric effect can be depicted with as [4, 16] 

in each section. C S / 4πk (1) 

 
2 Charging media and charging process 

The triboelectric effect is observable through the 
measurement of different charging media. An accurate 

where C is the equivalent capacitance, is the 
material’s dielectric constant, and k is the electrostatic 
constant. The simplest configuration with the capaci- 
tance in the triboelectric interface is shown in Fig. 1. 
This material-determined capacitance formed by  the 

 
Table 1    The general difference among electron, ion, and (nano-)material. 

 

Tribocharging media Basic unit Mass Unit charge carrying capacity 

Electron Electron Low (~10–31 kg) 1 (Medium; Constant) 

 
Ion Ion 

Medium (~10–20 – 10–27 kg) 
* No consideration for 
macromolecules/ions 

Usually 1–10 
(Large; Ions may carry multiple charges) 

(Nano-)material Atom & Ion Extremely high (>10–12 kg) <<1 (Small; Some atoms carry no charge) 
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Fig. 1    The capacitive configuration for triboelectric interface. 
 
 

charge injection depth will possibly interact with 
interfacial air capacitance, which will influence the 
dynamical responses of the triboelectric effect (as  air 
has breakdown voltage strength, as stated by Paschen’s 

can be calculated as [24] 
 

C 4π0 r(0.5ln(L / r)) 

 
 

(2) 

law) [20, 21]. 
Note that this configuration is important in 

understanding many more complicated triboelectric 
systems including triboelectric nanogenerators (TENGs). 
By manipulating the triboelectrification and electric 
induction, there exist four working modes for TENGs, 
namely vertical contact mode, lateral sliding mode, 
single electrode mode, and free-standing triboelectric 
layer mode [16, 22]. These configurations are shown 
in Fig. 2. Clearly, the capacitive configuration is 
significant in these devices [23]. 

If the charge injection depth is larger than the 
material geometry (i.e., in particle triboelectric 
systems), the simplified Eq. (1) may not hold, because 
the  charge  distribution  will  be  modified  to   adapt 
to the limited surface area. For small particles with 

where  is  the  Euler  constant  and  L  the   distance 
between two identical particles of radius r [24]. 
Clearly, the description of particle capacitance is very 
different from that of area-unlimited surfaces. 

2.1.2 Surface charge density 

Surface charge density is a parameter for measuring 
the final charging effects on both surfaces, and it will 
also significantly determine the triboelectric devices’ 
efficiency. It serves as the basis for analyzing 
parameters such as the current area power density 
and volume energy density [25]. Besides, it is a useful 
parameter to link and analyze surface capacitance 
characteristics and interface electrical  performance, 
as shown in Eq. (3) [26]: 

identical  diameters,  the  capacitance  between  them 
V f (Q) f ( Aeff. ) (3) 

where Q is the charge on the surface with an effective 
area  of Aeff. . The   accumulating   charge   will then 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 The four fundamental modes of TENGs: (a) vertical 
contact mode, (b) lateral sliding mode, (c) single electrode mode, 
and (d) free-standing triboelectric layer mode [5, 22]. 

introduce an obvious voltage V. 
Many previous studies have contributed to accurately 

measuring surface charge density in triboelectric 
processes, and some of the data are presented  in 
Table 2 [27, 28]. 

One critical point is that the final surface charge 
density can significantly differ from the triggered 
charge led by the driving force of tribo-contacts. This 
is mainly because there may exist charge backflow 
when the contact surfaces are dynamically moving 
farther or closer, and this is a natural process if the 
capacitive configuration shown in Fig. 1 is considered 
[29]. Second, the driving force of the tribo-contacts 
would not completely contribute to the final surface 
charge density, as triboluminescence may play a   role 
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Table 2   Surface charge density after triboelectric charge transfer. 
 

