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ABSTRACT: The triboelectric effect (TE), simply described as the generation of electricity from tribology or friction, has 
been known for over 1500 years. TE arises from charge transfer between surfaces under contact, typically attributed to 
electron transfer. However, emerging understanding shows how the ion transfer and material transfer (bond cleavage) 
mechanisms play a key role in TE. An engineering focus on increasing the porosity, surface roughness, and use of hetero-
genous materials has resulted in a recent explosion in triboelectric literature, particularly towards soft and flexible polymer 
devices. Here, we critically evaluate recent progress in TE generators and link engineered performance to the fundamental 
driving forces of triboelectricity, using the exemplar triboelectric polymer, poly(dimethylsiloxane).

1.  Introduction 

The triboelectric effect, which generates electrical 

charge from tribology, occurs when two electrically neu-

tral materials are bought in contact. The relative motion 

causes surface charges to be transferred between the two 

materials, and the subsequent separation of the materials 

results in an opposing surface electrical charge.1 The tri-

boelectric effect occurs among a diverse range of materi-

als, including polymers, metals, and ceramics. Conse-

quently, as a result of rigorous empirical studies, the ex-

tent of the charge between pairs of materials, as well as 

the directionality (i.e., positively and negatively charged 

constituents), has culminated in the triboelectric series.[2]  

The triboelectric series (Figure 1) provides a list of ma-

terials in order of the likelihood of possessing positive or 

negative surface charge following a contact-separation 

interaction. It provides a guide to both the ‘sign’ and 

magnitude of the charge generated from a contact sepa-

ration interaction, dependent upon the relative position, 

and degree of separation of the two materials. However, 

since the series is empirically obtained, many different, 

and indeed contradictory, triboelectric series have been 

published.2  
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Figure 1. Illustration of the triboelectric series, highlighting the relative position of poly(dimethylsiloxane) (PDMS)2, 3
 at a negative 

position, and showing the large variations in positions of wool, silk, poly(methyl methacrylate) (PMMA), and poly(vinyl chloride) 
(PVC) in literature.1, 4-7 

 

These contradictory triboelectric series clearly high-

light that the mechanisms driving triboelectric charging 

are poorly understood, and that the generated charge 

cannot be understood by simple differences in chemical 

composition. It is apparent that the order of the triboe-

lectric series is not only influenced by intrinsic material 

properties, but also incorporates effects from other fac-

tors, including the texture of the material,8 applied 

force/pressure,9 and environmental conditions (e.g., hu-

midity, pressure10 and temperature11). Here, the complex-

ity of triboelectricity becomes apparent, and it is im-

portant to clarify the difference between contact electri-

fication (CE) and triboelectrification (TE). 

CE and TE are often used interchangeably in literature, 

as both phenomena represent the electrification process 

under relative motion between two materials. However, 

to a deeper extent, the exact motion of the contacting lay-

ers differs between the CE and TE mechanisms.12 The CE 

mechanism occurs solely under vertical physical con-

tact—without horizontal friction—offering better con-

trol and thus leading to a well-defined understanding. 

Conversely, the TE mechanism involves both frictional 

and compressive components, resulting in an increas-

ingly general phenomenon.12 Relative to CE, the TE pro-

cess is significantly more complicated and incorporates 

extra degrees of motion (e.g., shearing or sliding), which 

influences the charge transfer and separation processes. 

Therefore, while CE and TE are closely related, hypothe-

ses derived from the study of CE cannot fully describe the 

ongoing processes in TE.  

In this review, the discussion of the CE mechanism will 

focus on fundamental studies of molecular scale pro-

cesses, while the discussion of the TE mechanism will fo-

cus on the studies involving experiments at the macro-

scopic scale. When referring to the general concept of 

charging by contact/friction, CE will be used.  

With a combination of strong triboelectric surface 

charging and tunable mechanical properties, poly(dime-

thylsiloxane) (PDMS) is an ideal choice for making tribo-

electric generator (TEG) devices and probing the funda-

mental mechanisms of CE, in order to provide a key con-

nection between theoretical foundations and practical 

devices. PDMS is also considered a strongly negative tri-

boelectric material, 2, 3 meaning it typically accumulates a 

strong negative surface charge following mechanical con-

tact with other materials.  

Thus, this review will discuss the complexity of triboe-

lectric energy generation, using PDMS as a case study due 
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to its ubiquity in literature. The current understandings 

and ambiguities surrounding the fundamental mecha-

nisms governing the triboelectric effect will be critically 

reviewed, along with the influences of both the materials 

chemistry and surface engineering on the resultant TEG 

device performance. Critically, the results observed in ex-

perimental studies on PDMS-based triboelectric materi-

als will be meticulously correlated to the fundamental 

mechanisms and engineering approaches. 

2.  Poly(dimethylsiloxane) – an ideal triboelec-

tric material 

PDMS is a polymer that consists of an inorganic back-

bone with alternating silicon (Si) and oxygen (O) atoms 

with two methyl groups attached to the Si (Figure 2, (a)). 

The Pauling electronegativity difference between Si and 

O is 1.7, exhibiting a high dissociation energy of 445 

kJ/mol,13 which results in excellent thermal and chemical 

stability of the PDMS. The bond angle of the backbone 

Si-O-Si bonds is 143°, which imparts mechanical flexibil-

ity to the bulk PDMS, whilst permitting easy rearrange-

ment of the backbone, allowing the methyl groups to be 

placed at the surface and interfaces.14 Moreover, PDMS 

possesses a low surface free energy, defined by the molar 

mass and closely bonded methyl groups, imparting hy-

drophobic properties to the polymer.15 The ionic nature 

of the Si-O and Si-C bonds unlock the possibility for the 

fragmentation of PDMS into radicals.16, 17 In general, 

PDMS is an elastic and hydrophobic material with low di-

electric constant and can be easily produced with low 

cost. The ability to fragment is attractive as it can pro-

mote CE, while mechanical flexibility provides more ef-

fective mechanical motion harvesting. Thus, PDMS has 

been a highly attractive material for TEGs.  

The bulk properties of PDMS (e.g., mechanical elastic-

ity, visible light transparency and energy harvesting) can 

be tailored by the variation of the two-pot (base and cur-

ing agent) mixture ratios, the reaction conditions and/or 

the inclusion of fillers or other molecules. For example, 

the mixing ratio between the base and the curing agent is 

typically exploited to tune the stiffness of PDMS (Figure 

2(b)).18, 19 Pristine PDMS films are typically fabricated by 

either spin-coating, or by pouring directly onto a sub-

strate or into a mold prior to the curing process. Aside 

from bulk modification, structural modification can fur-

ther tune the properties of PDMS, for example the hydro-

phobicity of the PDMS films can be tailored by altering 

the surface morphology. The examples of structurally 

modifying PDMS include; (1) replica molding, whereby 

PDMS is cast into a mold with the desired surface struc-

ture and cured (Figure 2(c));8, 20-23 (2) direct printing of 

uncured PDMS with the desired pattern, followed by cur-

ing (Figure 2(d));24 and (3) direct writing of patterns on a 

cured PDMS film (Figure 2(e)).19 In-depth analyses on the 

modification strategies to tailor PDMS surface and bulk 

properties, and to fabricate sponge-like PDMS films, are 

presented in the reviews by Wolf et al.25 and Zhu et al.,26 

respectively. 



 

Figure 2. Synthesis of crosslinked PDMS and surface patterning methods of PDMS films. (a) The chemical formula of PDMS. (b) 
Reaction pathway for the synthesis of crosslinked PDMS. Reproduced with permission.27 Copyright 2018, Elsevier. (c) Replica 
molding of PDMS. Reprinted with permission.8 Copyright 2012, American Chemical Society. (d) Direct printing of structures using 
PDMS precursors. Reproduced with permission.24 Copyright 2019, Elsevier. (e) Laser writing of patterns on a crosslinked PDMS 
film. Reproduced with permission.19 Copyright 2017, Elsevier. 

3.   Fundamentals of Triboelectric Energy Gen-

erators (TEGs) 

3.1.  Understanding Performance  

As two triboelectric layers are brought into contact un-

der an external mechanical stress (i.e., applied force), the 

distance between the two layers reduces, while the effec-

tive contact area increases. Charges can be transferred 

between the two layers during this process. When the 

two layers are in the separation regime where charges can 

occur, the layers are considered in real contact.28 When 

the stress is removed and the layers start to separate, the 

movement of separated charges arising from TE coupling 

leads to an electrostatic induction effect, consequently 

generating a potential difference between the two elec-

trodes attached on the backside of the triboelectric layers 

(Figure 3). Under short-circuit conditions (i.e., load re-

sistance significantly lower than the input impedance of 

the TEG), the potential difference induced by TE drives 

electrons to flow between the two electrodes via the ex-

ternal load, quantified by the short circuit current (Isc), 

which can be utilized for TEG applications. Under open-

circuit conditions, an open-circuit voltage (Voc) can be 

detected, representing the degree of TE.  



Figure 3. Diagram of the basic operational principle for the contact-separation TEG, and the corresponding open circuit voltage 
(Voc) and short circuit current (Isc) signals during each stage of compression.8 Reprinted with permission from, 8 Copyright 2012, 
American Chemical Society. 

Fundamentally, the degree of TE is represented by the 

surface charge density after contact, while the electric 

performance of a TEG is often represented by its peak 

value of under contact-separation motion with a specific 

contact force, frequency and load resistance. Both the Voc 

and the Isc are a direct result of the generation of surface 

charge due to TE, and decrease as the distance between 

two layers increases in the separation process.29  

3.2.  Performance for Energy Generation in 

poly(dimethylsiloxane) 

In a traditional TEG device configuration, PDMS is typ-

ically used as the negative triboelectric layer, while the 

positive triboelectric layer is often comprised of metals 

(e.g., Al,8, 19-23 Cu19 or Au30) or polymers (e.g., poly(eth-

ylene terephthalate) (PET)8 or poly(methyl methacrylate) 

(PMMA)31). The interaction between the two surfaces 

varies dramatically depending on the choice of material 

for the positive layer, leading to significant variations in 

performance. The performance of any two pairs of tribo-

electric materials can be enhanced through chemical and 

physical modification, either on the bulk scale or through 

surface modification. The most commonly reported 

physical modification strategies are the tailoring of mate-

rial properties by coating/functionalizing the contact 

surface32 and/or introducing fillers into the PDMS matrix, 

such as inorganic particles,33 metal organic frameworks 

(MOFs),34 liquid solutions,35 and other electronegative 

polymers.36, 37 Another straightforward strategy is to 

modify the surface structure of the layers.32 An in-depth 

analysis of materials used for TEGs and specific materials 
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designed to improve electrical output is presented by 

Kim et al.,38 and a comprehensive review on strategies for 

controlling the surface charge generated by CE is pro-

vided by Chen et al.32 Generally, modification strategies 

intend to enhance output performance through the fol-

lowing two methods; (1) physical structure modification, 

with the primary aim of increasing the real contact area; 

and (2) chemical and compositional modification, with 

the primary aim of increasing the disparity in electrical 

polarity between the two layers. In the following section, 

we will build on these reports, incorporating a link be-

tween the fundamental theories of charge transfer in CE 

and the experimental TE results. 

3.3.  Poly(dimethylsiloxane) modification 

The compositional modification of PDMS is a powerful 

and often overlooked method for tailoring the triboelec-

tric characteristics. The chemical halogenation of PDMS 

has been demonstrated to enhance the TE effects, owing 

to the strong electron affinity of the introduced halogens. 

