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Abstract

Advancements in wearable electronics have been propelled by the rapid growth of the Internet of Things (IoT). The prolifer-

ation of electronic devices and sensors, fueled by the growth of IoT, heavily relies on power sources, predominantly batteries,

with significant implications for the environment. To address this concern and reduce carbon emissions, there is a growing

emphasis on renewable energy harvesting technologies, among which triboelectric nanogenerators (TENGs) play a pivotal role.

Textile-based triboelectric nanogenerators (T-TENGs) stand out as innovative and sustainable solutions, possessing character-

istics including large contact area, lightweight design, flexibility, comfort, scalability, and breathability. These smart wearables

harness mechanical energy from human movement, converting it into electric energy. However, one of the persistent challenges

is low electric power output. Decisive solutions involved meticulous selection of material pairs with significant differences in

work function and optimizing contact areas. The incorporation of carbon-based nanomaterials, such as carbon nanotubes

(CNT) and graphene, emerges as a key strategy to enhance multifunctionality and output. While carbon-based nanomate-

rials offer impressive surface area, roughness, and electron mobility, the full potential of these structures remains untapped

due to a lack of collaboration among experts in TENGs, textiles, and carbonaceous nanofillers. Herein, the recent progress

of carbonaceous nanofillers incorporated T-TENG is presented. This review delineates recent progress in T-TENGs incorpo-

rating carbonaceous nanofillers, comprehensively addressing fundamental classification, operational mode, structural design,

and working performance. Furthermore, the analysis also delves into potential challenges hindering commercialization. By

presenting a comprehensive overview, this review aims to foster collaboration across diverse research fields and stimulate future

investigations into sustainable, high-performance smart wearables.
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Abstract 

Advancements in wearable electronics have been propelled by the rapid growth of the Internet of 

Things (IoT). The proliferation of electronic devices and sensors, fueled by the growth of IoT, 

heavily relies on power sources, predominantly batteries, with significant implications for the 

environment. To address this concern and reduce carbon emissions, there is a growing emphasis 

on renewable energy harvesting technologies, among which triboelectric nanogenerators (TENGs) 

play a pivotal role. Textile-based triboelectric nanogenerators (T-TENGs) stand out as innovative 

and sustainable solutions, possessing characteristics including large contact area, lightweight 

design, flexibility, comfort, scalability, and breathability. These smart wearables harness 

mechanical energy from human movement, converting it into electric energy. However, one of the 

persistent challenges is low electric power output. Decisive solutions involved meticulous 

selection of material pairs with significant differences in work function and optimizing contact 

areas. The incorporation of carbon-based nanomaterials, such as carbon nanotubes (CNT) and 

graphene, emerges as a key strategy to enhance multifunctionality and output. While carbon-based 

nanomaterials offer impressive surface area, roughness, and electron mobility, the full potential of 

these structures remains untapped due to a lack of collaboration among experts in TENGs, textiles, 

and carbonaceous nanofillers. Herein, the recent progress of carbonaceous nanofillers incorporated 

T-TENG is presented. This review delineates recent progress in T-TENGs incorporating 

carbonaceous nanofillers, comprehensively addressing fundamental classification, operational 

mode, structural design, and working performance. Furthermore, the analysis also delves into 

potential challenges hindering commercialization. By presenting a comprehensive overview, this 

review aims to foster collaboration across diverse research fields and stimulate future 

investigations into sustainable, high-performance smart wearables. 
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1. Introduction 

With the advent of technologies like wireless sensor network and Internet of Things 

(IoT) 1,2 , the number of wearable devices is increasing every day. As a result, the demand for 

miniaturized power supply source is also on the rise. Generally, batteries are used to power 

these devices. But there are concerns about the negative effects of batteries on the environment 

because batteries are made of harmful chemicals. Consequently, the weight of batteries makes 

wearable devices feel heavy, which can cause negative sensation or discomfort on users’ skin. 

Additionally, batteries have short lifetime, negative cost-impact on users due to recurring 

purchase and difficulties in recycling.3–6 Nanogenerators (NGs) are being suggested as the 

reliable and sustainable alternatives to batteries for driving these kinds of devices. 

Nanogenerator is a novel and amazing technology to convert thermal or mechanical 

energy, generated by small scale physical movements, into electricity. There are different types 

of NGs such as triboelectric nanogenerators (TENGs), piezoelectric nanogenerators (PENGs), 

and pyroelectric nanogenerators (PyNGs). Their energy harvesting mechanisms are also 

different. For instance, whereas a PyNG collects energy from a thermal source, TENG and 

PENG scavenge energy from a mechanical source.7–11 Apart from these energy harvesting 

nanogenerators, there are various wearable harvesting systems such as biofuel cells (BFCs), 

solar cells etc. However, they all are associated with distinct limitations (see table 1).  

TENG, as a nascent technology, can capture intermittent mechanical stimuli, especially 

low frequency (< 5 Hz) movements of human, and converts this low frequency mechanical 

energy into high frequency sustainable electric power based on triboelectrification and 

electrostatic induction. They are frequently used for different on-body electronics applications 
12–14. The technology is functional in multiple operating modes having freedom of choice from 

eclectic biocompatible, cost-effective, and flexible materials. Their manufacturing route is not 

arduous, and the performance of the technology can be further tweaked by different surface 

modification techniques. The advantages of TENG are illustrated in Figure 1. 

The quest for suitable materials to produce the best electrical output in TENG has been 

a long going effort. At the earlier phase, most of the materials used were primarily polymer 

and metal based. Although textiles are primarily originated from polymers, raw polymers 

possess low stretchability and flexibility, insignificant air permeability, limited 

maneuverability, and hence inconvenience to wearer.15 Applying these substrates for 

harnessing biomechanical energy was thus impeded. To encounter these issues, the inception 

of textile-based TENGs (T-TENGs) came into light. But their application is cumbered by lower 

output.16,17 In this regard, T-TENGs incorporated with carbonaceous substances like carbon 

nanotube (CNT), graphene, and graphene derivatives present an auspicious prospect. T-TENGs 

have already emerged as a topic of interest for many researchers.18–21 But to the best of our 

knowledge, no review paper on performance of carbonaceous nanomaterials incorporated T-

TENG for smart wearables has come out. Published literatures have thoroughly reviewed 

different low-dimensional carbon nanomaterials based nanogenerators.22,23 But symbiosis 

between textile and carbon materials based TENG was overlooked in these studies. This paper 

unravels the authentic relationship between textile, carbon materials, and TENG. The study 

mainly focuses on electrical performance, durability, washability, applications, and special 



6 
 

attributes of T-TENGs and classifies carbon-based nanogenerators according to their fabricated 

textile structure. The study also identifies the weak link among constituent materials and 

proposes a trajectory for future research that is expected to play a guiding role in the 

development of smart textiles of the future.  

 

 

 

Figure 1 Advantages of TENG. 
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Table 1 Classification and limitations of different energy harvesting device24–27 

Classification 
Energy 

source 

Energy harvesting 

device 
Limitations 

Non-renewable 

External 

Power 

source 

Rigid Battery Bulky system incongruous for skin, predominantly 

originates from various toxic chemicals, short life span, 

poor electrical capacitance, prerequisite of frequent 

charging, costly disposal process, threat to the ecological 

balance 

Lithium-ion battery 

Renewable 

Mechanical 

energy 

Piezoelectric 

nanogenerator 

Limited scopes of material choice, high impedance,  

unreliable mechanical durability, strain dependent 

structure which causes lower output power, difficult to 

integrate with textile as intermittent alternating current 

(AC) input need to convert in direct current (DC), requires 

continuous movement of the object,  lower efficiency (.01 

- 21%) 

Thermal 

energy 

Thermoelectric 

generator 

Impossible to use during a cloudy day or at night due to 

dependency on temperature gradient, higher output 

resistance, complex configuration, low output voltage, 

limited number of materials available for selection, low 

conversion efficiency (0.1 – 25%) 

Pyroelectric 

Nanogenerator 

Susceptible to temperature fluctuation, constrained 

material selection, pulsed AC as input 

Magnetic 

energy 

Electromagnetic 

generators 

 Cannot capture low frequency motion, occupies large 

space, impaired by heavy weight and rigid texture 

dependent on coil and magnet, complex structure, short 

range transmission of power 

Solar 

energy 
Solar cell 

Nonfunctional in the absence of sunlight, heavily 

dependent on surrounding environment 

Biomass 

energy 
Biofuel cells 

Require auxiliary catalysts which are not available 

regularly, low efficiency, prohibitive cost 

 

 

2.0 Overview of T-TENG Technology 

2.1 Construction of T-TENG 

The inception of TENG was first introduced by Z. L. Wang in 2012.28 TENG converts 

the mechanical energy into electricity during frictional interaction between two different 

triboelectric materials having dissimilar electron affinities connected by electrode based on the 

contact electrification and electrostatic induction effect.29–33 The output electric current 

produced by this mechanism irrevocably pertinent to maxwell’s displacement of current 

equation.34,35 For this reason, this nanogenerator is highly efficient in terms of performance. 

But TENG still suffers from low power output and poor sensing ability. T-TENG dispels this 

problem by fully utilizing internal space of the textile structure for increasing the contact area 

between triboelectrification layers.  

Electrode is a key constituent for any TENG. Metal based, carbon-based or polymer-

based materials are preferred as electrode materials for TENG. Although polymeric materials 

including polydimethylsiloxane (PDMS), polymethyl methacrylate (PMMA), 

polytetrafluoroethylene (PTFE), fluorinated ethylene propylene (FEP), poly(ethylene 
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terephthalate) (PET), polypyrrole (PPy), polyamide (PA), polyvinylidene fluoride (PVDF) are 

mostly used, they are not well suited for T-TENG since polymer incorporation blocks porosity 

of the textile structure and damages inherent breathability, wearability, and comfortability of 

textile.36,37 On the other hand, metal based structures are intrinsically brittle, heavy, and 

susceptible to oxidation. These are incongruous with the lightweight nature of textiles because 

of not having sufficient stretchability and flexibility.38 Carbon-based fillers possess nanoporous 

structure and are considered mechanically and environmentally superior compared to the 

polymer or metal based materials.25 Carbon is a variegated material having three different 

hybridization phases: SP, SP2, and SP3. This leverage of bonding enables versatile geometric 

formation and tuning electrochemical and physical properties. Additionally, the use of 

carbonaceous materials like graphene, carbon nanotubes, and graphene derivatives are 

burgeoning rapidly due to their salient carrier mobility, high electrical conductivity, aspect 

ratio, and surface charge density. 39,40 Moreover, Carbon nanomaterials have diversified 

morphologies ranging from 0D to 3D.41 Without any doubt, nano-dimensionality, surface 

tunability, dimensional structure, flawless electric performance, and abundant supply of these 

carbon nanofillers indicate their potential towards energy harvesting application42 Latest 

research has also dived into the exploration of fabricating a hybridized structure combining T-

TENG and supercapacitor (SC) for perpetual energy harvesting and energy storage function. 