 

Material pair Charge density (C/m2) 

Chromium-Chromium  2.02 × 10–8
 

Chromium-Steel 3.37 × 10–8
 

Chromium-Gold 6.73 × 10–8
 

expressed as 
 

S  a k 
4π0 s 

a a  f (F , F 
0 Na f atom 

 

 
,,T ) 

(5) 

Metal-SiO2 (quartz)  ~10–5 

Metal-NaCl 5.0 × 10–4
 

Metal-Nylon ~10–3
 

where S is the entropy change/energy state change 
introduced by the friction contact and can be a good 
indicator  to  correlate  with  the  surface  density    of 

Metal-PTFE ~10–4–10–3
 

states, Ds   ; 0 is   the   lattice   natural  well-defined 

Metal-Polyimide 3.0 × 10–3
 frequency,  which  demonstrates  the  phonon  energy 

levels;   a   is the average lattice parameter; and  k  is 

and consume some of the energy [6, 12]. change   in   the   reciprocal   lattice   parameter corre- 
sponding  to  the  lattice momentum. f (Ff , Fatom ,,T ) 

2.2 Electron 
 

When electrons participate as the charging media in 
the triboelectric process, the work function Wsurface is 
an important factor because it describes the minimum 
thermodynamic work (i.e., energy) needed to remove 
one electron from solid to a point in the vacuum, as 

denotes the influence from external factors including 
strain and temperature T. 

According to the experiments conducted with 
metal–insulator tribo-pairs, the surface density   charge 
can be correlated with the work function using 
Poisson equation, as follows: 

shown in Eq. (4) [30, 31].  M I
 (6) 

  

Wsurface   e F (4)  


where is the leading factor, whose value in  metal– 
where F indicates  the  Fermi  level  of  electrons   in dielectric   cases  is 1.77 1013   ;  is   the  dielectric 
solids  and indicates  the  electrostatic  potential in constant for insultors; and    and  demonstrate 
the vacuum close to the surface ( e   shows  negative M I

 

charge of the electron). Nowadays, work functions 
can be measured with photoemission spectroscopy 
and the Kevin–Zisman method [32, 33]. 

Because fermi level will be introduced for the work 
function calculation, metals will be considered as 
important surface materials if the electron transfer 
dominates [31, 34]. Note that an (equivalent) work 
function can be meaningful for insulators including 
polymers such as polytetrafluoroethylene  (PTFE) 
and polycarbonate when they serve as a tribosurface 
[31, 35] (though some studies have considered the 
electron transfer as trivial for the charging process, 
due to the mismatch of the correlation between the 
insulator ionization potentials and the charging 
behavior [36]). 

During the process, the driving force of the electron 
transfer in the triboelectric effect is proven to be a 
tribologically  introduced  phonon–electron interaction 

the work function for metal and insulator,   respectively. 
The Poisson equation is dynamically verified from the 
fact that the triboelectric effect is a process in which 
charging and discharging are continuously coupled, 
and this relation is widely used in the particle 
triboelectric process simulation and analyses [2, 37]. 

Following the thoughts of energy levels (including 
work function), for metal–dielectric–metal tribo-pairs 
(e.g., alkanethiol monolayer-coated Au(111 on Au) 
[38]), the main role of friction in electron transfer is to 
generate electron–hole pairs in mid-gap states near 
the Fermi surface (which explains why the work 
function is important) in normally insulating materials 
if they are in monolayer shape [38, 39]. Given the 
dielectric electronic parameters, the tribo-current (i.e., 
the conductance of tunneling electrons transferred) 
can be calculated as follows [38]: 

[30]. The primitive relation of coupling energy between 
the  tribological heat and the transferred electron    is 

G f   kt  exp (1.025  z) (7) 
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where G f  denotes the conductivity value in  Siemans 
2e2

 

As stated above, how to distinguish electron and/or 
ion  transfer  is  important.  As  is  known,  the  redox 

(S)  and  kt   h is  the  quantum  conductance.  Eg reactions are the signature for electron transfer  because 
(e.g., ~9 eV for alkanethiol) and z are the material 
parameters, namely the band gap of the dielectric 
film and the dielectric film thickness, respectively. 
Here, it is assumed that the fermi surface is located in 
the middle of HOMO and LUMO [30, 38]. 

Even in particle triboelectrification (e.g., in phar- 
maceutical manufacturing), electron transfer is 
important. According to the nonequilibrium analysis 
conducted by Kron, Cubero, and Lacks et al. [40–42] 
an excess of electrons trapped in the more easily 
transferred (presumably higher-energy) state is the 
driving force for the particle triboelectric initiation, as 
shown in Fig. 3 [1, 42]. This conclusion is drawn with 
the assumptions and confirmations from other experi- 
ments and studies, which all verify that the density 
of the available energy states is high enough and not 
limited in even particle media, and that the charge 
transferred would not be limited by it [19, 43, 44]. 