For instance, Song et al.39 have assembled fluorine termi-

nated monolayers on the surface of PDMS, significantly 

enhancing the electrical output (from 17.3 V to 105 V) un-

der relatively gentle mechanical contact.  

Similarly, halide-based additives (e.g., fluoroethylene 

carbonate and benzyl chloride)  have been observed to 

alter the electronic structure of the surrounding PDMS 

matrix and increase the triboelectric performance.35 Feng 

et al.40 have added barium titanate (BaTiO3) nanoparti-

cles and multiwalled carbon nanotubes (MWCNTs) into 

a PDMS matrix to form a nanocomposite triboelectric 

film for a TEG. The addition of the two fillers is shown to 

form discrete networks, which enhance the effective 

filler-matrix interface leading to a superior electric out-

put (112 V at 13 wt% for both fillers). Li et al.36 have pro-

duced a flexible transparent TEG based on a PDMS-

poly(tetrafluoroethylene) (PTFE) composite film, which 

provides  a three-fold enhancement in the electric output 

(95 V) compared to a pristine PDMS-TEG. This enhance-

ment is attributed to an increase in surface potential and 

a reduction in work function, owing to the addition of the 

PTFE.36 In another study, the addition of a MOF, HKUST-

1 (Cu3(BTC)2 where BTC corresponds to 1,3,5-benzenetri-

carboxylate or trimesate), into a PDMS matrix shows im-

provements in electrical performance by a factor of 13 (an 

effective generated power of up to 3.17 mW at a load re-

sistance of 10 MΩ), at a relatively high humidity (10%).34 

Here, the enhancement is attributed to the adsorption of 

the HKUST-1 to water molecules, which impacts both the 

electron-trapping and the dielectric constant. These se-

lect studies have demonstrated that the introduction of 

additives into the PDMS matrix, or onto the PDMS sur-

face, can significantly enhance the electric performance 

of TEGs by increasing the bulk dielectric constant or pro-

moting charging on the contact surfaces.41  

3.4.  Mechanisms of Contact Electrification 

The long-standing, and unresolved, issues in under-

standing the mechanism of CE are a barrier to the funda-

mental understanding of the systems.2 In particular, the 
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identification of the charge carriers and the inherent 

transfer mechanism during CE still remains a scientific 

challenge. The CE mechanism between two metal layers, 

for example, is well understood, whereby electrons are 

the primary charge carriers and thus the process is called 

the electron transfer mechanism. In this instance, elec-

trons shift from the metal with the lower work function 

to the metal with the higher work function at the time of 

contact between the two layers, and this transfer ceases 

when the distance between the two surfaces is too large 

for tunneling. However, for dielectric materials, and even 

for metals with an outer oxide layer, a significant energy 

barrier must be overcome for electron transfer to occur. 

Fundamentally, the band model is often employed to ex-

plain the electron transfer during CE in such materials, 

namely the excitation of electrons by frictional energy.42, 

43  

Recent advancements in advanced surface characteri-

zation techniques have enabled the robust experimental 

evidence of the transfer of ions between surfaces, show-

ing that this can contribute to triboelectric charging, 

termed the ion transfer mechanism.44 This ionic trans-

fer can occur through multiple sources, which are either 

intrinsic to the material, or dependent on the environ-

mental conditions (Figure 4(a-c)). In the former scenario 

the ions are intrinsic in the  material, for example, mobile 

ions in polymers containing covalently bound counteri-

ons.45 In the latter case, the ions are induced by the am-

bient environment, for instance hydroxide ions in a hu-

mid environment can adsorb onto the materials surface 

and therefore be responsible for electrification46 (Figure 

4(c)).  

The driving force of ion exchange in the ion transfer 

mechanism can be explained by the difference in binding 

energies.45 Experiments by McCarty et al.45 have demon-

strated the variation in binding strengths between ions 

and material surfaces results in triboelectric charging, 

whereby the weakly bound ions transfer to the opposing 

surface, leaving the strongly bound ions on the original 

surface (Figure 4(a)).  

Additionally, the ambient moisture can play a signifi-

cant role in CE, especially in the ion transfer mechanism 

demonstrated in Figure 4(b) and (c). Therefore, water is 

often used to assess whether ion transfer is the dominant 

mechanism in TE.46 The “water bridge” formed upon con-

tact allows for ion migration between the two surfaces 

and acts as a source for hydroxide ions, leading to charge 

separation.45 However, water with a sufficiently high ion 

content can lead to electrical discharge (or shorting) of 

the charged surfaces.45   

Both the electron transfer and ion transfer mechanisms 

require contact between two dissimilar materials for 

charge transfer to occur. Historically, this has led to the 

assumption that all CE requires two different materials 

with differing physical and chemical properties, and that 

the magnitude of surface charge is proportional to the 
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real area of contact. These assumptions have been chal-

lenged by a series of studies by Grzybowski et al.,47-49 

which has led to the discovery of the material transfer 

mechanism. This will be reviewed in more detail in the 

following section. 

 

Figure 4. (a) Schematic demonstrating charge separation via the ion transfer mechanism; (b, c) demonstration of the role of water 
in the ion transfer mechanism of CE for (b) mobile ions flowing through a connected water bridge; and (c) water acting as a source 
of OH- with the subsequent redistribution of OH- and H+ ions. Adapted with permission.45 Copyright 2008, WILEY-VCH.

4.  Comparing different contact electrification 

mechanisms 

Initially, the argument surrounding the mechanisms of 

CE focused on what was the specific charge carrier trans-

ferred between materials. Electrons, ions, or material seg-

ments were all examined, as highlighted previously. The 

long-standing debate of which mechanism dominates be-

tween electron transfer and ion transfer has been recently 

complicated by the emergence, and increasing signifi-

cance, of the material transfer mechanism. This section 

will examine the recent literature and discuss the rele-

vance of the material transfer processes in relation to CE.  
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4.1.  Electron transfer versus ion transfer 

4.1.1.  Models describing the electron transfer 

mechanism 

The mechanism of CE in the metal-dielectric case has 

long been proposed to be dominated by electron transfer 

and generally explained by a surface states model of met-

als and dielectric materials.11 The surface states model de-

fines the transfer of electrons during contact of two dif-

fering materials, shifting from materials with higher en-

ergy states to those with lower energy states (Figure 5, 

(a)). The transferred electrons remain on the surface of 

dielectric materials as bound charges, unable to flow 

freely due to the low conductivity. This model can be sim-

ilarly used to explain the electron transfer mechanism in 

the case of dielectric-dielectric CE. 11 

 

Figure 5. Schematic showing the CE electron transfer mechanism, explained by (a) the surface states model or (b) the electron 
cloud-potential well model, tracking the charge transfer (left) before contact, (center) in contact, and (right) after contact. (i)-(iii) 
The electron transfer between a metal and a dielectric if the neutral level of surface states (En) is lower than the Fermi level (EF); 
(iv)–(vi) between a metal and a dielectric if En is higher than EF; (vii)–(ix) between two different dielectrics; (x)-(xii) between two 
atoms of any two solid materials that cannot be simply described by a band structure model. Adapted with permission.11 Copyright 
2018, WILEY-VCH.

  As the electronic structure is difficult to represent for a 

range of materials with differing properties, a more gen-
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eralized model explaining CE on the atomic and molecu-

lar levels has been recently proposed by Xu et al.,11 termed 

the electron-cloud-potential-well model (Figure 5, (b)). 

This model originates from a study of CE between a probe 

and a silica surface in a typical dual-pass Kelvin probe 

force microscopy (KPFM) measurement during the tap-

ping-mode topography scan pass, which observes elec-

tron transfer only if the tip is in the repulsive regime.50 In 

the proposed model, electron transfer occurs when two 

surfaces are brought close enough such that the intera-

tomic distance between the materials is shorter than the 

normal bond length. The role of the contact force is to 

then induce a strong overlap between the electron clouds 

of the two atoms from separated surfaces such that the 

energy barrier for electron transfer is lower. The model 

has been further supported by a quantum-mechanical 

calculation of the electron transfer between different at-

oms using Einstein rate equations.51 More recently, Pan 

and Zhang have provided a detailed mathematical expla-

nation of electron transfer – with preliminary experi-

mental validation.52 Their proposed model focuses on tri-

boelectric material pairs where one material is a metal, 

however with further derivation could be applied to more 

fully understand barriers to electron transfer in polymer-

polymer systems.52 

Furthermore, the electron-cloud-potential-well model 

has been used to explain the experimentally measured ef-

fects of temperature and surface curvature on CE.53, 54 The 

friction during contact has been proposed to induce tem-

perature differences between the two layers, leading to 

thermal excitation of electrons and their subsequent 

transfer to the material with reduced temperature.53 

Moreover, the surface curvature can induce a change in 

surface energy, leading to electron transfer from a con-

cave surface to a convex surface between materials with 

identical composition.54 However, silica (a semiconduc-

tor) is used to model dielectric materials in these studies, 

rather than dielectric polymers, as the electronic struc-

ture of semiconductors can be easily represented by en-

ergy bands. In polymers, the effective ‘band-gap’ is signif-

icantly higher than silica. Thus, the extent of electron 

cloud overlap induced by contact forces remains a matter 

of controversy when discussing results from CE or TE ex-

periments using polymer systems.  

4.1.2.  The Debate: Which is the Dominant Mecha-

nism?  

Although the dominant mechanism of CE is still in de-

bate, Wang and Wang55 have proposed that electron 

transfer is the dominant mechanism for TE between 

solid-solid pairs and for initiating TE in general. One tra-

ditional way to confirm which mechanism dominates is 

to correlate the ordering of the triboelectric series to the 

very basic properties of the materials. Over the years 

there have been many different versions of the triboelec-

tric series proposed, primarily due to a mismatch in test-

ing methods. Recently, a universal method for accurately 
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measuring the triboelectric performance of various mate-

rials, in a strictly controlled environment, has been pro-

posed.56  

However, even if a uniform ordering of the triboelectric 

series could be reproduced by different researchers, all 

following the same standard protocol, there is still doubt 

as to whether the ordering will represent the true nature 

of the materials. Nevertheless, while Wang and Wang55 

argue electron transfer is the dominant, if not the exclu-

sive, mechanism for CE, some research groups argue that 

electron transfer cannot explain the triboelectric series of 

polymers.57 

 

 

Figure 6. (a) Schematic comparing the experimentally-derived ordering of materials in the triboelectric series and their Lewis 
basicity/acidity (Reprinted with permission.57 Copyright 2019, American Chemical Society.); (b) Schematic illustrating the pro-
posed mechanism for the reversible change in charge of two initially negatively charged surfaces as the separation between them 
is varied (Reprinted with permission.58 Copyright 2017, American Chemical Society.); and (c) Schematic illustrating materials with 
differing geometry undergoing conformational changes when subjected to external forces (e.g., bending or twisting). Reprinted 
with permission.59 Copyright 2020, American Chemical Society



Zhang et al.57 have proposed a reason why there is a 

lack of comparative results in the triboelectric series, ar-

guing the development of the series uses a metal as the 

contact reference. A metal reference is thus deemed 

problematic in the case of contact between two polymeric 

materials. The authors have used exhaustive empirical 

testing of a multitude of polymer pair combinations, or-

dering each polymer based on the sign and magnitude of 

the relative surface charge between the pairs. They ob-

serve the ordering strictly correlates to the Lewis basicity 

of the polymers (Figure 6, (a)), whereas the ionization en-

ergy, dipole moment and dielectric constant do not affect 

the ordering of the series. Thus suggesting that the fun-

damental mechanism of CE is ion transfer, as opposed to 

electron transfer.57 

4.1.3.  More complexity brought by ion movement 

Generally, the ion transfer mechanism proposed for 

electrification involves the movement of ions between 

two triboelectric layers. However, the real-time surface 

charge can also be affected by ion exchange from the sur-

face to its surrounding air. This has been proposed by 

Pandey et al.,58 demonstrating the reversible reduction in 

surface charge as the distance between two similarly 

charged (i.e., both positive or both negative) surfaces de-

creases. The authors proposed a mechanism to explain 

the dependence of surface charge on the distance be-

tween the two charged surfaces (Figure 6, (b)): as the two 

surfaces are brought close to each other, the increasing 

electric field ionizes the air and consequently generates 

mobile gas ions. These mobile gas ions deposit onto sur-

faces charged with opposing polarity thus reducing the 

measured surface charge. As the surfaces are separated, 

and distance between the two surfaces increases, the mo-

bile gas ions desorb from the surface due to the decreased 

electric field. Subsequently, these ions can recombine 

back to air, allowing the two surfaces to revert to their 

original surface charge. This phenomenon does not play 

a significant role in the operation of simple TEGs with 

two parallel triboelectric layers, which do not undergo 

significant shape change during the entire compression-

separation motion. However, this phenomenon may af-

fect the output performance of TEG devices stacked in 

complex geometries or those which undergo severe 

changes in shape during operation (Figure 6, (c)).59   

4.2.  What role does material transfer play in the 

triboelectric effect? 