In some of these works, only supercapacitor is fabricated  by carbon based materials.43 This 

paper will exclude these findings and solely focus on where carbon-based materials have been 

used for fabricating T-TENG.   

 

2.2 Fundamental Operation modes 

Electrostatic charges of opposite polarities are generated on the surface of triboelectric 

materials when two different triboelectric materials of juxtaposing polarities come close to each 

other, and exchange of electrons takes place between them. For this transfer of electrons, two 

materials (triboelectric) must slide over each other. Through frictional contact, electric charges 

are separated and transferred (material to material) to establish an electrified contact which is 

defined as the triboelectric effect. It is to be noted that one of the two surfaces is negatively 

charged due to its high electron affinity while the other surface is positively charged. The way 

to create a potential difference between two charged surfaces is to create a distance between 

them which can also be created by an external force. This yields the creation of potential and a 

polarization-induced current. Lateral sliding (LS), vertical contact-separation (CS), single 

electrode (SE), and freestanding (FS) are the four primary working modes of TENG.24,44 

2.2.1 Vertical contact-separation mode: 

A CS-mode TENG is comprised of two distinct triboelectric materials facing each 

other that contain electrodes and deposited in opposite directions to form a stacked 

configuration. At least one of the triboelectric materials must behave as a dielectric 

otherwise it will be impossible to hold a charge on the surface. One of the prerequisites for 

conducting charge towards two oppositely charged surfaces is the establishment of frictional 

contact between the triboelectric materials. Here the potential difference depends on the 
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distance between the elements. The electrical potential of the electrode is higher towards the 

positive surface than towards the negative surface. At the initial stage, two dielectric 

materials come into contact when an external force is applied to them. The triboelectric 

effect then causes surface charge transfer on these two interacting surfaces (Figure 2a.I). 

The opposing triboelectric charges on the two surfaces will naturally split when the external 

force is detached, creating an electric field and inducing a potential difference between the 

two electrodes. The electrons will move between two contrasting electrodes to screen this 

potential difference (Figure 2a.II). This process will keep generating electricity until the 

potentials of the two electrodes are equal (Figure 2a.III). Figure 2a.IV represents that the 

transferred charges will then begin to flow back via the external load to create another pulse 

of current in the opposite direction when both sheets are forced together again, causing the 

triboelectric-charge-induced potential difference to start to fall to zero. The generation of 

the AC signals will continue if this periodic mechanical deformation occurs. Transfer of 

electrons occurs due to potential difference, and it continues until the potential difference is 

equal or equilibrium. To increase the rate of electron transfer and to create a potential 

difference, the gap must be reduced. Elbow bending, Finger pressing, foot tapping are prime 

examples of vertical contact friction.45,46  

 

Figure 2 Four fundamental operational modes of textile-based TENGs, including (a)  

contact-separation mode, (b) lateral sliding mode, (c) single electrode mode, and (d) 

freestanding triboelectric mode (Explained in clockwise direction). 

2.2.2 Lateral-sliding mode 

One thing that is often observed in humans is arm and leg swinging, scientifically 

known as sliding biomechanical movements. Certainly, the LS based TENG plays a leading 
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role in energy harvesting via horizontal friction utilization for on-body electronics. 

Interestingly, LS-mode and CS-mode are almost identical in construction.26 Figure 2b(I- IV) 

shows a schematic representation of the mechanism for lateral-sliding mode based 

electricity generation. Two triboelectric materials surfaces are fully in contact in their initial 

position. The interaction between them will cause electrons injection attributable to the two 

materials' unique differences in their capacity to lure electrons. There is no potential 

difference between the two electrodes throughout this time (Figure 2b.I). Relative 

displacement happens in the lateral direction as soon as the positively charged surface begins 

to glide outward, which is depicted in Figure 2b.II. It is noteworthy that when the two 

materials are fully mismatched, the potential difference and the volume of transmitted 

charges have reached their maximum values (Figure 2b.III). Figure 2b.IV displays that the 

transferred charges on the electrodes will flow back through the external load and provide a 

negative current signal to maintain electrostatic equilibrium when the top triboelectric 

materials reverse its direction to move inward. There will not be any transferred charges left 

on the electrode once the two materials have fully returned to their initial location. As a 

result, no output current can be perceived. One thing is to be noted here, the initial aligned 

position of the substrates is mainly required for the electrons to return to the potential 

equilibrium state. AC output can be obtained when periodic sliding occurs between the 

elements. Due to the greater frictional contact created by sliding, charge separation occurs, 

which is instrumental in bolstering the performance of the TENG. Unfortunately, the high 

friction is responsible for greater material abrasion. Considerably, the lateral movement of 

the assembly requires at least twice the area than that of CS mode. Following this issue, the 

T-TENG is fabricated with a linear-grating structure so that the performance of this mode 

increases while operating the device under the same surface area by reducing the sliding 

distance.24,44,46  

2.2.3 Single Electrode mode: 

SE-mode TENG plays a leading role because of its advantageous nature that requires 

only one electrode. A reference electrode is often used as a source of electrons and is 

attached to the primary electrode.44,47,48 The transfer of charge between triboelectric-

material and human skin happens at the contact interface when they are in touch (Figure 

2c.I). Human skin electrons are infused into triboelectric material. Due to the insulator's 

properties, the generated negative triboelectric charges on the triboelectric-material plane 

can be maintained for a long period. A potential difference between the electrode and the 

grounded reference electrode is created as the human skin gets separated from the 

triboelectric surface. To reach an electrostatic equilibrium circumstance, as shown in Figure 

2c.II, the positive charges on the triboelectric-material side will induce negative charges on 

the electrode. This will cause a stream of free electrons from the electrode to the ground via 

the external load. When negative triboelectric charges on triboelectric material virtually 

cancel out the generated positive charges on the electrode, an output current signal can be 

produced by this electrostatic induction stage (Figure 2c.III). The free electrons drift from 

the ground to the electrode until the skin and triboelectric material film are fully in touch 

once more when the human finger turns around to face the triboelectric-material again, 

producing a negative current signal as illustrated in Figure 2c.IV. It is noted here that this 
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phenomenon occurs due to the occurrence of periodic vertical contact-dissociation 

movement in the dielectric. The primary electrode, which shields an electric field when the 

electrodes are very close to one another, is what causes the capacitance drop between the 

dielectric material and the reference electrode. This mode is very common for T-TENGS 

because the transfer of dielectrics occurs without electrical connections or electrodes.  

2.2.4 Freestanding Mode 

Considering the versatile applications, long-term durability, and bio-mechanical energy 

harvesting, the FS mode is an excellent choice for T-TENG. A fine balance is maintained 

between the potential charges by redistributing the charge across the pair of electrodes, which 

is achieved by the exposure and departure of the moving entity on the surface.49 In the initial 

state, there will be net negative charges and net positive charges on the inner surface of the 

triboelectric-material layer and on the surface of the left-hand electrode respectively (Figure 

2d.I). As the triboelectric material moves from left to right, a potential difference is originated 

between the triboelectric material and the electrodes, which causes current to flow (Figure 

2d.II). No current flows through the external force once the triboelectric-material plate fully 

reaches the right-hand electrode's position of overlap (Figure 2d.III). An AC is generated in 

the external load when the triboelectric-material plate is switched to sliding backward (Figure 

2d.IV). This is how power is produced in a cycle. FS T-TENG utilizes lateral body motion 

energy.50 Recently, An FS mode T-TENG with a novel grated strip textile design was 

developed. 51 An interesting point to mention here is that the amount of voltage required to 

drive a digital clock can be produced by this FS T-TENG, which requires the arm to oscillate 

at a frequency of 2.5 Hz. 

2.2.5 Comparison of operational modes 

T-TENG can harvest different types of biomechanical energy (from the human body) 

for power generation by fully employing the advantages of the four modes. The critical 

comparison between four operational modes is presented in following table 2.  

Table 2 Comparison of different operational modes25,52 

Modes Structural 

characteristics 

Pros Cons Key parameters Application 

occasions 

CS Vertical upward 

and downward 

movements of 

triboelectric 

layers and 

electrodes with 

large gap 

between them 

 High output 

voltage, simple 

fabrication 

process 

 

Pulse output Average velocity, 

separation distance, 

dielectric thickness, 

position of 

materials in 

triboelectric chart, 

operating 

frequency, relative 

humidity 

Bending, 

tapping, 

pressing, 

vibration, 

impacting, 

sharking 

LS Sequential 

contact and 

separation 

mechanism 

without any gap, 

utilizes lateral 

polarization 

Use auspicious 

impact of 

horizontal 

friction, provides 

continuous and 

high frequency 

electricity output 

 

Requires 

bigger area, 

causes higher 

abrasion 

Sliding velocity and 

distance, grating 

structure, operating 

frequency 

Swinging, 

cylindrical 

rotation, disc 

rotation 
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SE Single 

electrode, 

bottom 

electrode is 

grounded 

Straightforward 

integration by 

utilizing human 

skin as dielectric 

material. The 

structure can 

remain stationary 

and can be 

utilized as a 

touch sensor 

 

Lower output 

performance 

and distorted 

signal 

Electrode gap 

distance, contact 

area, operating 

frequency 

Typing, sliding, 

touching screen 

FS Multiple style of 

movements, 

asymmetric 

charge 

distribution, 

symmetric 

electrode 

 Better output 

performance as 

there is zero 

shielding effect, 

not susceptible to 

heat generation 

and material 

abrasion, long-

term reliability, 

suitable for 

detecting moving 

objects 

 

Complex 

integration 

process 

Electrode gap, 

freestanding height, 

operating frequency 

Vibration and 

rotational energy 

harvesting 

 

2.3 Compatibility with human motion 

The biomechanical motion of the human body is an environmentally friendly, feasible, 

pervasive, and sustainable solution of energy for powering on-body electronics.53 But this 

motion is often intermittent, discontinuous, and hence unpredictable. This ubiquitous and 

abundant source of renewable energy will be a complete wastage unless otherwise utilized 

properly. For instance, the energy linked to biomechanical motion can be reached to 67 W 

during walking.54,55 TENG augments biomechanical motion into a real time and non-invasive 

source of energy. During biomechanical motion, muscles are actively engaged in positive 

mechanical work to produce motion and negative mechanical work to subsume the energy and 

functions as a brake to curtail the motion. Energy harvesting TENG partly substitute the muscle 

activity by taking over the negative work segment for effectively converting into electricity 

without being any interference to the natural motion of human body.56 The major energy 

generation points of the human body are upper limb, elbow, shoulder, ankle, knee, hip, finger 

etc. Figure 3 schematically presents the position of these limbs in the human body and the 

amount of energy generated by these human body parts.  