 2.3 Ion 

it leads to the valence change. Therefore, many 
experiments depend on the redox reactions to indicate 
the dominant charge transfer process [45, 46]. In turn, 
dependent on these experiments, the electro-potential 
of the surface (compared to H+/H2 (0 V versus NHE), 
which is not necessarily equal to the electro-potential 
energy) can be more quantitatively determined [46]. 

Note that the ion transfer in the tribo-charging 
process dominates the insulator charging surface. In 
the ion transfer process, because the surface  may 
have strongly bounded ions of one charge polarity 
and loosely bounded ions of the other polarity. When 
the tribological contact is initiated, the imbalance 
affinity with various ions will lead to the transfer of 
certain types of ions, and as a result, accumulate 
charge on the surface [47]. This relation, with analyses 
into entropy and electrostatics, is depicted in Eq. (8) 
[2, 48]. 

  2    
    n     exp

 nde  

 (8) 

Because electron transfer and ion transfer have  several 
N n  0    B      

similarities, importance is cast onto how to distinguish 
the electron or ion source for charging in the 
triboelectric process. Even though the effective work 
function can be used to explain the metal–insulator 
tribo-pairs’ electrification, in case of insulator–insulator 
tribo-pairs, electron transfer is often believed to be 
impossible [2]. 

where N is the ionic functional groups/units per area 
and n is the anion number density. d denotes the 
distance between the two “planar, equally and 
oppositely charged” surfaces [49]. Note that the term 
nde2

 

indicates  the  electrostatic  free  energy  in   ion 
0 

transfer, which serves as the determining factor for 
either positive or negative ion transfer. 

Specifically, if the ions transfer at the metal–polymer 
interfaces dominantly, the metal surface property is 
relatively trivial and the charge is believed to mainly 
stem from the protons dissociated from the ambient 
water residing on the contact surface. The fitting 
relation between the contact charge (density) q and the 
equilibrium constant for the association of a proton 
(pKb )  of insulators (especially polymers) is [36] 

 

 
 
 

Fig. 3    Tribologically    induced    non-equilibrium    states     to 

log(q 1) 0.0305 pKb 0.2731 (with R2  0.91 ) 
(9) 

accommodate and aid charge transferring in two surfaces (mainly 
insulating surfaces). 

where  R2  demonstrates the quality of fit. 
Moreover, in metal–polymer cases, ion transfer can 
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also be considered from the metal (mainly as donors) 
side. The donor number (DN) values reflect the enthalpy 
associated with the coordination reaction between 
the metal cations and repeat unit of polymers [50]. 
Then, the fitting relation between the charge  density 
q and DN values is [36] 

 
log(q) 0.09 DN 0.36 (with R2  0.80 ) (10) 

 
Equations (9) and (10) follow a similar trend for 

describing the ion transfer in metal–polymer     cases, 

to be below 0, the local potential energy barrier will 
be demolished and the materials (originally in the 
nearest locations of minimum potential energy and 
hindered by this energy barrier) will begin  to 
migrate to the new energy-stable developed by this 
dynamical tribological environment change, as shown 
in Fig. 5 [53]. 

This understanding from catastrophe theories can 
be extended to many other factors, including tem- 
perature,  density,   and  normal  loads,  for  a     more 
complete  discussion  of  (nano-)materials’  transfer in 

and  it  is  a  natural  analogy, because pKb and DN the triboelectric process. This is because the charging 
parameters are related to the ability of the    chemical 
site to donate a pair of electrons to either a proton 
center or a metal cation center, respectively, as 
illustrated in Fig. 4. 

 

2.4 (Nano-) material 
 

Material transfer to cause charging is believed to occur 
when vigorous rubbing or pressing is introduced [29, 
51]. For example, when some polymers are rubbed 
with friction, an exchange of deeper layer materials 
occurs [52]. (This helps explain why even the same 
polymers  can  be  charged  by  tribo-contacts;  it      is 

process initiated by material transfer can be viewed 
as a balance or nonequilibrium between the driving 
force of friction and the energy barrier erected in 
accordance with various physical properties. 