Research has focused on understanding how the elec-

tron and ion transfer mechanisms occur in both CE and 

TE, yet there remains very few studies focusing on factors 

that would affect the material transfer mechanism. Thus, 

understanding the magnitude and role of material trans-

fer in TEG devices is not trivial. Despite the multitude of 

reports correlating material transfer across surfaces, con-

tact, friction, and charge,16, 60-64 material transfer is often 

overlooked in TEG literature and contributions from ma-

terial transfer to TE erroneously attributed to the elec-

tron transfer mechanism. 

4.2.1. Discovery of material transfer in the triboe-

lectric effect 

Initially, both the electron and ion transfer mecha-

nisms have assumed the requirement for contact be-
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tween dissimilar materials. Apodaca et al.47 have demon-

strated that these assumptions were incorrect by observ-

ing TE between identical materials (i.e., both surfaces 

consist of PDMS) (Figure 7, (a)), and have proposed that 

TE is inherently driven by the fluctuation of surface com-

position or structure of the material at the molecular 

level (Figure 7, (b)), supported by theoretical calcula-

tions.47 The authors speculate that the electron transfer 

from the donor oxygen sites to acceptor silicon sites in 

PDMS is the origin of TE. Subsequently, this molecular-

level fluctuation in oxygen and silicon components trans-

lates into the macroscopic TE of two identical PDMS sur-

faces with inherent molecular-level asymmetry. This fluc-

tuation in local composition has been further visualized 

as a random “mosaic” of oppositely charged patterns by 

Baytekin et al.48 The authors, for the first time, have ex-

perimentally demonstrated the existence of charge mo-

saics for identical materials. Further, they have scrupu-

lously excluded the possibility of the observed mosaics 

arising from imperfect contact, by using the conformal 

contact between two flat PDMS films. The authors have 

also experimentally confirmed the existence of material 

transfer during TE by confocal Raman microscopy (Fig-

ure 7, (c)) and X-ray photoelectron spectroscopy (XPS) 

studies. This mosaic pattern arises from the heterolytic 

bond cleavage of PDMS, via the detection of oxidized spe-

cies, formed by the reaction between the PDMS frag-

ments and the oxygen species in the atmosphere (oxygen 

or water).  In a more recent study, mosaic patterns of pos-

itive and negative surface charges produced by TE have 

also been found to occur in dissimilar materials between 

metals and polymers (including PDMS).65 

Baytekin et al.49 have further confirmed the signifi-

cance of material transfer through the observation of po-

larity reversal in TE under repeated contact-separation 

motion. The authors attribute the polarity reversal to bi-

directional material transfer, detected by KPFM, observ-

ing minimal material transfer when the relative softness 

of the two polymer triboelectric layers is low.  

These studies have conclusively demonstrated the cor-

relation between the local PDMS composition, which re-

lates to the material transfer in CE, and the resultant 

charge generation, thus providing additional insights 

into how elastic and topographical characteristics can af-

fect TE. 



 

Figure 7. Schematics overviewing the material transfer mechanism. (a)-(b) Observation of TE between PDMS films with identical 
composition, suggesting charge transfer from donor to accepter due to the local spatial fluctuation of surface atoms. (a) Experi-
mental procedure of PDMS film preparation and contact-separation of the identical PDMS films; (b) The theoretical model pro-
posing charge transfer occurring between contacting donors and acceptors. Reproduced with permission.47 Copyright 2010, 
WILEY-VCH. (c) Experimental evidence of TE due to fluctuations in local composition: the charge “mosaic” - confocal Raman 
microscopy image and its corresponding total Raman spectra of the regions mapped in the image (SiCH2COOH marked with *, 
SiCOOH and RCOOOH where R=Si or C marked with +). Reproduced with permission.48 Copyright 2011, American Association 
for the Advancement of Science. (d) Proposed electron transfer among mechano-anions, mechano-cations and mechano-radicals 
produced by material. The random mosaic pattern with an oppositely charged nanoscopic domains on the surface of PVC and that 
of PTFE are produced by mechanical fracture of covalent bonds comprising the main chain of polymers on the surface. The electron 
transfer paths from mechano-anions or mechano-radicals mechano-radicals or mechano-cations under contact on the surface 
(shown in the center). After separation, a new different random mosaic pattern is produced. Reproduced with permission.66 Cop-
yright 2014, Elsevier.  

Subsequent studies have probed the role of intermolec-

ular forces (cohesion forces within the material and ad-

hesion forces between different materials) by conducting 

TE between identical materials.61 A variety of flat polymer 

samples were investigated with similar surface roughness 

but different physicochemical properties, observing that 

the polymers with lower moduli generated greater charge 

during TE relative to polymer with higher moduli. Addi-

tionally, TE experiments between polymers with the 

same difference in modulus showed similar surface 

charge regardless of the absolute modulus of the poly-

mers used (Figure 8, (a)i). Thus, as modulus is directly 

proportional to the cohesive energy of the material, these 

experiments infer that polymer cohesion energy pos-

sesses greater influence on TE relative to the differences 

in the physicochemical properties of the materials.  

In order to eliminate physicochemical influences, and 

provide definitive evidence of the cohesive energy influ-

ences on TE, experiments have been undertaken on pris-

tine PDMS with varying degrees of cross-linking (Figure 

8, (a)ii-iii). Here, only the modulus difference between 
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sets of two PDMS sheets was varied through the degree 

of cross-linking, removing compositional variations. A 

ten-fold difference in the generated TE charge was ob-

served between the PDMS set with low modulus differ-

ence and the PDMS set with high modulus difference, 

whereby the latter demonstrated the greater charge gen-

eration capability and thus confirmed the significant role 

of cohesion energy in TE. Further experiments on the 

modification of the adhesion between interfaces have 

demonstrated a similar effect, whereby a greater adhe-

sion between two contacted surfaces has resulted in an 

increase in surface charge generation. Hence, the in-

crease in surface charge with stronger surface adhesion 

and lower bulk cohesive force confirms that covalent 

bond cleavage (i.e., material transfer) is the primary 

mechanism for CE in these PDMS systems. 

4.2.2. Possible roles material transfer play in the 

triboelectric effect 

The direct consequence of material transfer is the for-

mation of mechano-radicals, mechano-cations and 

mechano-anions due to bond cleavage. How these mech-

ano-radicals/ions participate in TE, giving rise to net 

charge on two surfaces or induce further electron trans-

fer, is a key question to be answered, and thus will form 

the basis of discussion in this section. 

4.2.2.1 Mass transfer promoting electron transfer 

Generally, without material transfer, the donor and ac-

ceptor sites for electron transfer are neutral atoms and 

are identified by electron affinity. However, mechano- 

radicals and mechano-ions are formed during material 

transfer. Sakaguchi et al.66 have assigned mechano-ani-

ons as donors, mechano-cations as acceptors, with mech-

ano-radicals able to act as both donors and acceptors 

(Figure 7, (d)). This model, assuming electron transfer 

between mechano-radicals and mechano-ions formed via 

material transfer, could successfully predict the triboe-

lectric series based solely on the chemical structure of 

two triboelectric materials. 66   

This secondary charge transfer of electrons between 

mechano-radicals and mechano-ions is crucial to under-

stand the overall picture of TE.  

4.2.2.2 Acting as bulk ions charging  

The mechano-particles created by material transfer can 

not only act as better sites for electron transfer but can 

also be considered as bulk ions transferred across sur-

faces, thus charging the surfaces by the ion transfer 

mechanism. Yun et al. have demonstrated TE between a 

gold foil and a patterned PDMS film, mapping the elec-

trostatic charge on the Au by KPFM and showing the 

same pattern on the Au foil as the patterned-PDMS 

film.67 This finding indicated the presence of ion migra-

tion, as the charge should be uniformly distributed if 

electrons were transferred across (Figure 8, (b)). In their 

work, the authors refer to the charge carrier as an ion. 

However, it is an ion with multiple atoms that is gener-

ated via bond cleavage of the polymer, rather than a typ-

ical ion as that described in the ion transfer mechanism.67 



 

Figure 8. (a) Material transfer between identical polymers; (i) Correlation between the modulus of polymer material and surface 
charge; (ii) Surface charge density and adhesion force increase with increasing MW between PDMS crosslinking points; (iii) Rela-
tionship between the charge and separation stress required when the contacting force before separation step is gradually increased 
for PDMS (10: 1 ratio). (i)-(iii) Reproduced with permission.61 Copyright 2019, The Royal Society of Chemistry; (b) Material transfer 
between PDMS and Au. (i)-(iii) Adapted with permission.67 Copyright 2018, American Chemical Society. (i) Illustration of the 
proposed mechanism for CE; (ii) Optical image of dot-patterned PDMS; (iii) Potential map of Au after contact of the dot-patterned 
PDMS with zoom images of contacted and noncontacted areas. (c) Material transfer between PDMS and PVC (i) Illustration of 
material transfer and charge transfer occurring simultaneously during the CE of two materials. (ii) SEM images of PVC before 
(inset) and after contact with soft/hard PDMS; (iii) correlation of XPS Si and C signal with PDMS curing ratio. (i)-(iii) Reprinted 
with permission.18 Copyright 2018, American Chemical Society.