Primarily, the maximum biomechanical energy originates from lower limb motion, like 

knee (33.5 W), ankle (18.9 W), and hip (7.2 W). The weight of the object human, the walking 

or running speed, frequency of the movement, angular velocity of a joint, bending angle of 

limbs, and contact area during motions are crucial factors that shape output electricity 

generation. For instance, frequency of movement during walking and running can be 1 Hz and 

3-10 Hz respectively and alternatingly speed can be of 1.75 m/s and 5 m/s.38 Moreover, the 

maximum impact force of the ground reacting on the shoe is usually 1.2 times of the human 

body weight, and right after the heel strike this heel compression occurs.57 In addition to that, 

leg and arm swinging speed are usually 1.3 m/s and 0.8 m/s, respectively.38 Prospectively, the 
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output electrical attributes can also be enhanced by increasing the bending angle up to a certain 

threshold.58 These parameters should be kept in mind for impeccably devising a rationally 

designed energy harvesting device. It is discernible from Figure 3 that lower limbs (knee, heel 

strike, ankle, hip) generate maximum energy compared to upper limbs, elbow, and shoulder.      

 

Figure 3 Schematic illustration of major energy generation points58,59 and amount of energy 

generation60,61 during everyday bodily activities of human body (VOC= Open circuit voltage). 

 

2.4 Compatibility with Textile 

The conformity of textile with TENG endows them with the add-on features of 

breathability, pliability, lightweight, and bulk production feasibility. As TENGs’ rely on 

compressive forces or stretching, and relative motion, their conformability with textile is far 

better than other self-powered generating devices.62,63  For these reasons, TENG has turned out 

to be cynosure of self-powering wearable textile research and has been stated in several recent 

papers.64,65 All the other nanogenerators other than TENG are handicapped by different internal 

and external factors which make them ineffective and unpopular for smart wearables.  

TENG is always considered better nanogenerators for integrating with textiles. 

Nevertheless, a TENG needs to be engineered properly for utilizing ambulatory power. 

Improvement of triboelectric charge density and contact area, reduction of dielectric constant 

and layer thickness have auspicious impact on output power and impedance trait. Similarly, 

frequency and amplitude rate, conformity of the device and most importantly, separation of 

TENG layers must be ensured  for utilizing dynamic motion.66  
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3. Textile structures for T-TENG 

Textile materials have been part of human civilization from a very early age. With the 

progression of time, the role of textiles have become more diversified that ranges from being 

simple covering material to being an intelligent material which can sense, hear, respond, and 

bring improvisation if require.67 Comparing with other methods of wrapping, embedding, and 

attaching; textiles can be more efficaciously integrated with electrical functions without 

causing any extra burden or sully the natural appearance of textiles.68 Textiles are also naturally 

endowed with complex deformation to stress and resistance to fatigue wear. Moreover, they 

have excellent moisture management property and can be utilized to cover complex curved 

structure.69 Thus, textiles present a wide avenue of design inspiration and multi-functionality 

for TENGs. As a result, both seamless energy harvesting, and superior wearing comfort are 

ensured in a T-TENG presenting a new research direction for smart textile.  

Textile structures are classified as one or multi-dimensional. One dimensional (1D) 

textile structure or yarn is formed by interlocking/assembling fibers with texturing, twisting, 

or twining along the axial direction. This 1D structure can be further morphed into 2D and 3D 

textile structures by employing manufacturing techniques like weaving, knitting, braiding, and 

non-woven.38 Weaving can be regarded as the interlacement of two sets of yarn at a right angle 

to each other. Vertical set of yarn is called warp and horizontal set of yarn is called weft.70 

According to the pattern of interlacement, woven fabric can be classified as plain, twill, and 

satin structure. Woven fabrics have robust anisotropic mechanical properties and possession of 

large in-plane shear enable them for further 3D deformation.71 That is why weaving has become 

an indispensable cornerstone for fabricating T-TENG. On the other hand, knitting utilizes one 

set of yarn to produce symmetrical intermesh of loops horizontally and vertically following a 

tortuous path which finally yields inherently flexible knitted structure. Owing to this, knitted 

fabric can be stretched in all directions and widely used as T-TENG right after woven 

structure.43 Non-woven is another form of textile structure which is created by haphazardly 

orienting numerous staple or filament fibers in a fibrous web. Later, the fibrous web is 

reinforced by thermal, chemical, or adhesive method. Unlike knitting or weaving, this structure 

is barred from application due to lower abrasion resistance, durability, and strength.72 Another 

basic textile structure is braiding which is created by inter-twining at least three sets of yarns 

imparting higher strength and stiffness.73 There is also 3D structure-based textile fabric which 

has a higher number of fiber arrangement layers in the in-plane direction and bonding fibers in 

the out of plane direction.67 As a result, 3D fabric structures have better dimensional stability, 

pressure response, sensitivity, out of plane mechanical properties, and spatial networking 

which foster better electrical performance than microporous T-TENG. Additionally, three 

dimensional printing (3DP) can be utilized to produce intricate scalable 3D textile structures 

which provide accurate readings of voltage, current, and output power.74,75  

4. Different carbon-based materials for T-TENG fabrication 

Carbon based nanofillers are widely pervasive on earth due to their distinguishable 

surface area, thermal and chemical stability, lighter density, low cost, variegated form, and 

astounding electrical conductivity.76,77 Despite being biocompatible, flexible, and deformable; 

the application of most T-TENGs is cumbered by low electrical output. The desired 
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triboelectric performance can be achieved by augmenting the capacity of charge trapping and 

reducing the internal impedance through the application of different low-dimensional carbon 

nanofillers like CNT, graphene, graphene oxide (GO), reduced graphene oxide (rGO). Their 

high electrical conductivity, large surface area, flawless mechanical and optical property, anti-

corrosion durability, and inherent carrier mobility make them ideal constituents for large scale 

production of T-TENG. 23,78 The following Figure 4 depicts different nano-dimensional (0D to 

3D) carbon nanoparticles widely used in T-TENG and their advantageous traits.  

 

Figure 4 Different Low-dimensional carbon nanoparticles for T-TENG and their advantages.23   

4.1 Graphene 

Graphene is a carbon material, which has drawn the attention of the scientific 

community in recent years. After the confirmation of C60 fullerene structure in 1989, followed 

by the invention of CNT in 1991, graphene discovery in 2004 by Novoselov et al. challenged 

the stereotypical understanding of structure and properties of two-dimensional carbon based 

materials.79 Graphene is a hexagonal two-dimensional honeycomb crystal structure which 

originated from a highly dense monolayer of carbon atoms and occupies SP2 configuration in 
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the atomic structure.80 Kim et al. suggested world’s first graphene based flexible TENG for 

energy harvesting at the year of 2014.39 Graphene is different from all other nanomaterials due 

to its mechanical, electrical, and thermal properties including astounding mechanical flexibility 

and elasticity, ultrahigh electron mobility, and extraordinary thermal stability.81 Surprisingly, 

although graphene is the thinnest nanomaterial (thickness of 0.34nm), it retains more strength 

than steel and at the same time remain highly stretchable and conductive.82 Also, worth 

mentioning is that the Young's modulus of graphene is 1100 GP.83  Besides higher conductivity, 

graphene incorporation improves the capacitance, increases the electron trapping sites, and 

abates the dielectric loss. These phenomena combinedly bolster TENG’s performance. 

Surprisingly, when multiple graphene sheets are stacked one over another, the structure may 

turn into highly flexible and conductive graphite. As graphene obstacles the diffusing and 

drifting of electrons due to intrinsic densely packed aromatic  SP2 hybridized structure, graphite 

paper endows with electron blocking capability.78 Additionally, graphene naturally contains 

many ripples in the structure due to the inhomogeneous interaction with substrate which further 

galvanizes the surface roughness and contact area.84  

4.2 Graphene oxide  

Low impurity graphene production requires costly fabrication methods which are often 

commercially not feasible. GO, which is derived by oxidation of graphene appears to be a 

competitive substituent. The myriad of oxygen functional groups in the structure enables its 

dispersibility into water and many other solvents which ease the fabrication process and lower 

the cost.85 Because of these diversified functional groups (carboxyl, hydroxyl etc.) graphene 

nanosheets can be deposited on arbitrary substrate, unveiling their potential application in 

energy harvesting.86 The abundance of oxygen functional groups enables GO with strong 

negative charge trapping capability which alongside staggering surface area make GO an ideal 

constituent for T-TENG.87 

4.3 Reduced graphene oxide  

The rGO can be produced by thermal, chemical, or electrochemical reduction of GO.88 

Generally, it possesses less oxygen content compared to GO. Their electrical properties are not 

analogous to graphene and can be modified by manipulating the functional groups of oxygen.89 

Interestingly, rGO can be prepared in any quantity by different fabrication methods like photo-

assisted, microwave, and thermal. What mostly makes rGO compatible for TENG is its 

extraordinary conductivity and superior mechanical stability. Researchers have also found rGO 

efficacy in resolving electrostatic induction hinderance and surface charge decay issue.26,90 The 

rGO additionally modulates interfacial energy band alignment which improves the electron 

trapping ability and hence higher triboelectric performance can be achieved.26    

4.4 Carbon nanotube  

CNTs were first reported in 1991 evidently by rolling up graphitic sheets into 1D 

tubular form. Apparently, some tubular nanostructures composed of only one graphitic wall 

and some comprises of several co-axial tubes of graphene layers, which are respectively known 

as single walled carbon nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT). 23 

CNTs have an astounding aspect ratio (length to diameter ratio), staggering surface area, high 
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electrical conductivity, exceptional specific stiffness, spatial hollow cylindrical topography, 

low surface tension, a hydrophobic trait, convenient surface modification provision.22,91 All 

these factors foster better triboelectric performance.  

 

Table 3 Electrical Properties of different carbonaceous materials 

 

 

5. Constituents of carbon-based T-TENG and their impact on triboelectric performance 

The role of triboelectricity in influencing the performance of TENG is undeniable as it 

plays a major role in creating the surface charge effect. It should be noted here that the smooth 

formation of triboelectric charges is essential for generating desired current and voltage. 

Charge density can be significantly increased by enhancing its surface area with the help of 

nanostructures and nanopattern materials. Another novel method of increasing it is the use of 

charge-trapping additives and charge-transporting layers within insulating triboelectric 

materials.22,23 Researchers are now increasingly leaning on 2-D carbonaceous materials in 

addition to 1-D carbonaceous materials. The main motivation behind this is their remarkable 

properties such as high conductivity, flexibility, transparency, stretchability, lightweight, and 

high surface-to-volume ratio. These properties are auspicious for triboelectric performance. As 

a result, the widespread application of different low-dimensional carbonaceous materials like 

graphene, CNT, GO, rGO either in triboelectric materials or in electrode is easily observable.  