After the material transfer prerequisite from energy 
consideration is fulfilled, more recently, studies have 
been conducted to investigate the material removal 
rate both physically and chemically [55, 56]. The 
material wear rate is physically deduced and the load 
stress is calculated to dominate in the wear process, 
as follows [55, 57]: 

because even identical polymers will have    different      G  exp  act             U exp  act 
material compositions at each depth, which   account 0   0 K  T    K T 

 B    B  (12) 
for the same material charge transfer [29].) V 

Moreover, material transfer is possible if dynamical 
changes in the surfaces and tribological  environments 

exp


     N act  
KBT 

exist, because materials will tend toward a lower 
potential energy state and these dynamical    changes 
can lead to the potential energy minimum shifts   [53, 

where (in the unit of a.u./s) is the actual wear rate 
considering  both  chemical  wear  nature  (shown by 

 Uact 
54]. For  example,  one  dynamical  change  (in quasi- the  term exp )  and  physical  load   stress K  T   
static  form)  can  be  strain  and  its      corresponding  B 
potential energy form (near the potential energy local (shown by the  term σ   V exp N act       ), and  is the 

  0 

maximum, i.e., the local energy barrier at interface) is  KBT 


E f () 2 1 3 

p 3 
(11) 

where  is  the  actual  strain  and  is  the   strain- 
related  parameter  (which  has  a relation f1 () ). 
When evolves with the increased strain and   changes 

Fig. 4    pKb and DN parameters in ion transfer relationships. 
Fig. 5 Schematic of changes in the potential energy landscape 
with strain. 
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pre-factor as an effective attempt frequency. Gact is 
the total free energy of activation for wear, which is 

Table 3  Triboelectric series short summary. 

More positively charged (+) Δ 

equal to Uact  N  Vact  . In this sense, Uact indicates Rabbit’s Fur, Hair Brass 

the  internal  free  energy  of  activation  by  chemical Glass Silver 

processes  and N  
Vact 

links the normal load   stress Mica Gold 

N (governed by Eq. (13)) and the effective activation 
volume Vact to provide the tribological contribution 
to the material removal process [55]. 

Wool Polyester (PET) 

Nylon Polystyrene 

Lead Acrylic 
Silk Polyvinyl chloride 

F F 
applied adhesive 

Acontact 

(13) 
 

Aluminum Polyvinyl chloride w/plasticizer 

Paper  Silicon 

Through the above relations, when a  (nano-)material 
is analyzed for the triboelectric effect, we can more 
confidently expect exponentially coherent relations 
among the load stress, material transfer (mainly the 
wear rate), and tribo-charging value [34, 38]. 

Finally, as listed in Table 1, tribo-charging through 
both ion and (nano-)material has the varying unit 
charge carrying capacity, which also complicates the 
discriminations between ion and (nano-)material 
transfer. To achieve the goal, some methods have been 
proposed, one of which is described as follows: The 
tribo-charging characteristics of polymers are insensitive 
to the carbon black incorporation, whereas metals 
become much triboelectrically susceptible to carbon 
black composition. Therefore, carbon black can be 
added and traced, and the change in triboelectric 
signals caused by carbon black can be the judgment. 
Therefore, the use of carbon black can help distinguish 
whether the material transfer will contribute to the 
tribo-charging process [51]. 

 
3 Triboelectric series 

The most important notion in the triboelectric  effect 
is to empirically set up the triboelectric series, which 
gives a general idea of how the charging will take 
place when any two materials are brought into 
contact through rubbing, pressing, or friction. This 
helps simplify the triboelectrification analyses for 
other applications including TENGs (e.g., which use 
Al and PTFE as the potential surface materials [58]). 
A more detailed and complete triboelectric series list 
is provided below in Table 3 [1, 27]. A more scientific 
segregation for the triboelectric series based on  pure 

Wood Polyethylene 

Amber Polypropylene 

Sealing wax Polytrifluorochloroethylene 

Rubber Balloon  Teflon (PTFE) 

Nickel Silicon Rubber 

Copper Ebonite 

 More Negatively Charged (-) 
 

 

* Pure polymers (not mixtures) are marked in red. Pure metals as 
the segregation points are marked in blue. 

 
metals as the division points can be referred to in 
Ref. [49]. 

The intensive research has cast light on some 
triumphing trend explanation for the above triboelectric 
series. It has been confirmed that polymers having 
strong tendencies to charge positively have high 
dielectric constants, and are highly polar and hydrophilic 
[29]. For example, it is found that polymers with 
oxygen functional groups (more polar) will be charged 
more positively than those with nitrogen functional 
groups [36]. This fits well with the sequence  shown 
in Table 3, supported by Fig. 6. 