Recently, the significance of material transfer has been 

investigated, by correlating the amount of mass transfer 

with the generated surface charge (Figure 8, (a),(c)).18 

Notably, the charge density was related to physical prop-

erties of modulus, molecular mass, and separation stress, 

showing a softer, higher molecular mass polymer lead to 

increased surface charge density. This is understood by 

an increased degree of chain entanglement at the inter-

face during contact-separation leading to increased mass 

transfer and heterolytic bond cleavage (Figure 8, (a)). 61 

Spin-coated PDMS films, with varying degrees of soft-

ness, were brought into contact with a PVC film (as a ref-

erence material). The material transfer of PDMS onto the 

PVC film was quantified by an increase in surface rough-

ness of the PVC surface after each contact. The presence 

of PDMS on the PVC surface after contact was observed 

in scanning electron microscopy (SEM) images (Figure 8, 

(c)ii) and the PDMS Si 2p/C 1s ratio in XPS analysis (Fig-

ure 8, (c)iii). Importantly, the authors report a six-fold in-

crease in the charge transfer as the degree of softness in-
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creased, correlating to the magnitude of material trans-

fer. This correlation between material transfer and charge 

transfer is described by: (1) heterotic cleavage of PDMS 

molecular bonds within the bulk polymer, resulting in 

charged fragments and (2) the transfer of smaller surface 

oligomeric PDMS fragments onto PVC.18 Consequently, 

the strong adhesive force and the weak inherent strength 

of the material are the key contributors to the facilitation 

of charge transfer via bond cleavage. 

In both instances demonstrated above, the charged 

fragments of PDMS (i.e., the bulk ions) are transferred to 

the secondary material primarily due to a greater attrac-

tion to the secondary material. However, despite the 

strong relationship between material transfer and charge 

transfer shown here, it remains unclear what determines 

the polarity of the two contacting materials. In both in-

stances, the PDMS possesses a negative charge following 

contact, implying the majority of the transferred PDMS 

fragments are cationic. One possible explanation for this 

phenomenon is that the heterolytic cleavage results in 

two mechano-ions with different sizes, and while the 

electrons transfer to the larger mechano-ion, the smaller 

mechano-ion will generally transfer to the secondary sur-

face. Notably, it is yet unclear whether this heterolytic 

cleavage process is reversible.  

4.3.  Factors influencing the dominant charge 

transfer mechanism 

As the understanding of the role of material transfer 

has developed within the scope of TE, it has become evi-

dent that the dominant mechanism is largely dependent 

on the specific experimental parameters. In this section, 

we will discuss the current state of the art in how these 

conditions impact the TE mechanism. 

4.3.1.  Effect of combination of material pairs 

The TE mechanism in metal/polymer pairs is largely 

dependent on the surface potential barrier height, thus 

the dominant mechanism is electron transfer. The sur-

face potential barrier height, derived by applying the 

Richardson’s Law and based on the decay of static charge 

due to thermionic emission, can be used as an indicator 

for identifying the dominant mechanism in TE.68 Con-

versely, for TE of polymer/polymer pairs, the surface po-

tential barrier height can be related to multiple factors, 

indicating the co-existence of both electron transfer and 

material transfer mechanisms.68 Xia et al.68 have pro-

posed a material-dependent charge transfer mechanism 

where the TE in metal/polymer pairs follow the com-

monly accepted electron transfer mechanism, while pol-

ymer/polymer pairs follow a simultaneous electron, ma-

terial and ion transfer process. 

 4.3.2.  The effect of water 

The existence of a water layer on solid surfaces, formed 

under a humid atmosphere, further complicates the un-

derstanding of TE. Table 1 summarizes the possible roles 

of water during the contact-separation motion of a solid-
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solid TEG. The presence of water can promote CE, as it 

can act as an ion source (e.g., H+ and OH-),45 and also 

form an electric double layer.69 However, conversely, as a 

neutral molecule, water can hinder the CE process by 

forming a layer between two solid surfaces45 and subse-

quently exchange electrons with the solid surface.70 Ad-

ditionally, the relatively high dielectric constant of water 

can stabilize the generated charge and therefore hinder 

the CE process.46 Overall, it is currently difficult to defin-

itively conclude whether the existence of water will pro-

mote or suppress surface charge generation, even though 

it is usually assumed without detailed studies that hy-

drated ions are the major charge carriers in the solid-liq-

uid systems. 

Recently, studies have focused on the liquid-solid in-

terface to investigate whether ion transfer or electron 

transfer is the dominant mechanism underlying CE. Nie 

et al.69 have studied the CE process between PTFE and 

deionized water experimentally, and by theoretical calcu-

lations. The value obtained for the charge induced by 

OH- ions near the interface with PTFE experimentally, is 

ten-fold larger in relation to the calculated value, infer-

ring the remaining difference in charge can be attributed 

to electron transfer. The authors have proposed a de-

tailed mechanism (Figure 9(a)), where electron transfer 

between PTFE and water, under compression, was re-

sponsible for charging the surface, with adsorption of H+ 

and OH- ions only playing a minor role. Similar experi-

mental results have been obtained by Lin et al.71 in further 

identifying the relative contributions of electron transfer 

and ion transfer to liquid-solid CE. The authors have in-

vestigated, at elevated temperatures, the charge decay of 

a silica surface after triboelectric charging by water. This 

approach exploits the relative ease of electron emission 

in thermionic emission relative to ions, which remain ad-

hered to the surface. The experiments, performed on a 

variety of samples, compare the effect of surface hydro-

phobicity, the concentration of ions in water, and the pH 

of the solution. The authors propose a two-step model 

(Figure 9(b)) for the mechanism of liquid-solid CE.71 In 

the first step, the close contact between water and the 

surface enables the electron transfer to the surface from 

the water molecules, imparting negative charge to the 

material surface. The authors attribute this phenomenon 

to the overlap in electron clouds between the two mate-

rials, based on the electron-cloud-potential-well model 

also proposed by the same group.72 In the second step of 

the liquid-solid CE mechanism, positive ions in the water 

are consequently attracted to the negatively charged sur-

face, thus forming an electric double layer (Figure 9). 

 

Table 1. Effects of water presence during the contact-separation motion of a solid-solid TEG. 

Possible roles of water during the contact-separation motion of a solid-solid TEG Ref. Effect on TE 

Formation of a shield layer - blocking effective contact between two solid surfaces 45 Reduction 

Electron transfer from water to tribonegative solid surfaces 70 Enhancement 
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EDL formation of trace H+ and OH- ions, screening electrification 69 Reduction 

Adsorption of trace OH- ions on solid surface, charging by ion transfer 45 Enhancement 

Stabilization of surface charges developed during CE due to increases in dielectric 
constant 

46 Reduction 

Alternation of the solid surface through reaction with mechano-radicals  Unknown 

 

Figure 9. The mechanism of CE between water and solid surfaces. (a) Demonstration of the effect of removing water from the 
surface, thereby stabilizing surface charge by leaving behind adsorbed ions. Reproduced with permission.69 Copyright 2019, 
WILEY-VCH. (b) Demonstration of the effects of water remaining on the solid surface, stabilizing surface charge through the 
formation of an EDL. Adapted from Shiquan Lin et al., via Creative Commons CC BY license, Copyright 2020, Springer Nature.71 

 

We have now demonstrated that CE is highly depend-

ent on the materials used, the amount of water, and the 

interfacial adhesion. While there is often a dominant 

mechanism, understanding CE for a given system must 

incorporate the understanding of electron, ion, and ma-

terial transfer, as well as how the contribution of each 

varies in accordance with the operating conditions. 

5.  Improvements in triboelectric performance 

of poly(dimethylsiloxane) 

Whilst debate is ongoing around the dominant charge 

carrier species (electrons, ions, or material fragments), 

further research is being undertaken on the engineering 

aspects of improving TEG devices. Currently, the primary 

aim in these efforts is the enhanced contact between the 

triboelectric layers. Improving contact between triboe-

lectric layers enables increased friction, subsequently 

leading to increased charge separation, as well as promot-

ing charge transfer through all three mechanisms. This 

improved contact results in: (1) the reduction in the tun-

neling distance for electron transfer, and (2) an increased 
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adhesive force between the layers, enabling bond scission 

and/or the transfer of mobile ions.63, 64, 73 

In general, the larger asperity of a rough or patterned 

surface will possess a greater triboelectric contact area 

relative to a flat surface, when normalized to the geomet-

ric area. Hence, the contact area can be increased by im-

proving the asperity via surface patterning, with reduced 

feature dimensions leading to a larger effective contact 

area.74  

5.1.  From Micro- to Nano-scale Topographies 

The effect of surface patterning has been previously 

studied on PDMS/polyester TEGs.8 The micropatterns on 

the PDMS side (negatively charged) have been generated 

by casting PDMS onto a patterned Si wafer mold, while 

the polyester side (positively charged) has remained flat. 

Multiple geometric patterns were tested (Figure 10, (a)), 

including raised lines, cubes and pyramids. This study 

has observed that a pyramid pattern with sharp tips pro-

vides the greatest performance (18 V) relative to flat tips 

(15 V). Additionally, increasing the roughness leads to in-

creased performance for a pattern with the same geomet-

ric features. Subsequently, the use of replica molding has 

become commonplace to create surface patterns, with a 

primary focus on decreasing the feature dimensions to 

the nanoscale such that the surface roughness is in-

creased.  

Jang et al.20 have created a hexagonal close-packed 

structure with a controlled feature size on top of a spin-

coated PDMS film. The micropattern is formed by rub-

bing polystyrene (PS) colloids onto the PDMS film, thus 

forcing them to form a monolayer of close-packed col-

loids. Here, the dimensionality and periodicity are con-

trolled by modulating the particle size of PS colloids (1 

µm, 2 µm and 5 µm). The authors have further suggested 

this mold is suitable for intaglio and embossed PDMS mi-

crostructured films. 

Further work has produced dual-embossed PDMS 

structures with nanoscale dimensionality, through a rep-

lica mold containing anionic PS colloids with a diameter 

of 800 nm (Figure 10(b)). The TEG, with a tribonegative 

layer consisting of nanopatterned PDMS and a triboposi-

tive layer consisting of aluminum foil, has demonstrated 

a significantly improved performance (intaglio = 103 V, 

dual embossed = 207 V) relative to a flat PDMS film (flat 

= 57 V).  

Pillar patterns have also been produced on the na-

noscale in an attempt to increase the periodic surface 

roughness. The nanopillar-array architecture of the 

PDMS layer (NpA-PDMS) was fabricated by casting 

PDMS into a nanoporous anodic alumina template (Fig-

ure 10(c)).21 For the greatest electric performance of the 

NpA-PDMS TEG, the spacing between the patterns of 

NpA has been optimized. The authors observe a maxi-

mum performance at minimal feature spacing, suggest-

ing that increased contact area is not the primary driving 

force for the performance increase. An optimized perfor-
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mance has been observed in the NpA-PDMS with a pe-

riod (inter-pattern spacing) of 125 nm and nanopillar di-

ameter of 60 nm, with an open-circuit voltage of 568 V 

and a current of 25.6 A under 10 N of applied force. 

COMSOL simulations have demonstrated the peak con-

tact force (effective/uniaxial stress x contact area) occurs 

at an intermediate spacing. Therefore, the authors have 

concluded that both the stress on the contact surface and 

the contact area affect the electric performance of the 

TEG. It should be noted here that keeping the force con-

stant, but not reporting the deformation area can be mis-

leading as the key factor in charge generation is stress, 

not simply applied force.  