5.1 Carbonaceous Triboelectric materials 

Triboelectrification is basically the frictional surface charging effect between two 

triboelectric materials during their contact and separation. Therefore, the selection of 

triboelectric materials exerts a crucial role in determining the output of the T-TENG. 

Materials Dia

mete

r 

(nm) 

Aspect 

ratio 

Surface 

area 

(m2g-1) 

Electron 

mobility 

(cm2 V-1 

s-1) 

Electric

al 

Conduct

ivity 

(S cm-1) 

Specific 

Conductivity 

(S m -1 /g 

cm-3) 

Resistivity 

(Ω-cm) 

Current 

density 

(A cm-2) 

Ref. 

CF 7300  440  0.7  - - - 2.0×10-3 - 92,93 

SWCNT 0.6-

0.8 

10,000  415 20-

10000 

5000 0.5 × 106 10-6 107 92,94 

MWCNT 12.5  8,000  ~ 165.6  - 11200 4 × 106 5×10-6 104-105 92,94 

Graphene 10  35,000  2630 26000 106 - 1.19X10-6 - 92,95 

GO 1.2  3200  ~ 2391  - - - 21.87×10-6 - 92,96 

RGO - - - - 103.3 - 23.73×10-3 - 92,97 

Carbon 

black 

15-

300 

20-50 - 5.4 106 - - - 22,92,98,99 
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Triboelectric effect can be produced between two different kinds of materials or sometimes by 

two chemically same materials having non-homogeneous surface property.78 The polarity of 

triboelectric materials is in the forefront of output performance of TENG, swayed by work 

function and electron affinity of that particular material.25,26 Triboelectric polarity can be 

understood from a triboelectric series, which is sorted according to material’s intrinsic tendency 

of losing or gaining electron. The topmost materials of the chart will be triboelectrically 

positive and further descending into the chart, material become triboelectrically-negative. 

Thus, using two materials with further distance apart in the triboelectric series will maximize 

the performance output.  

Before the invention of TENG, Park et al. discussed about a triboelectric series based 

on various plastic materials.100 This triboelectric chart was supplemented by Zou et al. who 

summarized triboelectric chart based on versatile class of materials.101 Following this, Hatta et 

al. more exhaustively analyzed different triboelectric materials and ranked them according to 

their triboelectric charge density.102 However, at first, it was considered that planar 

membranous construction does not represent highly deformable and porous textile structure. 

For this purpose, Liu et al. measured the tribo-charge densities from 21 widely used textile 

fibers by sliding mode triboelectrification.103 The charge density of textiles can be effortlessly 

measured under fabric densification phase when triboelectrification reach its saturation 

point.104 It appeared that there was not much discrepancy between the results of complex 

hierarchical structure and planar membranous structure. Therefore, it was concluded that 

triboelectric series representing film materials is also applicable for textile materials.103 The 

study also identified effective surface area as the most critical structural characteristics of 

textiles for measuring triboelectrification performance compared to other characteristics 

(frictional coefficient, compressibility, surface roughness). Hence, it can be said that carbon 

fiber and other low-dimensional carbon-based materials find their efficacy as triboelectric 

material in TENG structure predominantly for large surface area.    

5.2 Carbonaceous Electrode Materials 

It is evident in various studies that electrodes can greatly influence the performance of 

T-TENG. Any inferior electrical characteristics of the electrode including low carrier mobility 

and density can result in downgraded efficiency of TENG. Regarding the selection of 

electrodes, metal electrodes are less durable, and they are also not much compatible with 

textiles as they lack stretchability and breathability and to some extent even susceptible to 

failure from cyclic bending.105 A more rational approach is polymer based electrodes which 

also lack compatibility with porous fiber and complex geometrical structure.106 Besides, 

polymer-based electrodes naturally possess less conductivity.26 So, the electrodes should be re-

designed because there is no chance to underestimate the role of electrodes in energy 

conversion. In this regard, carbon-based electrodes are considered best due to their high 

conductivity, flexibility, stretchability, hydrophobicity, washing resistance, and improved 

chemical, mechanical, and electrical stability.22 Figure 5 presents an ideal wearable electrode’s 

key performance factor which are all checked by a carbon-based electrode. 

Additionally, carbon-based materials can also be coated on metal electrodes for 

substantiating the electrostatic induction effect. For instance, copper is prone to oxidation 
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which occurs at room temperature and causes damage. In 2020, Yang et al. reported a more 

preferable approach to prevent the oxidation of copper electrodes by graphene dispersion which 

was fabricated by spin coating.107 Chu et al. presented a SE TENG structure which was based 

on chemical vapor deposition (CVD) grown atomically thin graphene (<1 nm).108 Yang et al. 

fabricated the graphene electrodes by spin coating the conductive polymer PEDOT: PSS (PH-

1000) on the transferred graphene.105 Graphene dispersion ameliorates charge collecting 

capability of electrodes.109,110 Besides graphene, CNTs are most widely used electrode for mass 

scale fabrication of T-TENG.106 For fabrication, dipping and drying method is widely used for 

incorporating SWCNT or MWCNT in T-TENG structure.107  

LIG (laser-induced graphene) is produced by exploding and synthesizing a carbon 

source, and this synthesis is done by carbon dioxide laser. This LIG is a graphene-like material. 

The conversion of sp3 carbon to sp2 and the removal of non-carbon ingredients is performed 

by pulse laser irradiation which is a photothermal process. The production of TENG by LIG 

electrodes is getting popularity day by day because it has certain properties that distinguish it 

from others, such as high conductivity, good physical strength, and thermal and chemical 

stability.111,112 Thus, graphene and its derivatives, CNTs, fullerenes, diamonds, activated 

carbons, etc. play a crucial role in fabricating T-TENG. Between all these materials, CNT 

translates better electrical performance in structure because of having robust structural 

interaction and more aligned structure. On the contrary, graphene fibers are advantageous for 

their facile, low cost fabrication method.113  

 

 

Figure 5 Key factors of an ideal wearable electrode.114 
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6. Classification of T-TENG based on geometrical structures 

T-TENGs are classified as fabric and fiber based according to their basic textile 

structures. Further, they can be sub-classified into different categories according to their textile 

geometry which are holistically described below. 

6.1 Fabric based structures 

6.1.1 3D Wearable TENGs  

Wearable TENGs (WTENGs) which are developed based on the in-plane sliding mode 

rules out the requirement of air gap or spacer between the triboelectric layers. Besides, through 

this mode of operation, energy can be harnessed during the swinging motion of arms while 

running, walking, sprinting or a cool-down walk.  

Jung at al. produced a 3D WTENG based on the in-plane sliding mode which could 

scavenge mechanical energy during the friction between torso and arm (Figure 6a).15 Two 

TENGs were fabricated by patterning on carbon fabric with polyimide (PI) and polyurethane 

(PU), and with PDMS and aluminum respectively (Figure 6b). Later, both TENGs were 

integrated with a symmetrical fabric-based supercapacitor which finally produced a 3D 

WTENG with no spacer between the triboelectric layers. Here, CNTs which act as electrode 

were synthesized on carbon fabric through CVD method. The deposition of CNTs maximize 

the surface area which is conducive for higher flow of electricity. At a speed of 1.5 Hz, the 

WTENG based textile structure could generate output voltage of 33 V (Figure 6c), rectified 

current of 0.25 µA (Figure 6d), output power density of ∼0.18 µW/cm2 with the leverage of 

harnessing both vertical and horizontal friction simultaneously. This higher output efficiency 

of the structure does not skew at a strained condition of 135° bending and 70 kPa external 

pressure which allows the device to be used as a pervasive self-powered wearable human 

motion monitor at multifarious states like stretching, walking, running, sprint etc. (Figure 6e). 

Furthermore, Wu et al. fabricated a T-TENG based on textile/Ag Nanowires/graphene that 

emulates in-plane sliding mode and capable of harnessing mechanical energy induced by low-

frequency friction.115 Here polyester yarn was used as the textile-based substrate which enables 

the nanogenerator to be firmly compatible with clothing. Although Ag nanowires coating is 

attributed for higher conductivity, this preliminary structure still fell short of mechanical and 

electrical stability which constraints the massive-scale production of industrial TENG. 

However, the deposition of graphene oxide nanosheet can turn the tide due to the inherent 

flexibility and large surface area of the graphene nanosheets which bolster the van der Waals 

force between the substrate and textile. The highest output power generation by this TENG was 

7 nW/cm2. 

Moreover, Hu et al. underscored the necessity of fabricating TENG with conductive 

biodegradable materials without compromising robustness and flexibility.116 For this reason, 

according to the principle of in plane siding mode, a TENG was fabricated by sustainable 

bacterial cellulose (BC) based macrofiber integrated with conductive nanofillers primarily 

CNT and PPy. Here, nylon was unified with BC/CNT/PPy structure forming a friction layer 

and PDMS/Ag was applied as another friction layer (Figure 6f). The fabricated TENG has a 

power output of 352 μW and can be utilized for sensing mechanical deformations during 
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jumping, walking, running, arm bending, and leg lifting. After homogeneous dispersion of 

CNT, both roughness of the macrofibers and fiber diameter increased. This carbon material 

based macrofiber structure translates excellent mechanical strength in the fabric based TENG 

without compromising durability and stability. The TENG is fully degradable within 108 hours 

and can sustain compression for more than one thousand cycles which mirrors its excellent 

biodegradability and stability, respectively. Moreover, the introduction of CNT yields 

looseness in the structure which imparts the TENG with washability property and results in 

negligible change of electrical performance before and after washing (Figure 6g). Additionally, 

incorporation of CNT imparts excellent electrical conductivity of 5.32 S cm-1 to the macrofiber 

(Figure 6h). As a result, for different movements like walking, running, jumping, arm lifting, 

arm bending and leg lifting; excellent electricity of 40,50, 90, 13, 2.7 and 60 V, respectively 

were generated by fabric based TENG (Figure 6i). Additionally, Zhang et al. employed an 

innovative brush coating method for developing nanopatterned CNT-PDMS coating on silver 

textile.117 This in plane sliding mode-based brush coated TENG showed 72.65% increase of 

both open circuit voltage and short circuit current compared to conventional dip-coating 

method and was bestowed with excellent compatibility, implantability, and durability. 