However, while triumphing over the fitness between 
the material selection and the triboelectric series, the 
research into its sequence is still not enough. Some 
contradictory experiments are reported; for example, 
the triboelectric sequence of polyethylene and 
polypropylene is confusing. Besides, both interesting 
and esoteric phenomena are observed, two of which 
with the huge puzzle for scientists are the cyclic 
triboelectric series and tribo-electrification of identical 
materials. For these observations, still insufficient 
evidence is proved to support the theories and no 
consistent experiment results are convincing. 


N
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Fig. 6    The configuration and characteristics of the polymers. 

 
3.1 Cyclic triboelectric series 

 

One representative example of the cyclic triboelectric 
series is shown in Fig. 7 [2, 49]. One direct observation 
for the cyclic triboelectric series lies on the co-existence 
of materials of different types, different structures, 
and different compositions. As shown, even paper and 
cotton with the same main  composition  of cellulose 
to different ratios will have a different position in this 
series. 

Therefore,  only  one  thing  in  consensus  is     that the appearance of the cyclic triboelectric series is a 

 
fits the primitive trend illustrated in Section 3. Hence, 
the difficulty will be reduced to only make the link 
among “Glass-Zinc-Silk” part to couple and decouple 
different mechanisms for the cyclic phenomena. 

 

3.2 Tribo-electrification of identical materials 
 

If the two surfaces are identical in materials and their 
general composition, triboelectrification, according to 
the common senses, should be ignorable, or at least 
random [59]. However, this is not the case for many 
experiments, which report the same reproducible 
triboelectric trend on certain material surfaces. Though 
identical materials’ triboelectrification seemingly breaks 
the triboelectric series generality, it indicates the 
impacts of the hidden coupled factors. 

An important theory trying to explain the triboelectric 
effect on identical surfaces is the asymmetric contact 
theory [1, 60]. Non-equilibrium surface states (of 
electrons, ions, etc.) are essential in that they help 
provide the driving force to transfer the charging 
media in higher non-equilibrium surface states on one 
surface to lower states on the other [30]. Therefore, 
the probability of the charging will be proportional 
to the surface density  difference: 

 
combination  of  coupling  different  charge   media, 

P(surface1 surface2) 1  

2 

(14) 

charging modes, and the electrification mechanism 
[2]. The series from silk to glass is easier to understand 
because they exhibit an obvious increase in the 
concentration of oxygen in their composition,   which 

where P(surface1 surface2) denotes the net charge 
transfer from surface 1 to the surface of the same mate- 
rial, and is the area density of the net transferring 
media in higher energy states (Fig. 3). 

According to this theory, when two identical surfaces 
are contacted, the deterministic triboelectrification 
can occur in the following fashion: The same part 
of surface 1 contacts the different parts of surface 2 
continuously and the charging process will be always 
in the same direction, with the depletion of the non- 
equilibrium states of surface 1 acting as the driving 
force. 

 

|1  2 |0  with 12  2 (non  contact) (15) 
 

 
 
 
 

Fig. 7    Demonstration of cyclic triboelectric series. 

Then, the surface area will play a significant role 
when triboelectrification on identical surfaces takes 
place [1]. 

Besides, the triboelectric process on identical materials 
can be understood from a statistical viewpoint    (i.e., 
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A1 1  

Ai  i 

 


 

symmetrical electrification, where Eq. (15) is already 
satisfied). In this case, it can be expected that 

 
  

1 2 (16) 
 

Due to the statistical variation expectation theories, 
the probability of directional triboelectric charging 
will be variation/deviation-determined [59, 61], in the 
form of 

 

P(surface1 surface2)   (17)  
Fig. 9    The schematic illustration of the parameters  influencing 

where A1     and  A2 are  the  areas  of  surface  1    and triboelectric process. 

surface 2,  respectively,  and 
variation value, in a statistical sense. 

is  the expected compositions are the leading factors in the discussion 
on the triboelectric effect. This has been included    in 

In  summary,  triboelectric  series  are  an   efficient 
tool for triboelectric analyses, which provide a useful 
picture of how a tribo-pair will contribute to the final 
charging. The logic scheme for understanding the 
triboelectric series and its exceptional cases is 
summarized in Fig. 8. 