A comprehensive analysis on how the geometric shape 

of microscale surface features can affect the performance 

of TEGs has been carried out by Choi’s group.75 They have 

investigated the effects of geometry on the electrical out-

put, durability and force sensitivity. Two shape-types, pil-

lar and dome, were patterned on soft PDMS with identi-

cal height (245 nm) and diameter (500 nm). The opposite 

surface consisted of a rigid Au layer, which deformed the 

soft PDMS under applied mechanical stress. Both the pil-

lar- and dome-based TEGs showed almost identical elec-

trical performance under a low applied force; however, 

the dome-shaped TEG exhibited greater sensitivity at 

higher force. Conversely, the charge generated by the pil-

lar-shaped TEG rapidly saturated at increasing applied 

force. Finite element analysis simulations were also per-

formed to study the deformation of the two shapes under 

an applied force, demonstrating that the dome-shape de-

forms into a flat surface when compressed by the rigid Au 

layer, with an increase in the surface area as the applied 

force increases. In contrast, the pillar-shaped TEG does 

not deform to create a flat surface, and subsequently does 

not exhibit an increase in the contact area. Further, the 

simulations revealed a significantly greater stress concen-

tration occurring at the top of the dome-shaped pattern 

in comparison to that of the pillar-shape pattern. Alt-

hough the dome-shaped TEG possessed a superior elec-

tric performance and force sensitivity, owing to its larger 

deformation and internal stress, this geometry resulted 

in decreased durability with a decreased output of 20% 

after 1 million cycles (pillar-shaped TEGs did not exhibit 

degradation).75 The enhancement in electrical perfor-

mance and degradation is likely attributed to an increase 

in material transfer induced by the concentrated stress. 

Consequently, the dome-shape enhances the short-term 

triboelectrification, however leads to the loss of the de-

fined dome structure with time. 

 

 

 



 

Figure 10. The morphology and electromechanical energy harvesting performance of surface patterned PDMS-TEGs produced by 
replica molding. (a) Micropatterned PDMS with raised line, cube and pyramid surface geometries (Reprinted with permission.8 
Copyright 2012, American Chemical Society); (b) PDMS patterned using polystyrene colloids (Reproduced with permission.20 Cop-
yright 2016, Elsevier). (c) Nanopillar PDMS produced through casting over an anodized aluminum oxide template (Reproduced 
with permission.21 Copyright 2017, Elsevier.); (d) Biomimetic structures resembling a treefrog’s toe cast in PDMS (Reproduced with 
permission.22 Copyright 2019, WILEY-VCH.); (e) PDMS microneedles produced with varied aspect ratios and sizes by laser etching 
(Reproduced with permission.76 Copyright 2020, WILEY-VCH.)

Hierarchical structures have been created to increase 

surface roughness. As an example, an argon plasma has 

been used to impart nanopillar morphology on a micro-

patterned PDMS replica to form a multilevel structure.77 

Argon plasma treatment induces chain scission on the 

PDMS surface, generating reactive radicals which form 

hydrophilic groups (e.g., carboxyl or hydroxyl groups) 

when exposed to air. The combination of increased sur-

face roughness and reactive radicals resulted in a three-

fold enhancement of the electrical performance. This im-

provement was attributed to a larger contact surface area 

and a lower force being required to compress the submi-

cron-pillar structure. Furthermore, the hydrophobic re-

covery of the argon plasma-treated PDMS leads to a de-
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crease in adsorbed water which, as discussed by Grzyb-

owski et al.46, helps stabilize the surface charges formed 

during CE. However, considering the weakened chemical 

bonds generated in the plasma treatment process, an in-

crease in mass transfer between surfaces is likely. This 

primary mechanism of mass transfer was demonstrated 

through the reduction of electrical performance as a 

function of time.  

Inspired by treefrog toe pads, a highly ordered hexago-

nally non-close-packed micropattern has been produced 

on PDMS (Figure 10(d)), mimicking the strong adhesion 

these toe pads have to various surfaces in nature.22 The 

pattern was produced by casting PDMS on concave films, 

which were formed by a phase separation method using 

a volatile solvent/nonsolvent pair to control the surface 

morphology. Methanol was used here as the nonsolvent 

to control the separation between the micropattern ar-

rays. This investigation demonstrated an increased elec-

trical performance (from 280 V to 440 V) was achieved 

with a lower contact area by increasing separation be-

tween micropatterened arrays. This contrast between 

high performance and low contact area highlights the im-

portance of the degree of deformation in the electrical 

performance of TEGs. As a higher degree of deformation 

is correlates with the material being under greater inter-

nal stress, there is a lower activation energy for bond 

cleavage in highly deformed samples. Therefore, these 

patterning approaches that increase the degree of defor-

mation promote lead to increased material transfer and 

thus measured TE.  

Other molds used for creating random or disordered 

surface patterns include commercially available sandpa-

per,78 natural materials,79 and lab-made thick film23. 

However, although replica molding provides tuneable 

control of a patterned structure, the process can be very 

tedious involving multiple steps and nano-scale patterns 

cannot be created easily.  

Carbon dioxide (CO2) laser ablation is a promising and 

fast microstructuring tool. Elongated-triangular Al mi-

croneedle structures have been fabricated in PDMS using 

CO2 laser ablation on a PMMA substrate followed by rep-

lica molding (Figure 10(e)).80 The Al microneedles pos-

sessed a high-aspect-ratio, with a base diameter of ~300 

µm, and height between 300 µm and 1000 µm, which 

could be controlled by the laser parameters. An opti-

mized Al/microneedle-PDMS TEG was shown to gener-

ate up to 102.8 V of open-circuit voltage and 43.1 µA of 

short circuit current, corresponding to a short circuit cur-

rent density of 1.5 µA/cm2. The high performance of these 

microneedles is understood by considering the bend-re-

lease process of long microneedles during contact-sepa-

ration. The viscoelasticity of PDMS, coupled to the high 

aspect ratio of the microneedle shape, results in a low ap-

plied force leading to bending, sliding and deformation, 

thus greatly enhancing the real contact area and friction. 
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The performance of various surface-patterned PDMS 

TEGs are featured in Table 2. 

Table 2. Summary of the structural parameters and energy harvesting performance of surface-patterned PDMS 
TEGs. 

Process Comments Pattern Shape Dimension Best Performance Ref. 

Replica 

Molding 

Mold: patterned Si 

wafers 

 

Lines/cubes/pyra-

mids 

Pattern size: ~10 

μm 

18 V (pyramid; bending 

mode)  

8 

Mold: PDMS film 

patterned by rubbing 

with PS colloids 

 

Close-packed 

hemispheres 

Diameter: 1-5 μm 207 V (compressive force 

of 90 N in relative humid-

ity of 20%) 

20 

Mold: nano porous 

anodic alumina 

Pillars Diameter: 50-100 

nm 

Height: 150 nm 

Spacing: 100-450 

nm 

568 V (10 N of pushing 

force and 5 Hz of pushing 

frequency) 

21 

Mold: concave 

PMMA produced by 

phase separation 

method  

 

Non close-packed 

pillars 

Diameter: ~4 μm 490 V (applied force of ≈38 

N at frequency of 5 Hz) 

22 

Mold: PMMA film 

patterned by CO2 la-

ser ablation  

 

Circular cone with 

high aspect ratio 

Diameter: ~1 mm 167 V 76 

Mold: polymer films 

roughed by sandpa-

per abrasion 

 

Sandpaper-like Grit size: 0.8-10 μm 200 V (pressure of 80 kPa) 78 

Mold: leaf 

 

Leaf-like Roughness: ~32.1 

nm 

56 V 79 

Mold: porous PE 

multilayer 

 

Irregular Pore size: < 5 μm 242 V (compressive force 

of 90 N in relative humid-

ity of 20%) 

23 

Direct 

Pattern-

ing 

Direct patterned by 

laser 

Concave spots Diameter: ~10 μm 45 V (applied force of 100 

N at frequency of 5 Hz) 

19 

Argon plasma treat-

ment on the mold 

 

Micro pillar arrays Roughness: ~140 

nm 

72 V (applied force of 10 N 

at frequency of 5 Hz) 

77 

3D printing Micro/nano hier-

archically pat-

terned structure 

Pore size: ~10 μm 

Wall thickness: 

~100 nm 

55.8 V (applied force of 4 

N at frequency of 4 Hz) 

24 



5.2.  Complementary patterns 

Surface patterning has not only improved in feature 

size but has also evolved into double-sided patterning. A 

systematic study on how complementary and contrasting 

patterns on both layers affect the TEG performance was 

performed by Han et al.78 Patterns were produced using 

sandpaper of various grit sizes. The patterned PDMS was 

made by casting onto sandpaper and subsequently peel-

ing away to produce a rough PDMS surface. The copper 

patterned surface was produced by sputtering directly 

onto the surface of the sandpaper, with roughness corre-

sponding to the grit size of the sandpaper. For TEGs con-

sisting of one flat and one patterned surface, the larger 

grit improved the TEG performance. For double-sided 

patterned TEGs, those with matched patterns (i.e., both 

surfaces formed from sandpaper with the same grit) 

demonstrated the highest performance.  

Femtosecond laser direct writing is another useful tool 

for preparing micro- and nano-scale structures on differ-

ent surfaces.81 In a recent case using laser-writing, a 

PDMS (tribonegative) film was patterned with micro-

bowl concave structures,19 while the opposing side of the 

TEG was a copper (tribopositive) film with micro/nano-

cone convex structures. The dual-layer patterned TEG 

provided dramatically improved performance (0.21 

W/m2) relative to a single-layer patterned TEG (0.01 

W/m2).  

The performance of TEGs generally improves with de-

creased feature size, increased feature density, and com-

plimentary patterns on opposing surfaces. Following 

these guidelines, the real contact area between surfaces 

is maximized. Jang et al.20 have proposed that the influ-

ence of micropatterning of PDMS films on triboelectric 

performance is only significant at high contact forces, 

where the elasticity of PDMS enables it to be completely 

deformed thus increasing the contact area between two 

surfaces. TEGs with pyramid-patterned PDMS as the neg-

ative triboelectric layer and silver (Ag) nanowires grown 

on an Al film as the positive triboelectric layer exhibited 

an ~6.7% decay in measured voltage after 30000 cycles of 

contact-separation motion under 2.5 kPa. Similarly, a 

sandpaper-cast PDMS-based TEG exhibited a 10% reduc-

tion in output voltage after 30 days of operation.78  

Patterned TEGs can demonstrate limited performance 

in high humidity environments. As described in section 

3.3.2, high environmental humidity can form a conduc-

tive water layer, thereby accelerating transition, neutral-

ization, or dissipation of charges and inhibiting electrifi-

cation of the material surface, whilst also potentially 

forming a shielding layer and inhibiting friction between 

the two solid surfaces.82 Although PDMS is a relatively 

hydrophobic material, the patterns and features of these 

TEGs could lead to water being trapped during contact, 

resulting in charge screening and neutralization effects. 

5.3.  From Surface to Bulk Patterning 

Surface modification via micro/nanostructuring, by 

nature, is sensitive to iterative frictional or contact-sepa-

ration motion, which can wear away at the surface fea-

tures. This degradation of surface features can be avoided 

by modifying the structure of the bulk material. A PDMS-

based TEG with a 3-dimensional (3D) sponge-like struc-

ture (Figure 11(a)) has demonstrated an improved electric 
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performance relative to its flat counterpart (130 V and 50 

V, respectively).83 Interestingly, it appeared that the sur-

face contact area did not play a major role in enhancing 

the performance, as the contact area of the 3D sponge-

like PDMS was lower on the top surface compared to a 

flat PDMS sheet. Furthermore, the generated voltage of 

the sponge-like TEG increased with a decrease in pore 

size from 10 μm (68 V) to 0.5 μm (130 V), indicating the 

corresponding increase in the effective surface area of the 

pores affects the performance. The authors proposed that 

the enhanced energy harvesting performance was a result 

of charge generation through the surface of the inner 

pores by electrostatic induction. Notably, the reduced 

compressive modulus of the sponge-like PDMS TEG de-

creased the separation between the electrodes under 

compressive stress, thus increasing the capacitance and 

consequently leading to enhancements in energy har-

vesting performance. 