Similarly Shi et al. fabricated a in plane sliding mode based TENG employing CNT as electrode 

which can be later used as smart patch for active status monitoring during walking, running or 

standing.118    
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Figure 6 (a) Schematic illustration of a swinging arm equipped with TENG and SC. (b) 

Schematic illustrations and digital photos of individual components: TEG I (top), TEG II 

(bottom). (c) Open circuit voltage, and (d) rectified current originated by the TENG from arm 

swings. (e) Feasibility of carbon based TENG as human activity sensor. Reproduced with 

permission: Copyright 2014, Wiley‐VCH.15 (f) Schematic diagram of fabric based TENG 

structure based on BC/CNT/PPy and two working modes. (g) Output voltage of fabric based 

TENG before and after washing (h) Increment of the conductivity of macrofiber due to 

incorporation of CNT. (i) Testing photograph and output voltage signals of fabric-based TENG 

as self-powered sensor fixed to various parts of human body (heel, elbow, side of torso, and 

knee joint) to monitor mechanical motion, (I) walking, (II) running, (III) jumping, (IV) arm 

lifting, (V) arm bending, and (VI) leg lifting. Reproduced with permission: Copyright 2022, 

Springer Nature.116 

6.1.2 Multi-Layer Stacked 3D T-TENGs  

Multi-layer stacked 3D wearable TENG (ML-WTENG) fabrication technique is 

advantageous for its faster and simple bulk production nature in addition to higher energy 

generation activity. This method primarily involves employment of conductive fabric onto the 

commercial textile substrates.  

Different carbon-based materials happen to be found in their application in ML-

WTENGs. For instance, Cao et al. fabricated a washable electronic textile utilizing CNT as 

electrode.119 In this ML-WTENG structure, triboelectric layer of silk fabric was positioned over 

nylon fabric substrate with arrays of CNT electrodes working as middle layer positioned in 

between (Figure 7a). The human skin effectively worked as a second frictional layer. As a 

result, the WTENG could generate electric signals when pressed with a finger (Figure 7b). 

Here, CNT orchestrates stellar mechanical performance during washing and folding by 

adhering to the nylon substrate. As a result, no properties were degraded after 15 hours of 

immersion (Figure 7c). Besides, the performance of CNT based electrodes showed no sign of 

declination even after 2000 bending cycles which is evident of higher durability (Figure 7d). 

Eventually, this carbon-based 3D ML-WTENG provided outstanding conductivity, 

breathability, and reliability. 

In addition to that, Feng et al. booted the triboelectricity of a commercial pristine velvet 

fabric by growing hierarchical nanostructures through chemical modification of CNT and 

polyethylenimine (PEI).120 In this multi-layer stacked WTENG structure, conductive fabrics 

were stacked on the backside of both pristine velvet fabric and modified velvet as current 

collectors (Figure 7e). The working principle was based on contact separation method (Figure 

7f). Notably, comfort, stability, washability and integrability with clothing were ensured along 

with higher triboelectric output. In this method, contact charge generation between two 

triboelectric pairs was enhanced by increasing the surface roughness stemmed from 

hierarchical nontopographic structure at a reasonably low modifier chemical content. This 

decisive surface patterning certainly does not compromise the mechanical property of textile 

substrate. When this modified velvet fabric was paired with pristine velvet, an appealing 

voltage of 16.3 V was recorded at a CNT-PEI concentration of 0.4 mg/mL, denoting 23.3 times 

improvement (Figure 7g). This is the optimal modifier concentration since any superfluous 
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coating may cause particles agglomeration and degradation of nanogenerator property. The 

TENG also showed salient washability since output voltage and current decreased only 13.44 

and 20.63% after 24 hours of washing. Moreover, Liu et al. subverts the conventional idea of 

ML-stacked TENG by devising a one-step TENG fabrication method where commercially 

available three-dimensionally penetrated 3D spacer fabric was coated with PDMS alone.121 

Here, carbonaceous CNT sheets were stacked onto the treated fabric which worked as an 

electrode and silver paste acted as another electrode (Figure 7h). Most importantly, no extra 

patterning effect was required on the surface of the structure since ingenious holes of the textile 

fabric produce a rough surface upon incorporation of CNT sheet which is instrumental for 

higher conversion efficiency. As a result, the electric potential of the structure was 

exponentially improved and bestowed with an open circuit voltage of 500 V and peak power 

density of 153.8 mW/m2. Moreover, due to the intrinsic nature of CNT sheet, the structure 

maintained integrity under bending and tremendous electrical conductivity and mechanical 

performance at all circumstance. The electricity generation during pressing and releasing is 

shown in (Figure 7i). 
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Figure 7 (a) Structure design and triboelectric mechanism of the ML-WTENG based on PU-

CNTs ink-coated nylon fabric-based electrode and silk fabric based triboelectric layer, (b) 

Schematic diagram of the process to generate a signal of the TENG, (c) Resistances of the 

electrode after being submerged in water for different times, (d) Stability of the CNT electrode 

on a nylon substrate after 2000 cycles. Reproduced with permission: Copyright 2018, 

American Chemical Society.119 (e) Schematic of the assembled fabric-based TENG, (f) 

Working principle of fabric based TENG (g)  Output voltage results of TENGs assembled using 

different modified fabrics as tribopositive layer and pristine fabric as the tribonegative layer. 

Reproduced with permission: Copyright 2021, American Chemical Society.120 (h) Schematic 

illustration to the fabrication of the triboelectric textile (i) Schematic illustration to the 

electricity generation under pressing and releasing. Reproduced with permission: Copyright 

2016, Royal Society of Chemistry.121 

Consequently, Bai et al. built a multi-layered T-TENG utilizing flexible functional 

elastomeric layers and conductive fabric.122 The spatial elastomeric layer comprised of 

CNTs/Ecoflex nanocomposite and low-temperature vulcanized silicone. Intuitively, The 

charge density and migration of these charges in TENG structure upsurge with the higher 

content of CNT in the structure but up to a certain point (1.6 wt.%). The further increment CNT 

content witnesses a decline of electrical performance of TENG due to “blocking-rejection” 

effect. According to this principle, the freshly accumulated charges are localized at different 

positions of electrification layer and hinders the accessibility of potential newly formed 

charges. As a result, the accumulated charges reach a saturation point upon which any further 

inclusion of CNT renders zero impact on charge accumulation. 

6.1.3  Woven 2D T-TENGs 

Chen et al. fabricated a carbon material based WTENG through traditional 2D weaving 

principle.50 The electrode of the WTENG consisted of inserting conductive wires of carbon 

through shuttle in the weft direction and cotton thread in the warp direction which acted as a 

skeleton material of the TENG fabric. Meanwhile, dielectric textile comprised of carbon wires 

as warp thread and PTFE wires as weft thread. The following Figures 8a and b represent the 

working principle of freestanding T-TENG and CS T-TENG respectively. Eventually, the 

fabricated WTENG mimics the combined advantage of being lightweight, flexibility, and 

strength which later can be woven with supercapacitor for further energy scavenging and 

storage purposes. The warp and weft thread density and diameter of carbon wires are two major 

parameters affecting the performance of TENG. Moreover, 80% of the original output 

performance can be sustained after 15000 times repeated sliding process. WTENG were then 

attached with a pair of cotton gloves. During natural rubbing (Figure 8c) and flapping (Figure 

8d) of the two gloves, the TENG experienced FS and CS mode of operation respectively. This 

mechanical friction generated electricity can be utilized for powering up 18 LEDs. Speaking 

about carbon based wearable electronic, cellulosic raw materials have a large skeleton of 

carbon structure. On the other hand, graphene is a 2D carbonaceous structure which is widely 

availed for flexible electronics fabrication purposes. Based on this, Wu et al. fabricated a RGO 

modified low cost, sustainable carbonized cellulosic fabric based on weaving principle.123 The 

textile was further coated by PDMS and thus fabric based TENG was devised. Coating with 
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RGO certainly increases the surface roughness of the substrate which is instrumental for higher 

contact electricity generation. In this study, conversion efficiency of two basic weaving 

structures (Plain, twill) were contrasted. In the weaving structure, fabric tightness factor has a 

direct command over surface electricity. The number of fiber interlacements and floating length 

in the structure are always crucial for designing a high performance woven based fabric TENG 

structure. Twill structure has longer floating length and lower number of yarn-to-yarn 

interlacement in the structure compared to plain weave (Figure 8e). As a result, these structures 

have lowest resistance (33.3 Ω sq-1) as electrons can travel more easily compared to plain 

weave structure.26 On the other hand, higher crimp of a plain weave structure makes it more 

convenient for flexible pressure sensor. But, as the structure possesses a higher number of 

interlacement points compared to twill weave, plain weave contributes less fabric surface 

electricity and conversely higher square resistance. Simultaneously, square resistance is 

inversely proportional to fabric tightness factor. As can be seen from Figure 8f, square 

resistance increased almost 52% for loosely knitted plain weave-5 than tightly knitted plain 

weave-1. As a result, plain weave 1 with the highest fabric tightness will have the best 

electricity output performance.  

In addition to that, Bai et al. devised a tribopositive yarn which simultaneously features 

mechanical robustness and high triboelectricity generation.124 MWCNT was utilized as 

nanomaterials along with PEI and phytic acid. These nanomaterials (PEI/MWCNTs/phytic 

acid) were then combined with tribocomposite materials of polyethylene oxide/waterborne 

polyurethane/alliin (PEO/ WPU/alliin, abbreviated as PWA) to produce a novel tribopositive 

yarn (Figure 8g). This tribopositive yarn can withstand multiple mechanical deformations 

including knotting, bending, stretching, twisting, winding, and can be injected with 

breathability property when morphing into fabric (Figure 8h). Later, this highly reliable, super 

stretchable, high power generating tribopositive yarn is weaved into the warp direction and 

commercial elastomeric yarn is inserted into the weft direction for devising elastic energy 

woven fabric (Figure 8i) which is utilized for powering up different on-body electronics.  
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Figure 8 2D weaving based TENG (a) Schematic illustration of the FS mode based fabric 

triboelectric nanogenerator, (b) CS mode based fabric TENG,  Photos of woven interlaced 

TENG attached onto a pair of gloves utilized for lighting up LEDs under natural (c) rubbing 

(FS mode)  and (d) Flapping (CS) of hands. Reproduced with permission: Copyright 2018, 

Elsevier.50 (e) Three basic weave structures (I) plain (II) twill (III) satin  (f) Electricity 

conductive performance of RGO modified cellulosic carbon fabric for varying weave and 

fabric tightness.123 (g-i) PEI amination of yarn substrate; (g-ii) A self-assembly of 

MWCNTs/phytic acid layer through electrostatic attraction; (g-iii) PWA tribocomposite 

interface assembly via electrostatic attraction and hydrogen bond cross-linking interaction (h)  

Photographs of yarn in different deformable states including knotting, bending, twisting, 

winding, and stretching (i) Schematic of tribopositive yarn-based woven energy fabric as a 

power supply based on SE principle. Reproduced with permission: Copyright 2022, Elsevier.124 

 6.1.4 Knitted 2D T-TENG 

Mao et al. introduced an innovative round tripping strategy of knitting for devising a 

flexible TENG.125 Here twisted conductive carbon yarn (CCT) coated with PDMS/MnO2 

nanowire (MnO2NW) on the surface was utilized as positive yarn and PTFE having strong 



28 
 

electron affinity capacity was employed as negative yarn (Figure 9a). This round-tripping-

strategy subverts the conventional method as PTFE yarn knits directly closing around the 

conductive twisted coated carbon yarn and thus produces compressible, bendable, and wearable 

TENG. Repetitive pressing and releasing operation on this tribonegative PTFE and 

tribopositive CCT@PDMS/MnO2 elastic yarn based TENG will generate electricity (Figure 

9b). It is discernible that optimum range of MnO2NW deposition on twisted carbon yarn was 

10% as any further amount of coating can cause interfacial defects and thus leakage of current 

in lieu of increasing the surface roughness for improving the output performance. The 

maximum output voltage and current produced by positive twisted carbon yarn was 59.6 V 

(Figure 9c) and 2.6 μA (Figure 9d) respectively. The TENG array textile is responsive to 

mechanical deformations and produces larger amount of current during jogging than walking 

due to the larger contact areas and closer contact made by foot stomping. Another very 

auspicious circular knitting technique is plating stich based stable knitting structure.126 The 

plating stich method imparts softness in the structure by nesting conductive and triboelectric 

yarn together but at the top and down surface respectively. This delicate knitting technique 

increases active contact area of the structure and simultaneously ensures complex 

deformability, breathability, washability, and comfortability of T-TENG. But unfortunately, 

application of carbon-based materials based on plating technique is overlooked and can be a 

prospective topic for future research.  