 
4 Important factors 

This section focuses on what factors as controllable 
variables are influential, or even dominant, in the 
triboelectric process and how they determine the 
triboelectric series externally, which can help explain 
some contradictory results to list the triboelectric 
series. The scheme of this chapter is summarized in 
Fig. 9. Generally, the factors can be divided into two 
categories by the system composition consideration: 
surface properties and environmental influence. 

Surface properties are the characteristics of the 
tribo-systems themselves, which are determined upon 
the setup of the tribo-pairs. Hence, materials and  their 

 

 

Fig. 8 Understanding for triboelectric series (“Special  Case” 
refers to the triboelectric series composed of (a) identical materials 
in Section 3.1 and (b) cyclic material loop in Section 3.2). 

Sections 1 and 2, and will not be further detailed in 
this section. The microstructure and pattern also need 
immediate attention because they can be influenced 
by the material composition, and key tribological 
indicators such as surface roughness can interactively 
tangle with the changes in microstructures and surface 
patterns. Meanwhile, as particle contact and tribo- 
electrification is a practical topic in varied industries, 
particle size will be considered separately as a key 
factor to determine the triboelectric series in this 
section. 

In case of environment contributions, load stress, 
humidity, and acidity are non-ignorable. Load stress 
is fundamental in a way that it links the mechanical 
and  electrical  behaviors.  Indeed,  understanding 
the mechanical responses can be a strong basis and 
useful tool for further discussion of the triboelectric 
performance, as friction and contact are the sources 
for the charging process [34]. Humidity and acidity 
are of immense importance, and will not be discussed 
independently. We conducted the discussion together 
on purpose, because the main idea of humidity and 
acidity impacts on the triboelectric effect is the concern 
with ion/polarity generation and chemical reaction [2]. 
Therefore, their importance roots in factors such as the 
possible subsequent surface composition changes. 

Other factors are also meaningful for obtaining a 
complete picture of the triboelectric series. For instance, 
the charge in the vacuum on the tribo-surface is 
usually higher than that in the atmosphere [36]. The 
triboelectric  effect  is  also  a temperature-dependent 

A2 2 
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process . However, due to the scope of our review, 
they will not be discussed in equal detail here. 

 

4.1 Microstructure/pattern/geometry 
 

As stated in Section 2, an interesting phenomenon in 
the triboelectric effect is the tribocharging of chemically 
identical materials as the friction contact surfaces [61]. 
Different explanations and theories are provided to 
understand the electrification, among which pattern 
and geometry are believed to play a vital role. 
Wang et al. [53] proved that the differences in the 
microstructure of chemically identical materials trigger 
distinct tribo-charging behavior. In this sense, as a 
strained surface will exhibit different microstructures 
due to voids and seams (which can be scaled from 
nano- to micrometers) and the different microstructures 
will trigger different surface potential energy  minimum 

that the magnitude of the charge increases continuously 
with a decrease in particle size, as indicated in Table 4 
[69]. A possible reason is thought to be the adhesion 
of fine particles (<40 μm) to coarse particles, which 
eventually enhance the surface roughness of the 
coarse particles, similar to the effects of the pattern/ 
microstructure shown in Table 4. 

Except for the pure charge (density) analyses, 
triboelectric series analyses have also been given 
equal importance [64, 70, 71]. These experiments and 
simulations confirm the general trend that large 
particles tend to charge positively, while small particles 
tend to charge negatively. The theory behind this 
trend can be summarized from the following several 
aspects [24, 70]. 

For a bimodal mixture particle system (as a simplest 
case) of masses in  mL   and  ms  , respectively,  the  mass 

according to catastrophe theories [53, 54], as  shown 
in Fig. 5, the strained surface may exhibit different 

fraction  wB  is defined as mL 

mL  ms 

. With solid-sphere 

triboelectric behavior [20, 53]. simplification for particles, the probability P(Di , Dj ) 
Except  for  the  microstructure  effects,  the surface of a collision between two particles with sizes    Di 

and 
patterns  can  be  tuned  by   the  surface    roughness, Dj , respectively,  will  lead  to  the  collision    fraction 
which can also tune the triboelectric behavior.  Indeed, occurring   between   a   large   particle   and   a  small 
different area roughness will make the tribo-charging 
more local and the mosaic pattern for charges (whether 
positive or negative) will exist [62]. 