Kim et al.30 have created a similar 3D hierarchical struc-

ture by coating PDMS on sugar cubes and dissolving away 

the sugar templates following the curing of the PDMS. 

This templating resulted in a 10-fold enhancement in 

generated voltage (450 V) relative to a flat PDMS film (45 

V) (Figure 11(b)). The authors also reported an increase in 

compression at equivalent force, despite the reduced 

contact area. This suggests that there may be material 

transfer within the pores that contributes to the energy 

harvesting performance, which is in line with the reports 

of radicals generated by compression of porous PDMS 

sponges.84 The TEG with the smallest pore dimensions 

(i.e., smallest sugar cube template dimension, 300 µm) 

was reported to generate the highest voltage, attributed 

to the larger effective contact area. Moreover, the perfor-

mance in a humid environment exhibited greater stabil-

ity relative to the flat PDMS film, presumably due to the 

observed increase in hydrophobicity from the 3D hierar-

chical structure.  

More recently, a hierarchical, sponge-like PDMS struc-

ture (Figure 11(c)) has been prepared by replica molding.85 

The mold consisted of a periodic grid up to two layers (20 

μm grid separation for the first layer and 30 μm for the 

second layer) to form the surface structures. These mul-

tilayered structures resembled a step-pyramid. In order 

to induce porosity within the structures, one mold was 

coated with polystyrene particles (500 nm diameter) 

prior to PDMS curing. These polystyrene particles could 

be dissolved out to form a sponge-like internal structure. 

Going from a pillar (16 V), to a step-pyramid (20 V), and 

a porous step-pyramid (30 V) structure increased the en-

ergy harvesting performance.  

 



 

Figure 11. Electric output of sponge-structured PDMS TEGs. (a)-(c) Effect of porosity and relative humidity on electric output. (a) 
Comparison of the generated voltage between a film and sponge-like structure. Reproduced with permission.83 Copyright 2014, 
WILEY-VCH. (b) Effect of the pore diameter on the generated current and voltage. Reproduced with permission.30 Copyright 2016, 
WILEY-VCH. (c) Effect of surface structures on the generated current and voltage. Reproduced with permission.85 Copyright 2019, 
Elsevier (d) Effects of the curing time on the generated voltage and morphology. Reproduced with permission.86 Copyright 2020, 
WILEY-VCH. (e) Schematic demonstrating a new class of compact porous TEG, incorporating an air gap to eliminate surface 
friction-induced degradation. Reproduced with permission.87 Copyright 2017, Elsevier.

A new self-assembly method has been developed for 

the generation of porous microstructures on PDMS films 

to eliminate the need to remove the pore-template. This 

method utilizes azobisisobutyronitrile (AIBN) as a blow-

ing agent to control the architecture of the PDMS (Figure 

11(d)).86 The flat PDMS film showed internal porosity in 

the absence of surface porosity, enabling the direct com-

parison of surface contact area with non-porous films.  

Although research has seldom focused on fundamental 

studies on the enhanced performance of 3D porous struc-

tures, beyond the stated increases in effective area and 
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capacitance, one potential mechanism has been pro-

posed, based on the generation of mechano-radicals.87 

This has been undertaken by utilizing a porous carbox-

ymethyl cellulose (CMC)/PDMS TEG. The PDMS was 

cast onto a freeze-dried CMC aerogel and subsequently 

coated with additional solid PDMS layers on the top and 

bottom surfaces to form the triboelectric layer (Figure 

11(e)). The porous CMC/PDMS TEG exhibited a signifi-

cantly higher generated voltage (17 V) relative to a CMC 

aerogel film TEG (negligible) or PDMS film TEG (5 V). 

The abundant cleavage of Si-O-Si bonds on PDMS and 

generation of radicals leads to the formation of transient 

dipole moments.84 The majority of the newly formed rad-

icals recombine, while a small fraction can react with 

trace water, forming silanols with a permanent electric 

dipole moment. Moreover, the rapid fluctuation in dipole 

moment during the formation and recombination of the 

mechano-radicals creates an electric potential between 

the two conformal electrodes. This potential enables the 

accumulation of charges and thus drives current flow. 

Hence, the authors proposed that the porous PDMS coat-

ing forms mechano-radicals under compression, in turn 

enhancing the energy harvesting performance. In this in-

stance, the CMC aerogel provided a porous scaffold for 

the PDMS coating. This proposed effect was further con-

firmed by similar energy harvesting performance when 

substituting the CMC aerogel with alternative materials. 

87 

In summary, 3D hierarchical structures have been 

shown to either maintain or improve the energy harvest-

ing properties of TEGs with enhanced device durability 

relative to surface engineered solid films. Furthermore, 

3D structures with porosity show reduced degradation in 

humid environments, in contrast to surface patterned 

TEGs. However, the underlying mechanism of the excep-

tional performance in 3D structured TEGs is yet to be es-

tablished, with further detailed studies required. 

5.4. Combined Materials and Structural Modifi-

cation 

With multiple strategies for performance enhance-

ment being thoroughly explored, researchers have ap-

plied both structure and material modification simulta-

neously. However, as the complexity increases, various 

factors interplay, resulting in synergistic effects on per-

formance enhancement. The added complexity makes it 

increasingly difficult to deconvolute the individual con-

tributors of the performance enhancement.  

For example, a flexible TEG, incorporating surface pat-

terning and chemical functionalization has been re-

ported.88 The surface patterning was performed by coat-

ing PDMS onto a nickel– copper (Ni-Cu) textile, with an 

additional argon plasma treatment step. During the ar-

gon plasma step, tetrafluoromethane and oxygen gases 

are introduced into the chamber, resulting in chemical 

functionalization of the PDMS surface. An increase in 

performance (up to 100 V) was attributed to the fluorine 

treatment by increasing the electronegativity of the 
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PDMS surface. Conversely, the formation of nanostruc-

tured geometries was observed to hinder the energy har-

vesting performance due to a reduction in real contact 

area, in contradiction with previous studies.21 

A nanowrinkle-patterned flexible woven TEG has been 

fabricated from a tribonegative PDMS/poly(vinylene 

difluoride) (PVDF) composite film and a tribopositive Ag 

foil.89 The addition of PVDF was hypothesized to improve 

the dielectric properties, while maintaining the flexibility 

of the whole layer. Well-aligned wrinkle array architec-

tures with a root-mean-square (RMS) roughness of 10 nm 

were produced after peeling off the cured blade-cast 

PDMS/PVDF film from the Al foil. The PVDF content 

simultaneously affected the dielectric permittivity, effec-

tive surface area and electron affinity of the PDMS/PVDF 

layer, consequently influencing the TEG performance. 

The optimal performance was obtained at 6 wt% PVDF, 

with a thickness of 2 mm. The resultant optimized TEG 

exhibited an open-circuit voltage of 255 V, current of 22 

A and power density of 832 mW/m2.  

Finally, a PDMS TEG has been fabricated by spraying 

the PDMS onto a Cu-nanowire decorated Cu mesh in or-

der to create a roughened PDMS surface. This resulted 

technique in a four-fold enhancement in the open-circuit 

voltage (155 V) relative to PDMS sprayed onto a flat Cu 

film (38 V).90  

5.5.  Relating Performance to the Contact Electri-

fication Mechanism 

The literature for PDMS-based TEGs primarily assumes 

electron transfer as the default mechanism for TE. How-

ever, the majority of fundamental studies on the electron 

transfer mechanism for CE or TE focus on the metal/silica 

material pair rather than the polymer pair. The field is 

further complicated by the lack of a general model for the 

prediction of TEG performance, as the performance can 

be influenced by a number of contributing factors. Re-

cent work has begun modelling the performance of TEGs 

using theoretical calculations based on the electron 

transfer mechanism, where the electronic structure of 

polymers is represented by molecular orbitals and chain 

alignment. Following the recent advances in experi-

mental studies discussed throughout this review, the in-

tegration of the effects of contact area and force into the-

oretical models is emerging in literature. 

Vasandani et al.9 have theoretically derived a linear re-

lationship between the applied contact force and the re-

sultant triboelectric charge using fixed triboelectric ma-

terial pairs. They reported an inverse proportionality be-

tween the generated surface charge and the critical sepa-

ration distance between the material pairs. The model 

was compared to experimental results for a PET/PDMS 

TEG (Figure 12(a)). The error, however, between the pre-

dicted and experimental results was nearly five-fold. 

Thus, this model (which only considered electron trans-

ferred) failed to accurately predict the performance indi-

cating that the process is not only driven by electron 
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transfer, or at least the electron transfer is enhanced by 

complimentary mechanisms. 9 

Wu et al.91 have used first-principles calculations to 

challenge the most commonly proposed strategy (in-

creasing the real contact area) to achieve improved per-

formance in TEGs. They proposed that TEG performance 

can be enhanced by increasing the stress in the contact 

region, rather than only increasing in the real contact 

area. They investigated the metal-polymer CE mecha-

nism using first-principles on an Al-PTFE triboelectric 

pair as a model. The contact state was deduced from the 

total energy at the interface with varying separation be-

tween the two layers, obtaining an equilibrium separa-

tion at 2.25 Å. Subsequently, the charge transfer corre-

lated to the calculated separation-dependent Mulliken 

charge populations. The results showed an increase in 

charge transfer as the compression increased (i.e., a de-

crease in interface separation and increase in stress). Im-

portantly, this study has also revealed that charge trans-

fer can occur without contact at separation distances up 

to 5 Å (Figure 12(b)). The generation of electron-deficient 

structures under friction significantly lowers the LUMO 

at the interface and consequently increases the amount 

of electron transfer, in agreement with previous experi-

mental studies on the role of mechano-ions and mech-

ano-radicals in TE.66 

 

Figure 12. (a) Comparison of the theoretical prediction and experimental data for the dependence of open-circuit voltages of a TEG 
on the input force. Reproduced with permission9. Copyright 2017, Elsevier. (b) The calculated amounts of charge transfer at the 
interface distance between 1.5 Å and 5.0 Å. Reproduced with permission91. Copyright 2018, Elsevier. 

For surface patterned TEGs, the cross-linking degree of 

PDMS, which is directly linked to elastic modulus, influ-

ences the extent of bond cleavage during contact-separa-

tion. The effect of elastic modulus on the TE has recently 

been studied by multiple groups. Pandey et al.18, 49 have 

studied the material transfer mechanism, correlating the 

elastic modulus with the cohesive energy of the material. 

The authors have observed an improvement in the energy 

harvesting performance by lowering the modulus of one 

surface of PDMS. The lower cohesive energy of softer ma-

terial promotes the transfer of charged segments, directly 

correlating with the observed enhancement in energy 
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harvesting performance (Figure 13, (a)). However, a con-

trasting result is obtained by Kim et al.19, finding a reduc-

tion in energy harvesting performance for PDMS with 

lower modulus (Figure 13, (b)). This finding is justified by 

the relative ease of reducing surface roughness with an 

applied pressure for PDMS with a reduced modulus, thus 

reducing the electron transfer. It is clear that the change 

in modulus does not only modify the degree of defor-

mation, affecting the real contact area, but also alters the 

cohesive energy, affecting the ability of PDMS to cleave 

bonds in material transfer.  