6.1.5 3D knitting and weaving based T-TENGs  

Although 2D structures serve the purpose of complex deformation, they fall short of 

generating higher electrical output. Unlike that, multilayer fabric-based stacking structures 

with their increased contact area and thickness produce better electrical output. Unfortunately, 

they are also plagued by inferior integrity in the thickness direction and as a result susceptible 

to delamination. Contrary to all of these, 3D woven structures intertwined in x, y, z direction 

are better integrated.127 Incorporation of carbonaceous fillers like CNT and GO further 

substantiate the career mobility, strength, and flexibility of the structure.128 

3D knitted T-TENG structures have lured tremendous attention due to their high 

permeability and elasticity. For instance, 3D spacer knitting technology based TENG has 

shown great potential for energy generation devices. In this process a spacer layer which 

consists of spacer yarns splits bottom and top independent layers facilitating effective contact 

and separation for triboelectrification. For example, Zhu et al. fabricated using three sets of 

yarn employing computerized flat knitting machine.129 Here, the top and bottom layers were 

knitted by nylon filament and the spacer layer was knitted by PET monofilament (Figure 9e). 

Such delicately designed spacer layer can provide unparallel resiliency to the whole fabric. It 

should also be noted that PET monofilament grants high stiffness and nylon multifilament 

provides soft handle to the fabric. In addition to that, graphene ink was used for coating the 

upper surface of the top layer (Figure 9f) which later actively engaged as the electrode and 

impart pathways for collecting and conveying the charges. Simultaneously, PTFE was chosen 

to coat the bottom layer (Figure 9g) for its excellent nylon compatibility and negative 

tribopolarity. Graphene sheets attached to the nylon surface thus ensure phenomenal 

conductivity of vertical contact mode based T-TENG structure (Figure 9h). The output could 
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be precisely tuned by controlling the number of active TENG pixels and could reach a 

maximum value of 16 μW. Similarly, short circuit current also increased with the increment of 

number of pixels. This 3D knitted spacer TENG effectively worked as a highly pressure 

sensitive sensor to quantify different types of human motions.  

He et al. fabricated a 3D angle-interlock woven (3DAW) T-TENG with GO/cotton 

composite yarn coated with silicone rubber (Figure 9i) as warp yarn.127 Here, graphene oxide 

coating on the cotton yarn acted as electrode material. Optimum output efficiencies were 

evaluated against the GO dipping time and silicone rubber thickness. The TENG yarn operated 

based on SE mode where skin was in contact with silicone and GO-cotton composited served 

as single electrode connected to the ground (Figure 9j).  3DAW-TENG structure has more 

interspace between the yarns and thus yields higher contact area and lower specific resistance 

compared to basic 2D woven structures. In the 3DAW-TENG structure, two layers of TENG 

yarns were used as warp yarn and four different colored z-binding yarns devised from flexible 

commercial stainless steel were interwoven with the warp columns and interlaced with each 

other simultaneously (Figure 9k). The output power of 3DAW-TENG surged to 225 mW/m2. 

This T-TENG can be used as self-powered sensor for carpet signal monitoring from human 

stimuli (Figure 9l). Without any shred of doubt, it can be said that, despite having structural 

complexity, 3D woven T-TENG increases the large-scale production capability.  
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Figure 9 2D knitting based TENG (a) Schematic of the round-tripping knitting process for 

TENGs: a-ⅰ) PTFE yarn closing around pure CCT@PDMS and a-ⅱ) CCT@PDMS/MnO2NW 

elastic yarns, (b) Schematic illustrations of the working mechanism of the T-TENG, (c) output 

voltage and (d) output current of TENGs. Reproduced with permission: Copyright 2021, 
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Elsevier.125 3D flat knitting based TENG (e) Scheme of the 3D spacer fabric, (f) schematically 

illustration of coating graphene ink onto the upper surface of the upper layer, (g) schematically 

illustration of coating PTFE onto the down layer (h) the working principle of the 3D knitted  

fabric based TENG.  Reproduced with permission: Copyright 2016, Elsevier.129 3DAW woven 

TENG (i) The schematic of preparation process and structure of GO/cotton composite based 

TENG yarn (j) Schematic diagram of TENG yarn working mechanism in SE mode based 3D 

woven fabric (k) The structure schematic of the 3DAW-TENG based on TENG yarn (l) 

Schematic diagram of carpet signal monitor work. Reproduced with permission: Copyright 

2020, Elsevier.127 

 

6.1.6 Miscellaneous Fabric Based TENG 

Zhou et al. designed a flexible TENG based on folded carbon paper.130 The rational 

geometrical configuration of the structure enabled optimizing the tensile strain by altering the 

carbon paper electrode folding angle. The TENG had waterproof property and high 

deformability property including bending, rolling, and twisting. The fabrication process 

involved coating carbonaceous powder-based graphite on sandpaper. Followed by this, 

electrode based on folded carbon paper can be obtained through folding method. Later, this 

newly formed electrode is merged with silicone rubber for fabricating TENG. Chu et al. 

devised a conformal TENG based on graphene electrode which was plasma treated for 

galvanizing a nanostructured surface with increased contact area.131 The electrical output of 

this conformal TENG is comparable with previously fabricated PDMS-TENG.108 Moreover, 

the triboelectric conversion efficiency was further ameliorated upon fabrication of piezoelectric 

enhanced TENG employing CF as electrode material. Furthermore, a novel conductive 

biodegradable single layer TENG was fabricated employing skin friendly silk as frictional 

substance and CNT as conductive substance.132 This fabric based TENG structure was akin to 

core-shell tube structure, had high power generation capacity as well as impromptu response 

capability for random human motion. In the structure, the acting CNT electrode forms a 

microporous structure for the CNT-silk mixing layer which eventually increases the frictional 

efficiency. The TENG had a spatial arch-shaped configuration which bestows the structure 

with reliability, adaptability, and less wearing. As a result, output voltage could be generated 

during activities like flicking human hair, rubbing nylon or polyester fabric with this CNT-silk 

mixing film based glove.
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Table 4 Comparative output performance, mechanical properties, and applications of carbon-based fabric T-TENG  

Triboelectric 

Materials 
Electrode 

Fabrication 

method of 

carbonaceous 

materials in T-

TENG 

Electrical Outputs 

Modes 
Stretchability

/Durability 
Washable Special attributes Applications Ref 

Voltage 

 

Current 

 

Output 

power 

PU-PI and PDMS-Al CNT CVD 15V 

 

 

 
130 nA 

 

 

1800 
μW/m2 CS/LS 4000 cycles - 

 

Unique structure that discards the 
prerequisite of air gaps, provides 

necessary current for powering 

external pressure sensor 

Powering up LED, electronic 
watch, wearable sensors for 

monitoring daily activities 

15 

Silk and skin CNT Screen-printing 7V 

 

160 nA 

- 

SE 10000 cycles 15 hours 

The fabricated E-textile features 

improved sensitivity, rapid response, 

uninterrupted cycle performance, and 
conforms breathability of textile 

Self-driven gesture sensors to 

access computer software, 

controlling bulbs, wirelessly 
controlling microwave ovens 

119 

PTFE and cotton 
Conductive 

carbon wires 
Shuttle weaving 118 V   

 

1.5 μA 

- 

CS/FS 15000 cycles - 

Weaving this TENG and SC in a 

unified structure ensures robustness 
without compromising mechanical 

flexibility of textile 

Powering up electronic watch 
and other sensors 

50 

Graphene and 

polyester 
Ag NWs Blade-coating 14.5 V 

 

2 μA 

 

70 
μW/m2 

LS 34% Six times 
TENG remains electrically stable even 

under extreme folding or curling 

Smart glove that can generate 

electricity from the movement 
of the fingers 

115  

CNT-PDMS coated 

Ag textile and Nylon 

cloth 

Copper Brush coating 51.2 V  

 

3.0 μA, 

 

99.8 
mW/m2 

SE/CS 10000 cycles Washable 

Novel brush model enhanced the 

biological compatibility, 
implantability, and durability of T-

TENG 

Powering up LED, precise 

identification and collection of 

energy 

117  

PTFE-nylon and 

Nylon 
Graphene ink 

Computerized flat 
knitting-based 3D 

weft knitting 

3 V 

  

 
0.3 μA 

 

 
16 

μW/m2 

CS - - 

3D weft knitting spacer technology 

enables the intelligent designing of 
pressure sensitive small pixelated 

TENG arrays which can accurately 

measure each step 

Powering up LED, applied as 

pressure sensor during walking 
129  

CNT and 

polyetherimide 
grafted Velvet fabric-

PTFE film 

Conductive 

fabric attached 
with copper 

wires 

Chemical grafting 119 V 

 

 

 
12.6 µA 

 

 

3.2 
W/m2 

CS 1000 cycles 24 hours 

Creating carbonaceous hierarchical 

structure on the surface of the fabric 

for better triboelectric output without 
compromising the inherent mechanical 

properties (dimensional stability, 

abrasion resistance) of fabric 

Powering source for digital 

watch, pedometer, calculator 
along with self-powered 

pressure and tactile sensing 

120 

Silicone rubber and 

skin 

Folded carbon 

paper 
Mold casting 330 V  

 

 

18.6 µA 

 

 

32.2 
mW/m2 

SE - Washable 

The spatial design of TENG allows 

carbon electrode to fold into different 

angles and remain highly sensitive to 
mechanical motions (twisting, 

stretching, rolling, and folding) 

Powering up LEDs, electronic 

watch 
130  

PDMS coated on 

textile substrate and 

skin 

Carbonized 

cotton fabric 
coated with 

rGO 

     Dip coating 17.8V 

 

83 nA 

 

0.8 
μW/cm

1 

SE 2000 cycles - Understanding of Morse-code 

Powering up LEDs, utilized as 

self-powering information 

delivery medium 

123  
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Silicone rubber and 

skin 

MWCNT 
coated self-

healable 

electrode 

Embedding  95 V 

 
1.5 µA 

 
750 

mW/m2 
SE 400% - 

This environment friendly TENG was 

also electrically and mechanically self-
healable 

Powering up soft devices, 

LEDs 
133  

CNT based functional 
elastomer layer and 

nitrile-butadiene 

rubber composite 

Conductive 

fabric 
Blade-coating 620V  

 
51 µA 

 
1.6 

mW/c

m2 

CS 5000 cycles 24 hours 

Outstanding deformability, flexibility, 

and robustness pave the way for TENG 
to be firmly integrated with textile 

Powering up LED, quartz 

watch, wearable glove to 
interact with machine interface 

122  

CCT@PDMS-

MnO2NW and PTFE 

Twisted 

carbon yarn 

Dipping and 

drying 
380 V 

 

- 

 

- 
CS 3000 cycles Washable 

Introduction of a novel round-tripping-

knitting strategy for the fabrication of a 

yarn based TENG with high degree of 
freedom. 