particle fLS   and give it the form of [70] 
 

1 D  / D 0.5 L s x x    s    L 

Interestingly, the final charge distribution   pattern, f   2 
LS 2 

irrespective of the micro or macroscale [61–63],    will x 2  (D 1 D  / D / D )2  x  2  0.5 L s
 x x 

also be affected, and in turn affect the triboelectric 
charging process. This indicates that the local charge 
can be much greater in magnitude than the net average 

s L s L   s    L 

 
(18) 

charge on the surface, and that the net triboelectric 
effect represents an average of the possible con- 
tributions from both positively and negatively charged 
local regions [1]. 

 

4.2 Particle size 

where D indicates the diameters for either particle (in 
large or small size) and x indicates the number fractions 
for either large or small size in a charged state (positive 
or negative). Then, the charge segregation factor  is 
calculated as 

 

For the same materials in particle shape, when the 
particles are in different sizes, opposite polarities will 
form to help with the bipolar charging process [42, 64]. 
The size-dependence of  particle  triboelectrification 
is observed in both natural phenomena [10, 65] and 
industrial processes [11, 66], which gives it priority in 
research fields and for which many modeling studies 
have been conducted [9, 67, 68]. 





Table 4    Effect of particle size on tribo-charging. 
 
 
 
 
 

 
90−125 65 

(19) 

Detailed studies on particle sizes have    suggested    

x x
L  

S

x xL S

2

Particle size (um) Charge (nC/g) 

335−500 10 

250−355 28 

125−150 50 
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where xδ
 depicts  the number fraction of particles   in Since more load stress effects are analyzed for a 

size  i  ( i L, S )  to  be  charged  in  state  ( 
positively,    negatively).   Using   this   model from 

pure mechanical tribological process for now, more 
notions into the load dependence in the   triboelectric 

binary  viewpoint, 1 is  proved  to  be  valid, and process  would  be  beneficial  to  understanding   the 
the trend that large particles tend to charge positively 
(e.g., x is large and dominates) and small particles 
tend to charge negatively can then be physically 
understood and statistically solved. 

Meanwhile, the size effect can also show up in how 
the particle triboelectrification can respond to the 
environment they are in. For example, under an 
external electric field, for a spherical dust grain of radius 

intrinsic roles of normal force as the initializing 
potential. 

 

4.4    Humidity and acidity 
 

Humidity and acidity have obvious significance 
owing to their strong effects on surface electrical 
conductivity    and    capacitance    configuration  (for 
example,  the  charge  leakage  required  to     achieve 

r and a homogenous electric field    E0 perpendicular a dynamical balance in the triboelectric effect will  be 
to the surface, the induced charge is expressed as 

 
Q 4παE r2

 

 

(20) 

affected [1]; in real applications, salts including 
quaternary ammonium [29] can then be used as the 
charge control agent) [79, 80]. 

where α is the electric field-related factor showing 
the geometry effect from the field and r denotes the 
particle radius. This model is significant because when 
particles are electrified, any single particle is placed in 
a series of linearly addable particle-introduced electric 
fields [24]. 

 

4.3    Load stress 
 

It has long been proved that stress can produce ions 
[72, 73] and electrons [74] and greatly affect their 
behavior [14], because the load stress is where friction 
can be introduced. For instance, different loads can 
involve different charging mechanisms: when the 
frictional contact is gentle and brief, (nano-)material 
transfer can be precluded [51]. More theoretically, the 
energy barrier analyses and wear rate correlation from 
Eqs. (11) and (12) all demonstrate the possibility that 
the triboelectric effect is highly load-dependent [34]. 

Though the exact depiction for the triboelectric 
effect from load stress behavior is incomplete, many 
applications have already utilized this important factor 
to compromise or take advantage of the triboelectric 
process. TENGs designed with a triple cantilever is 
used to harvest the vibration energy, which is operating 
under the variable normal load condition [75]. 
Especially when the electromechanical phenomena are 
involved (e.g., the coupling between the piezoelectric 
effect and charge separation), the understanding of 
the role of the normal load is essential [76–78]. 