Figure 13. Correlation between the monomer to curing agent ratio (x: 1) and electrical output of the TEG. To compare the same 
range x > 10, (a) electric performance increases as x increases. Adapted with permission.18 Copyright 2018, American Chemical 
Society.; (b) electric performance decreases as x increases. Adapted with permission 19. Copyright 2017, Elsevier. 

Overall, there is little doubt that PDMS is an ideal ma-

terial to study CE and TE, with flexibility in mechanical 

properties, surface patterning, bulk modification, and ad-

ditives enabling a clear understanding of fundamental 

mechanisms to be developed. However, despite the 

power and flexibility of PDMS as a triboelectric material, 

conflicting results remain. Many reports are focused on a 

single mechanism or modification approach, without ty-

ing past understanding together. The following section 

summarizes and combines the concepts discussed above, 

providing a perspective for the field moving forward.  

6.  Summary and Outlook  

6.1.  Contact Electrification Mechanism: Elec-

tron, Ion, and Material Transfer 

In general, when two triboelectric layers are brought 

into contact charges are transferred, and after the two 

layers are separated, a potential difference is generated 
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which can be measured or used externally. Macroscopi-

cally, the two layers are brought into contact and reach 

the final compressed position, whilst microscopically the 

local separation between the two surfaces can span mul-

tiple orders of magnitude, between µm and Å. This mi-

croscopic separation is considered to be in ‘real contact’ 

provided it falls within the separation range where elec-

tron transfer, ion transfer, or material transfer can occur, 

as shown in Figure 14 using the Lenard-Jones Potential 

curves, and summarized in Table 3.92 This means all three 

types of charge carriers can be transferred between ma-

terials, and indeed the dominance of the charge carrier 

type can be tuned for equivalent materials by changing 

the interfacial matching and applied force. 

 

Figure 14. Conceptual representation of the Lenard-Jones Potential curve demonstrating the real contact state (energy regime 
where transfer can occur) for electron, ion, and material transfer mechanisms. The real contact state of the electron transfer 
mechanism falls in the repulsive region, whereas the ion transfer and material transfer mechanism fall in the attraction region.91, 

93  

Unlike the material transfer mechanism, the electron 

transfer mechanism and ion transfer mechanism have 

been more thoroughly studied, with a general agreement 

on the CE process reached. For triboelectric pairs without 

built-in mobile ions, the ion transfer mechanism is gen-

erally agreed to be a direct result of water in the atmos-

phere adsorbing on both surfaces of the TEG and trans-

ferring across during contact, enabled by the differences 

in the binding energy of the respective surfaces.  
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Table 3. Requirements for different contact electrification mechanisms. 

Charge 

Carrier 

Distance/Force Range Additional Condition for Charge Transfer 

Electron When electron clouds 

overlap (repulsive re-

gion) 

The energy barrier has been eliminated for electrons to transfer from 

HOMO state of one material to LUMO state of the other material. 

 

Ion When exerting ion-di-

pole forces OR ion-in-

duced-dipole forces 

There are environmental ions able to be adsorbed on the material, gas 

molecules able to be ionised, or existing mobile ions within or on the 

polymer surface. 

The binding energy of ion to the other material is larger than its adsorp-

tion force to its current binding material. 

 

Material When exerting adhe-

sion93   

The adhesion energy between the material surfaces is larger than the 

cohesion energy of either material. 

Understanding the driving force for electron transfer in 

CE between two dielectric materials is a focus of ongoing 

research with models being proposed and adapted to ex-

plain the process.53, 54, 94, 95 The potential-well model ex-

plains the role of large stress and small distance on low-

ering the energy barrier for electron transfer in CE, which 

is also used to explain the effects of temperature,53 surface 

curvature and light-irradiation on CE.94 Theoretically, all 

factors which affect the energy difference between the 

HOMO and LUMO states of the two materials can, in 

principle, affect the electron transfer process. However, 

for metal-polymer pairs, a first-principles calculation has 

concluded that electron transfer can occur outside the re-

pulsive force regime,91, 96 conflicting with the experi-

mental results of Wang et al. on metal-silica pairs.97-99 For 

polymer-polymer pairs, an early study suggests electron 

transfer in polymer-polymer CE is enabled by the for-

mation of mechano-particles66 and more recent studies 

have directed their focus to probing the role of material 

transfer in TE.18, 61, 65  

It is commonly agreed that material transfer occurs 

when the distance between two materials is in the attrac-

tive regime, where segments of the material with a lower 

cohesion energy will be fragmented due to covalent bond 

cleavage, creating mechano-radicals and mechano-ions. 

Material transfer or bond cleavage have been demon-

strated to correlate to triboelectric charging for systems 

consisting of metal-polymer,67 polymer-polymer18 and 

even identical polymer pairs,61 and are more often re-

ported to be related to soft and porous materials.18, 87 The 

generation of these mechano-radicals, mechano-anions 

and mechano-cations is generally believed to be the 

cause of the mosaic charge patterns after repeated TE cy-

cling.65 However, these studies have only provided half of 

the picture, only showing how material transfer/bond 

cleavage initiates TE. It is still unclear how the transfer of 
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charged material segments results in the net charge be-

tween the two layers. In the authors’ view, the following 

three events impact the TE through material transfer, ei-

ther directly or indirectly: 

1. Heterolytic bond cleavage creates mechano-

particles that form the mosaic charge pattern.  

2. Mechano-particles are subsequently brought 

into further close contact during contact-sep-

aration cycling leading to redox reactions at 

the material interface, or transfer between 

surfaces thus reversing the local charge.  

3. The mechano-radicals formed in the first 

event react with the environment, terminat-

ing further reactions.  

Figure 15. Schematic demonstrating the role of material transfer in secondary ion transfer and electron transfer. Material transfer 
leads directly to the formation of mechano-cations/anions/radicals, which could further act as bulk ions charging the surfaces by 
ion transfer, or alter the energy states of electrons promoting charging by electron transfer. 

 

The first contact-separation event is the starting point 

of TE by material transfer, with induced mechano-radi-

cals and mechano-ions formed on the surface of each ma-

terial. The second event can be either electron transfer, 

initiated from the change in electronic structure induced 

by these charged fragments, or ion transfer from ad-

sorbed water to compensate the charge of the fragments. 

As there is no clear driving force for continued charge 

separation, subsequent events can cancel out or reverse 

the sign of the charge generated during the first contact-
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separation event. Therefore, the material transfer mech-

anism is a competition between the formation of mech-

ano-particles due to material transfer, bulk mechano-ion 

transfer, electron transfer across mechano-particles and 

the termination of radicals (Figure 15). Crucially, the role 

of material transfer in influencing electron and ion trans-

fer mechanisms is rarely discussed in literature, leading 

to the ambiguous and conflicting results when one mech-

anism is omitted.  

The debate on which CE mechanism is dominant in 

any given material combination is ongoing. However, 

most research groups that study the electron transfer 

mechanism focus on metal-dielectric pairs, and those 

who study the ion/material transfer mechanism focus on 

dielectric-dielectric pairs. Realizing this, a recent study 

suggests the dominant mechanism depends on the tribo-

electric pair.68 Nevertheless, a better approach might be 

to focus on how different charge transfer processes inter-

play with each other under different conditions, instead 

of attempting to demonstrate a single dominant mecha-

nism for all instances. 

6.2.  Triboelectricity in energy generators: More 

than just contact electrification 

In the context of TEGs, it is more appropriate to refer 

to CE as TE to extend the length scale from the molecular 

level to a macroscopic level. In this case, when a contact 

force is applied to bring two materials into contact, an 

elastic material will deform, inducing horizontal relative 

motion and friction between the two materials. Triboe-

lectric charging by different mechanisms in localized re-

gions of the same sample will then emerge upon removal 

of the contact force, provided the additional conditions 

in Figure 14 are satisfied. If one or both triboelectric layers 

are porous, the compressed sponge-like structure will 

lead to a more significant decrease in separation between 

two electrodes and the generation of more mechano-par-

ticles.84 Both of these factors will affect the electrical per-

formance of the TEG 

The above processes only consider the TE between two 

solid surfaces. However, water can also play a role, 

thereby complicating the process. The water layer formed 

due to a highly humid atmosphere can shield charges, 

leading to decreases in performance in humid environ-

ments. However, water can also transfer electrons to the 

solid surface and provide a source of ions for ion transfer 

during TE, leaving the transferred electrons or/and ad-

sorbed ions on the solid surface once the water is re-

moved. Moreover, the two charged surfaces can lead to 

the formation of either an electrical double layer at the 

material-water interface71 or ionized air upon rapid mo-

tion and close contact.58 In both cases, the surface 

charges on the triboelectric surfaces will be screened and 

vary dynamically during the contact-separation process. 

6.3. Performance enhancement of triboelectric en-

ergy generators 

Since the emergence of TEGs, the morphology of the 

contacting surfaces has been tailored to increase the real 
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contact area, which has often directly led to improved 

electrical output. However, the phrase used in most pa-

pers, “real contact area”, is an intuitive concept which 

generally represents the contact area between two sur-

faces which allows for charge transfer to take place. In 

most instances, this is considered to be the contact area 

specifically for electron transport. Understanding what 

constitutes the ‘real contact’ area is challenging as it var-

ies between the two contacting materials and is driven by 

the different force regimes in which the charge transfer 

mechanisms occur.  

Recent work has shown that it is more effective to in-

crease the local stress exerted on the contacting surfaces, 

as opposed to striving for a continued increase in contact 

area.91 Multiple studies have demonstrated that the stress 

experienced during TE is increased by using micro/nano-

patterns with a higher ability to deform.20, 22, 76, 78 This in-

creased stress changes the electronic structure of the ma-

terial and decreases the separation required (lowers the 

activation energy) for a given charge transfer mechanism, 

thus effectively increasing the real contact area. Thus, 

considering ways to increase the real contact area re-

mains crucial, however the field should consider the role 

of deformation and stresses on the surface of the material 

as a mechanism to increase the contact area.  

 

 

Figure 16. Representative data highlighting the effect of structure on electrical performance of TEGs. Data obtained from references 
(a)19(b)76(c)20(d)85(e)30(f)22(g)21. 



However, while the electrical performance can be im-

proved by an increase in stress on the contact region, the 

increased stress can ultimately lead to degradation, thus 

reducing the durability of the TEGs (Figure 16). For in-

stance, convex-shaped and micro/nanoscale patterns20-22 

can generate improved energy harvesting performance 

relative to flat, concave-shaped19 or millimeter scale pat-

terns;76, 80, 100 however, such patterns experience acceler-

ated performance degradation over time. To balance the 

maximum energy harvesting performance and the dura-

bility of the TEGs, one emerging approach is to fabricate 

3D sponge-like structures.30, 85 These 3D sponge-like 

structures can maintain high energy harvesting perfor-

mance and ensures durability due to a more homogenous 

distribution of stress throughout the sponge-like mate-

rial. 

Recently, more studies have investigated the perfor-

mance of sponge-like PDMS TEGs. It is clear from these 

reports that the porosity of the sponge-like TEGs is the 

dominant factor affecting the performance (having a 

larger effect than changing the contact surface area).30, 85 

As summarized in section 5.3, the operational principle 

of sponge-like TEGs is complex, involving multiple pro-

cesses which interplay and affect the overall perfor-

mance. Specifically, material transfer within pores is ex-

ceptionally hard to isolate, but is likely to play a major 

role in the enhancement of charge generation. Systematic 

studies are required to improve the understanding of 

sponge-like structures. The proposed reasons for in-

creases in energy harvesting performance are listed be-

low:  

1. generation of mechano-radicals in pores un-

der stress;87 

2. low required force required for a large of com-

pressive deformation; and 

3. increased friction between contact surfaces 

due to large volumetric deformation. 