Powering up LED and precise 

pressure sensing 
125  

Nylon cloth and 

PDMS 

BC-CNT-PPy 
macrofiber and 

Silver 

Physical doping 170V 

 

0.8 µA 

 

54.14 

mW/m2 
CS/SE 100 cycles washable 

Degradability within 108 hours 
corroborates superior environmental 

friendliness of this fabric based TENG 

Driving humidity-temperature 

meter, calculator, electronic 

watch, and monitoring human 
motions 

116  

PWA (PEO/ 

WPU/alliin) and Skin  

PEI/MWCNT/

phytic acid  

Core-sheath 

inserting 
137 V 

 

 
2.1 µA 

 

 
2.25 

mW/ 

m2 

SE 500 cycles - 
This yarn TENG pushes forward the 

research on interaction of human- 

machine and artificial intelligence 

Lighting up LED, driving 

digital alarm clock and various 

strain sensors, guiding the 
rehabilitation of patients 

124  

Silver (Ag) 
nanoparticles coated 

graphitic carbon 

nitride (g-C3N4) 
(AgCN)-Nylon 

bilayer and Teflon 

Conductive 
carbon cloth 

and Al 

Plain woven 200 V 

 
 

1.1 µA 
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mW/ 
m2 

CS 1000 cycles - 

Maintains higher efficiency of power 

conservation at an elevated 

temperature of 65°C which dictates its 
superior thermal stability 

Sensors for accessing remote 
locations and detecting human 

motions 

134  

PET coated 3D textile 

structure and PDMS 
coated textile structure 

CNT and Ag 
Penetrated 

structure 
500 V 

 
20 µA 

 
153.8 

mW/ 

m2 

CS 3000 cycles - 

Highly flexible design as no 

conspicuous damage in structure was 
observed for 0° to 180° angle bending 

Energy harvesting 121 

PDMS and PET Graphene 

Layer stacking 

47.1 V 

7 µA 144 

mW/ 

m2 

SE - - 
Conformal skin attachable TENG with 

thickness of just 2.4 µm 
Assistive device for 

communication 
108  

Cotton fabric and 

PDMS 
CNT Weft knitting 200 V 

 
0.6 µA 

 
37.5 

mW/ 

m2 

SE 
170,000 

cycles 
- 26.6% wireless transmission efficacy Smart patch for healthcare 118  

PVDF and silk CF 

Electrospinning 

nanofibers 500 V  

12 µA 3100 

mW/ 

m2 

CS 10000 cycles - Wearable fall alert detection Harvesting high power energy 131  

CNT and PTFE CNT Drop drying 100 V 

 
2 µA 

 
121 

mW/ 

m2 

SE 10000 5 times 
Synced with a supercapacitor which 

provides a stable performance 

Energy harvesting, operating 

calculator 
135  

Silk and PET CNT 
Slide coating and 

drop coating 
262 V 

 

8.73 μA 

 

2859 

mW/ 
m2 

SE 75600 cycles - 

Lower cost, production friendly 

structure with the added features of 

lightweight, softness, and minute 
sensibility 

Powering up LED, 
biomechanical sensors, and 

motion sensors 

132  



34 
 

PDMS and skin 
Graphene and 

Cu 

Spin coating and 

electrodeposition 
60V 

 
- 

 
91.9 

mW/ 

m2 

SE 10000 cycles - 

Realizing a Cu/graphene 

heterostructure based TENG for 
avoiding copper oxidation 

Wearable devices 107  

PTFE and cotton 
Graphene and 

Al 
Transferring 68V 

14.4 μA - 
CS 1000 cycles - 

Fabrication of graphene-based personal 
protective equipement against 

biological and chemical threats 

Powering up LEDs 136  

Aligned graphene 

sheet embedded 
PDMS and Cu 

Cu Spin coating 530 V  

 
21 μA 

 
4800 

mW/ 

m2 

CS Several days - 
Higher voltage of breakdown and less 

dielectric loss 
Height sensor  137  

GO and skin Al Stacking 1100 V 

55 μA 3130 

mW/ 

m2 

SE - - Possess excellent sensitivity  
Self-powered sensors, wearable 

electronics 
138  

rGO-PI (Kapton) and 

Al 
Al Spin coating 190 V 

- 6300 
mW/ 

m2 

CS/LS - - 
Utilizing rGO as electron trapping site 

enhanced the output by 30 times 
Energy harvesting 40 

Graphene and PTFE Graphene Dip coating 100 V 

 

5 μA 

 

- SE 20000 cycles - 

Very first graphene-based T-TENG 

fabrication through layer by layer 
deposition method 

Wearable textile 139  

PVDF and nylon 
Graphene and 

gold 
Doctor blading 80 V 

- 286 

mW/ 
m2 

CS - - 
Graphene attributes for 26 times 

increase of power density 
Energy harvesting 140  

MWCNT embedded 

into nylon and PDMS 
Al Spin coating 270 V  

 

15 μA 

 

25.35 
W/ m2 

CS 12000 cycles Washable 
Electrical output remained stable at 

wide range of humidity of 30 to 80% 

 

Touch sensing, energy 

harvesting during running, and 

walking 

141 

CNT-PDMS and 

PDMS 

CNT and Au-

Ti 

Sandpaper 

templating 
17 V 

0.18 μA - 
CS 

Up to 
thousands of 

cycles 

- 
Sandpaper based less complicated 

fabrication method 
Wearable pressure sensor 142  

Silicone ecoflex and 

skin 
CNT Ink-jet printing - 

 
- 

 
33.5 

mW/ 

m2 

SE 30% - 

Fabrication of a super stretchable CNT 
electrode through lateral combing 

process which maximizes the 

percolation probability 

Energy harvesting 114  

CNT-PDMS and Al 
Al and 

conductive 

textile 

Blade coating 21.5 V 
 
- 

 
- CS 90,000 cycles - 

CNT doping magnified the output 
voltage 7 times along with higher 

sensitivity and fast response 

Tactile sensor for monitoring 

human conditions 
143  

Silicone rubber and 

skin 
GO-cotton Dip coating 30.8 V 

 
1.1 μA 

 
225 

mW/ 

m2 

CS - - 

Better electrical attributes than 3D 

double layer plain structure and 2D 

plain structure 

Powering voltage sensors 127  

Pure PDMS and 
porous CNT-PDMS 

CNT-PDMS 
double spiral 

layer 

Magnetic stirring 
and solidification 

- 
 
- 

 
- FS - - 

Mimics fast adaptable real skin. 
Weight fraction of CNT modulates the 

sensitivity of skin 

Powering pressure detector 
sensor 

144  

CNT and polyglycerol 
sebacate 

CNT Direct ink writing 170 V  

 
- 

 
185.2 

μW/ m2 SE 6000 cycles - 

3DP based hierarchical porous 
structure outperforms traditional 

fabrication methods and 

simultaneously utilize sustainable 
materials 

Self-powered lightweight shoe 145  
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MWCNT doped 
PVDF and nylon 

Aluminum Plain woven 7V 

 
 

700 nA 

 
 

850 

μW/ m2 

FS - - 

PVDF was created by electrospinning 
process which in combination with 

doped MWCNT significantly enhanced 

surface area and hence triboelectric 
charge density 

Integration with floor mats, 

cloth, shoes for Energy 

harvesting 
  146  
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6.2 Fiber and Yarn Based TENG 

Natural fiber possesses a fixed staple length which endows it to spun into a thread or yarn 

form. On the other hand, man-made fibers are of continuous length which are either segregated or 

intermingled into yarn form. Practically, fabric based T-TENGs have the advantages of higher 

output efficiency, rapid prototyping, and large contact area.25 But their application is obstructed 

by their poor deformability and clothing aesthetics issue. Unlike to that, 1D fiber based TENGs 

can be readily integrated with conventional textile because of their advantageous nature in terms 

of extensibility, deformability, washability, compactness, and breathability.147 They are functional 

under multidirectional forces and appear to be more reliable for long term usage. Their 

classifications are described below.   

6.2.1 Entwined Fibers based T-TENG 

Zhong et al. shed light on a fiber based TENG that converts vibrational energy and 

biomechanical motion into electricity by electrostatic induction.148 Build upon an entwined 

structure principle, these carbon materials incorporated fiber based TENG comprises of CNT 

coated cotton thread (CCT), and  PTFE and CNT coated cotton thread (PCCT). Both threads were 

entwined in a double-helical configuration (Figure 10a). CNTs strongly adhere to the cellulose 

surface due to their intrinsic nature of chemical bonds. The double helical structure can either be 

kept in linear form (Figure 10b) or converted into a curvy shape (Figure 10c) due to the intrinsic 

flexibility of the structure. This twisted fiber based TENG can be later woven into fabric (Figure 

10d) to devise a “power shirt” for wireless temperature monitoring purposes. The following 

(Figure 10e) demonstrates a simplified circuit of fiber based generator based on CS-mode. PTFE 

is known as the most electronegative material in the triboelectric series and can hold static charges 

on its surface for a long time. Through oxygen plasma treatment, the accumulated charges can be 

sustained for more than 20 days resulting in greater longevity of the device. Simultaneously, CNT 

in both CCT and PCCT would accumulate positive charges on the surface. Consequently, change 

in interfiber gape distance between PCCT and CCT would result in accumulation of positive 

charges on the CNT layer of CCT which later unobtrusively flow towards CNT layer of PCCT to 

balance the electrical field. Due to stretching and releasing function, an AC output signal will be 

generated via contact-separation principle and the device always returns to its original shape 

denoting high flexibility. This device could produce an average out power density of 0.1 μW/cm2 

which is applicable as active body motion detection. As (Figure 10f) depicts, those five different 

motions of index finger fixed with TENG produced different output currents. The “power shirt” 

can be actively engaged as wireless temperature monitoring system (Figure 10g) by proper 

integration with capacitor, microcontroller, and other electronic equipment.  
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Figure 10 (a) Schematic diagram of fiber based generator based on entwined structure principle; 

Magnified photo of NG with (b) linear shape (c) curved shape and (d) woven into fabric; (e) 

Schematic diagram of power generation mechanism of fiber based NG (f) Current-time response 

curve of self-powered active sensor for body motion detection (g) Schematic diagram of Wireless 

body temperature sensor system triggered by the “power shirt”. Reproduced with permission: 

Copyright 2014, American Chemical Society.148 

6.2.2 Coaxial Fiber based T-TENG 

Coaxial structure fiber is another fiber based TENG in which two different materials 

expose to each other but separate within a single fiber structure. Coaxial structures have better 

stretching and bending performance than entwined double-helical structure. The very first coaxial 

structure consisted of Al, PDMS, and nanowires with nanotextured surface.149 This spatial 
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structure ensured increased contact area and higher flexibility of TENG which yield higher output. 