The acid-alkaline theory [18, 27] is both a supple- 
mentary and an extensive theory to understand the 
triboelectric effect influenced by the environment. 
Here, the acid and base are in the scope of Lewis 
classification [2], and works significantly for insulator 
tribo-pairs. As stated in Section 1.3, the equilibrium 
constant for the dissociation of a proton ( pKb ) of 
insulators (especially polymers) is found to  determine 
the position in the triboelectric series. 

Humidity and acidity are similar because the 
ion/polarity generation and chemical reactions play a 
clear role [2, 15]. For instance, the process linking 
humidity and acidity can work in  the  following 
way: when a hydroscopic surface (or a surface with 
hydroscopic groups) is placed in the humid environment 
before/during tribo-contact, more water or salt  will 
be attracted to form a conducting layer (in reality, it 
might still not be conductive), which may help charge 
leakage, and thus, influence the charging process [1]. 
This is illustratively shown in Fig. 10. However,  note 

 

 

Fig. 10 The schematic illustration about the influence of humidity 
onto organic insulator surface during triboelectric process [2, 84]. 
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that the general trend of how tribo-charging is affected 
by this humidity- and acidity-introduced layer is not 
reached consensus yet [81–83]. 

After humidity and acidity (with their functional 
groups) are attached to the original tribo-surfaces, the 
solid–liquid interface will be naturally created [2, 84]. 
Why we stress on this newly introduced two-phase 
interface is because the  tribo-characteristics have 
been changed away from solid–solid contact, and it 
turns out to have various electrical behaviors in the 
triboelectrification process. 

Some useful theories have been established for the 
simplest case of water residing on the solid surface, 
and the surface electrical variation is observed for 
possible control of the triboelectric process (“single- 
surface” analysis) [84]. In this case, the electrical double 
layer (with the Stern layer and the Gouy-Chapman 
layer) will be formed. Without loss of generality, the 
charging distribution is set as shown in Fig. 10. Due 
to the electrochemical potential balance of each ionic 
group demonstrated in Eq. (21), the anion and cation 
concentration ccan be calculated by a thermophysical 
consideration, and the relation is shown in Eq. (22). 

 

RTlnc  Fq  (21) 

the triboelectric effect with the wetting behaviors of 
the surfaces, as the wettability of surfaces indicates 
how and how well these acid–base pairs or groups 
can attach to tune the surface properties, and thus, 
change the triboelectric performance [1, 80, 85]. For 
example, higher oxidation of polystyrene leads to 
lower contact angle (thus higher wettability) and 
determines the rate of charging (with the tribo-pairs 
formed by metals and organics) [81]. Other experiments 
confirm this relation by treating the surface with UV 
light to cause the contact angle change and then 
investigating the charging behavior [86]. 

 
5 Summary 

This is the first review to place great importance on 
the fundamental theories and basic principles for more 
comprehensively understanding the triboelectric effect 
and its interaction with its variable environments. 
The first section gives a general picture of the electrical 
property (e.g., capacitive characteristics) of the 
triboelectric system and reviews the different charging 
media (electron, ion, and (nano-)material) and their 
governing rules in detail. With the mathematical and 
physical  descriptions  of  these  charging  modes, the 
triboelectric series are discussed, with a rational   focus 

c 
exp
c 

q


kBT 
with  c cc (22) on the special cases including cyclic triboelectric 

series and triboelectrification on identical   materials. 
Finally, the triboelectric effect is a combination of  both 

where F denotes the Faraday constant in electrostatics, 
q is the valence charge of each ion, and is the (local) 
electrical potential. 

Given the electrical gradient and the local charge 
density, the Poisson equation can be modified to 

system features and environment influences, which 
make the discussion on the important factors following 
the sequence of structure effect, (particle) size effect, 
load dependence, and humidity dependence more 
reasonable. In brief, this review casts light on how 
the fundamental theories are developed and confirms 

2
2cq 

sinh  
 

q
(23) their deterministic functions in designing more effective 

 k  T   
0 B     



By solving Eq. (23) to obtain the Debye length, we 
can see a clear disturbance to the original electric field 
as well as electrical potential distribution vertical to 
each surface. When more information including the 
proton dissociation energy, surface ion adsorption 
energy, and surface free energy is provided [36], the 
analytical solution to the humidity–acidity effect can 
be expected. 

Based on the above arguments, we can easily   link 

triboelectric systems with these relatively precise 
mathematical and physical descriptions. 

 
 

 