The reduction in durability of TEGs is another case 

where empirical data trumps a clear understanding. The 

reasons for the degradation of TEGs vary upon the system 

being studied, however the potential reasons include:  

1. physical degradation of the surface morphol-

ogy acting to reduce real contact area; 

2. continuous material transfer and surface frag-

mentation forming a shielding layer, reducing 

surface charge density or polarity reversal;49 or 

3. reaction of stress-generated mechano-radicals 

with the atmosphere87 changing the surface 

chemical composition.   

In general, the optimal structure of a TEG is application 

dependent. Sensors aiming for high sensitivity require 

meticulously designed architectures of surface patterns, 

in turn allowing a gradual increase in contact area under 

stress. Alternatively, 3D sponge-like structures are opti-

mal if a high peak electrical output is targeted. Excep-

tional reports detailing engineering and application ad-

vances for PDMS (and polymer) TEGs can further elabo-

rate on these structural and device specific modifica-

tions.101, 102 

An improved understanding of CE is necessary for con-

tinued engineering enhancement of TEGs. Currently, 
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electron transfer is the default mechanism used to ex-

plain the electrical performance of TEGs and the material 

transfer mechanism is sparsely discussed. To efficiently 

move forward in engineering high performance TEGs, we 

propose studies should focus on fundamentally under-

standing the following questions: 

How can electron, ion, and material transfer mecha-

nisms be understood in a single system, over multiple 

contact-separation cycles? 

1. What explains the exceptional performance of 

sponge-like TEGs?  

2. What information can be interpreted from the 

shape of Voc/Ioc signals? 

3. How can electrical performance be predicted 

using theoretical calculations? 

4. By answering these questions, the conflicting 

literature reports and theories can be re-ex-

amined and codified in a clear model explain-

ing how to control and optimize the proper-

ties of TEGs.  

 

 

6.4.  Energy Generators to Study Contact Electri-

fication 

TEGs have not only been utilized as a device for multi-

ple applications, they have also often been used as a tool 

for fundamental CE studies. The direct result of CE is the 

separation of surface charge density distributed on the 

two triboelectric layers, which is related to the volt-

age/current generated. Therefore, by simply comparing 

the stress-induced generation of voltage/current, the CE 

mechanism can be studied under different conditions. 

However, the reality is more complicated, considering 

differing results can be observed by tuning the same pa-

rameters of a TEG. This mismatch in experimental results 

arises due to the interplay of multiple factors (Figure 17). 

Hence, meticulous and methodical experimental design 

is critical to generate reliable results. The experimental 

design must be paired with careful analysis when consid-

ering the interplaying factors. Most importantly, the ex-

perimental design should aim to take into consideration 

all three CE mechanisms, rather than selectively choose 

one mechanism to explain the observed phenomena.  

 

Figure 17. Factors affecting the degree of contact electrification and the electrical performance of a TEG.



Though using TEGs to study CE can be convenient, 

limitations remain, which hinder the extraction of infor-

mation from the generated voltage/current as the only 

evidence. For instance, the Voc/Isc can only give infor-

mation on the net surface charge and the polarity of the 

two triboelectric surfaces. However, the previously veri-

fied mosaic charge pattern, which strongly correlates to 

material transfer, cannot be detected. Therefore, it is nec-

essary to combine other characterization methods to ex-

tract more information from TEGs for the elucidation of 

CE mechanisms. Moreover, the information from output 

voltage and current signals have not been completely uti-

lized for CE analysis in most studies except for the peak 

values. The shape of the output voltage/current signals 

(e.g., the inherent asymmetric nature of current out-

put103) correlating to the contact-separation motion at 

various measuring conditions can give insights into the 

CE mechanism.  

6.5.  A comment on measurement and reporting 

The measurement of triboelectric phenomena, and the 

reporting of record currents, voltages, charges, and pow-

ers has exploded in recent years. It is important for read-

ers to critically analyze the data presenting in literature, 

as there is often confusion surrounding the source of 

electrical energy generation. In the case of polymer tribo-

electric materials, there is the possibility for either ther-

mal energy generation from the pyroelectric effect or me-

chanical energy conversion from the piezoelectric ef-

fect104 to be mistaken for triboelectric devices.105 The elec-

trical waveforms generated by these related techniques is 

so similar that it is near impossible to deconvolute. In-

deed, it has recently been reported that hybrid piezo-tri-

boelectric devices enhance the energy generation by both 

mechanisms. Indeed, recent works by Ahmed et al.,106 

and Sutka et al.,104 have provided strong commentary ex-

amining this enhancement by contrasting and deconvo-

luting the piezoelectric and triboelectric effects. While, 

there have been no discussion papers on confusion be-

tween pyroelectric and triboelectric outputs, it is logical 

that the friction at the interface leads to localised heating 

and a temperature gradient that could induce some cur-

rent or charge flow.107, 108 The synergy between these ef-

fects is highlighted by the emergence of hybrid energy 

harvesting devices based on combined piezo-pyro-tribo-

electric effects.109  

A further challenge in ascertaining and ascribing gen-

erated electrical outputs to the triboelectric effect is de-

convolution from the flexoelectric effect. The flexoelec-

tric effect is simply the property of a material to generate 

electrical charge from a strain gradient.110 In pure CE 

studies, which examine a vertical contact-separation mo-

tion, there should be negligible strain gradients induced. 

The flexoelectric voltage output of ∓1 to 10 V, as modelled 

by Mizzi, Lin and Marks111 during simple contact separa-

tion, demonstrates the significant contribution that flex-

oelectricity can have. Introducing tortuous porosity, 

nanostructure and surface topography (all approaches to 

improve triboelectric real-contact area) can lead to sig-

nificant charge output from the flexoelectric effect.112-114 

This is further complicated by the lack of detailed infor-
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mation on flexoelectric coefficients for common poly-

mers, and is a field that merits further study. Thus, while 

exploitation of the flexoelectric effect is beneficial for en-

ergy harvesting applications, its contributions must be 

considered when dramatically changing the morphology 

of triboelectric energy generators.111 

The field of polymer and PDMS triboelectric energy 

harvesting is exceptionally exciting, it is crucial authors 

carefully review their device performance and provide 

key experimental parameters so a clear vision of the field 

is possible.    

6.6.  What about the triboelectric series? 

The triboelectric series has long been used as an ap-

proximation of CE between two different materials. How-

ever, the rationality of using the triboelectric series as a 

tool for CE should be challenged. Firstly, its format, the 

ordering of materials with differing chemical structures, 

establishes a first fundamental belief that the key to the 

difference in CE originates from the difference in chemi-

cal structure. However, CE between identical materials 

has been demonstrated, showing that CE can be due to 

random fluctuations at the molecular scale which cannot 

be represented by a single averaged material property de-

rived from its bulk chemical structure.48, 49  

Secondly, the common attempt of rationalizing the or-

dering of a triboelectric series using a specific material 

property to argue a dominant mechanism, establishes a 

fundamental belief that there is a universal CE mecha-

nism. However, the literature discussed in this review re-

garding the impact of a single property on multiple 

mechanisms suggests the absence of a universal CE 

mechanism which can be strictly represented by a single 

material property.  

Nevertheless, there remain studies56, 66 which rational-

ize the triboelectric series from extrapolation of a single 

material property and conclude that the CE mechanism 

related to that property is dominant. However, while 

these present only half the picture of CE, it is reckless to 

totally repudiate their arguments. The fact that triboelec-

tric series are often non-reproducible in different meas-

urement methods, combined with the above summary on 

the intricacies of the CE process, demonstrates that the 

ordering of the triboelectric series can be “selected” by 

the experimental technique, focused on a specific mech-

anism.  

Hence, while the argument for a universal dominant 

CE mechanism presents an incomplete view of the field, 

it is important to draw value from these statements. 

Upon realizing the measurement and environmental de-

pendence of CE, it is rational to argue that these broad 

statements around a single dominant mechanism arise 

from a focus on specific material properties (as exempli-

fied by PDMS) that are most influenced by that mecha-

nism. This understanding enables clarity of how to quan-

titatively compare and use the variety of excellent re-

search on triboelectric series in practical TEGs.  
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7.  Conclusions 

In conclusion, the research on PDMS TEGs is predom-

inantly empirical and a thorough understanding of how 

variations in surface, bulk, and chemical properties inter-

play with fundamental CE mechanisms is crucial. PDMS 

is an ideal material to study CE and enables exceptional 

TEG performance, due to its chemical and physical tune-

ability coupled to its propensity for heterolytic bond 

cleavage. However, studies on how the on the effects of 

crosslinking density impact the performance of PDMS 

TEGs has yielded contradictory results in different stud-

ies. Different positive materials can be used to study the 

influence of adhesion force, whilst the surface morphol-

ogy, thickness and testing conditions (applied stress and 

frequency) are paramount to study the influence of any 

given parameter on the electric performance of the TEG. 

Performance enhancement is often explained by in-

creasing the real contact area between layers, with charge 

formation attributed to electron transfer, whilst material 

transfer has been largely overlooked. For surface-pat-

terned PDMS-TEGs, the increase in both the stress at the 

contact region and the degree of deformation have been 

revealed to play a significant role in performance en-

hancement. For sponge-structured PDMS TEGs, the per-

formance enhancement has not been thoroughly ex-

plained and related to CE mechanisms. However, the sig-

nificant role of the formation of mechano-particles in the 

sponges has recently emerged.  

To understand CE and TEG performance, the complex-

ity of interactions material transfer, electron transfer, and 

ion transfer mechanisms requires further study. Funda-

mental studies need to be designed with great care due 

to the complexity and environmental sensitivity of CE. 

The triboelectric series can be used as a tool for CE stud-

ies, but the experimental conditions must be meticu-

lously designed, and limitations clearly stated such that 

specific properties of a material can be tied to specific 

charge transfer mechanisms.  

Within this review we have posed questions critical to 

advancing the field of polymer triboelectric materials, 

which requires a thorough understanding of flexoelectric, 

piezoelectric and triboelectric mechanisms. Moving for-

ward, multidisciplinary teams with skills in materials 

chemistry, physics, engineering, and computational 

modelling will be required to form a holistic answer to 

these questions. Focusing on describing complex triboe-

lectric effects from the perspective of a single research 

field cannot capture the breath and disparate factors that 

drive contact electrification and the triboelectric effect. 

Fundamental contact electrification studies can boost 

their accuracy by including finite element modelling of 

strain fields to exclude the flexoelectric effect, molecular 

dynamics or density functional theory calculations to un-

derstand material transfer, and humidity-controlled ex-

periments to elucidate the role of water and/or ion trans-

fer within the system. In the case of applied triboelectric 
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generator literature, it is important to highlight the po-

tential role of alternate mechanical-to-electrical conver-

sion mechanisms (including piezo-, pyro-, and flexo-elec-

tric effects, and ion and mass transfer) within the data. 

Indeed, these complexities mean that in many cases it is 

preferable to either term a triboelectric energy harvester 

as a hybrid system or discuss mechanical-to-electrical 

conversion performance when detailed mechanistic stud-

ies are not included in the original research article.  

Triboelectric energy harvesting is an exceptionally ex-

citing field. Through understanding the mechanisms that 

lead to reported device performances, new paradigms of 

device design and energy conversion efficiency will be 

achieved.  
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