Carbon materials based TENG are also readily fabricated by this orientation. Yang et al. developed 

a carbon materials incorporated TENG based on coaxial structure principle which was latter 

integrated with a SC.150 Here carbon fiber bundles were employed as electrode material for higher 

conductivity and capacitance behavior and silicone rubber was used as both triboelectric and 

encapsulation material for TENG and coaxial fiber respectively. As can be seen from (Figure 11a), 

carbon fiber electrode materials were first wrapped around the SC which was based on H3PO4/ 

PVA electrolytes. Later, silicone rubber encapsulates this structure. The TENG functions 

according to SE principle and charges are accumulated on silicone layer (Figure 11b). The 

measured diameter of the coaxial fiber was just 2 mm. This unique coaxial structure performs 

remarkably well during enwinding, bending, and knotting which is prerequisite for smart wearable 

textile fabrication. The highest output power generated was 1.12 μW at a motion frequency of 2.5 

Hz (Figure 11c). In addition to that, Zhang et al. proposed a fiber based coaxial structured TENG 

where CNT ink acted as core electrode material and silk fibroin and PET were chosen as 

triboelectric pair (Figure 11d).151 The pattern was then then 3D printed on conventional fabric for 

harnessing mechanical energy from human movement. The working principle of this T-TENG 

based on CS mode is described in (Figure 11e). PET has a strong affinity to receive electrons and 

silk has a strong tendency to dispatch electrons via CNT ink-based electrodes resulting in greater 

triboelectric effect. It was also evident that changing displacement velocity from 5 to 18 cm/s 

results in increased output current and voltage to 7 μA and 55V respectively (Figure 11f). The 

achieved output power density by this core-sheath structure  was around 18 mW/m2. The TENG 

was mechanically sustainable as the structure can withstand 15000 cycles of loading/unloading. 

Furthermore, Yu et al. fabricated a co-axial structured TENG employing CNT sheets as outer and 

inner electrode material and PDMS and PMMA as triboelectric pair.152 Introduction of micropores 

(5 μm) in the triboelectric structure resulted in surge of roughness and contact area which yields 

130 and 150% improvement of current and voltage respectively. The porous structure can response 

in multidirectional mechanical stimuli (compression, vibration, stretching, bending, twisting) 

without any cracks.  

Moreover, Kim et al. fabricated a spatial freestanding one-dimensional co-axial TENG 

endowed with the capability of morphing into versatile geometrical orientations under stretching 

or twisting.153 Here, CNT composite layer along with latex and PDMS were used for dip-coating 

bare inner yarn where PDMS acted as the tribo-electric negative element and bare outer yarn acted 

as triboelectric-positive element (Figure 11g). The fabricated device remained refractory against 

stretching, deforming, and impairment by water. The maximum output voltage did not flinch even 

after 6000 cycles clearly demonstrating the superior stability of the structure. Figure 11h-j reveals 

a decrease of output current from 4.25 to 2.75 μA at 100% strain, 6.06 to 0.9 μA at 50% folding 

state, and 6.56 to 1 μA under 1.5 turns, respectively. But all these outputs of scalable array co-

axial stretchable yarn TENG retain their original performance after recovery denoting their 

flawless power generation property despite being stretched, twisted, and folded. In addition to that, 

Yan et al. reported a rare co-axial fiber TENG based on SE mode (Figure 11k) for recognition of 
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gesture where CNT based composite was coated on the silver nanowires and elastic nylon based 

conductive electrode to realize flexible and elastic co-axial fiber which later applicable as textile 

based triboelectric sensor.154 This type of T-TENG is unlike to change at 150% tension and can be 

easily knitted, folded, or reversed into various convenient shapes. The hierarchical structure is built 

upon a rough surface morphology that can be attributed on the irregularly stacked CNTs composite 

cluster. This rough surface ensures a conductive percolation system with multiple pathways for 

transporting charge which subsequently results in high stability and deformability of the core 

conductive electrode. The sensor builds upon this principle can later detect finger bent (Figure 11 

l) , arm bending (Figure 11m), and measure the actual number footstep completed during walking 

(Figure 11n). Additionally, novel polycation modified carbon dots incorporated PVA matrix found 

their efficacy in fabrication of nanocomposite polymer electrolytes (NPEs) which latter can be 

transformed as NPEs fiber.155 Following this, core-sheath structured NPE-TENG is fabricated 

which is endowed with phenomenal electrical output (265.8 µW m-1) predominantly arises from 

improved dielectricity. This higher dielectric output is achieved by fostering the ionic conductivity 

through modification of functional carbonaceous nanofillers. Other than that, the structure 

maintains good washability and mechanical stability which are paramount for wearable textile. 

Besides these, 3DP technology can be used to fabricate a core-shell structure whose core is filled 

with graphene and PDMS and shell is occupied by PTFE and PDMS respectively (Figure 11o).156 

The incorporation of graphene modulates the rheological properties of PDMS and improves the 

conductivity and sensitivity. Graphene has a high aspect ratio which augments the strength of 

PDMS matrix by forming conductive web pathways. Figure 11p demonstrates the working 

principle of this TENG in SE mode while utilized as a tactile sensor. The fiber based TENG was 

attached with a copper wire for signal acquisition. There was a direct analogy between contact 

pressure and electric signal of TENG. The efficacy of this TENG as tactile sensor was validated 

from decreasing voltage signal from fiber stretching (Figure 11q).  Stretching yields reduction of 

fiber diameter and hence reduced contact area. 
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Figure 11 (a) Fabrication process of coaxial fiber TENG integrated with supercapacitors (b) 

Working mechanism of the TENG in the SE mode (c) Output power of the single fiber of TENG 

under different operational frequency. Reproduced with permission: Copyright 2018, American 

Chemical Society.150 (d) Schematic illustration of 3D printing process utilizing a co-axial spinneret 

(e) working mechanism of smart textile (f) output voltage and current on the textile while 

contacting/separating with a PET film at different displacement speeds. Reproduced with 

permission: Copyright 2019, Elsevier.151 (g) Schematic fabrication illustrations of CNT 

incorporated 1D coaxial stretchable yarn TENG , Output current of stretchable yarn TENG at 
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different (h) strain%, (i) Folding angle and (j) twisted state. Reproduced with permission: 

Copyright 2022, Elsevier.153 (k) SE working mechanism of triboelectric sensor based on combined 

triboelectric and piezoelectric effect, The current signals of the yarn TENG under (l) finger 

bending (m) elbow bending (n) walking. Reproduced with permission: Copyright 2022, 

Elsevier.154 (o) Schematic diagram of the 3D printing process of coaxial stretchable smart fiber 

involving graphene (p) SE mode of producing triboelectric effect (q) Comparison of the voltage 

signal of the fiber with different tensile strain under the same press force. Reproduced with 

permission: Copyright 2021, Elsevier.156  

6.2.3 Wrinkled Fiber based T-TENG 

Another type of coaxial fiber based TENG is reported for its increased stretchability due 

to added wrinkle layer which is known as wrinkle structured TENG. Sim et al. employed MWCNT 

fabricated by CVD method as outer electrode of stretchable triboelectric fiber with wrinkle 

structure at outer surface.157 This type of TENG is more adaptable for body parts with high strain 

such as knee joints, fingers, elbows. At first a stretchable electrode based on polyurethane fibers 

was wrapped by nylon 6,6 yarn coated with Ag. Later electrospinning method was used to fabricate 

highly triboelectrically negative Polyvinylidene fluoride-co-trifluoroethylene (PVDF-TrFE) 

material with a diameter of 750 nm. Finally, CNT outer electrode was used to wrap the stretched 

structure at 180% strain. Due to the non-elastic nature, PVDF-TrFE will absorb this large strain of 

180% by aligning haphazardly oriented nanofibers at the initial stretching direction. As a result of 

this, upon releasing the strain, CNT and PVDF-TrFE will combinedly form uniform and tightly 

packed wrinkles in a multilayered core-shell structure (Figure 12a). CNT showed excellent 

conductivity by robustly adhering to the PVDF-TrFE. Here Ag and CNT worked as two electrodes 

and PVDF-TrFE and nylon/PU functioned as two triboelectric materials and generated electricity 

based on contact separation method (Figure 12b). As the distance between the electrodes 

increased, the electric output power also increased.  

Moreover Chen et al. fabricated a wrinkle shaped TENG through porous carbon/PEDOT: 

PSS based materials.158 The output efficiency of the structure was propelled by increasing the 

carbon concentration. The higher output performance can be attributed to increased contact area. 

The structure was extremely stable which was compatible for various wearable electronic textiles. 

The PEDOT: PSS@porous carbon was spin coated on pre-stretched plasma treated Ecoflex 

substrate. Upon releasing of this pre-strain, the carbon based structure transforms into a wrinkled 

form. This wrinkled structure acted as both triboelectric material and electrode in fabricated TENG 

in pair with PTFE as other triboelectric material and gold as other electrode (Figure 12c). Plasma 

treatment is liable for improvement of surface adhesion which enables packing of carbon more 

densely. As a result, plasma treated PEDOT: PSS@porous carbon structure based TENG can 

observe an increase of 17% of output voltage and 15.30% output current than raw PEDOT: PSS 

based TENG (Figure 12d). Another perk of carbon deposition is increased surface roughness 

which also increases the output performance. Additionally, the wrinkled structure TENG sustained 

an increase of output performance up to 100% strain and 5,000 stretching cycles conforming 
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device performance and durability. Similarly, crumpled rGO based T-TENG showed sharp 

increase of electricity conductivity of TENG.159  

Interestingly, according to another study by Chen at al., the higher crumple degree has an 

auspicious impact on triboelectric performance.160 They devised a flexible crumpled graphene 

(CG) based TENG where two triboelectric materials (PDMS and CG) were connected by four 

springs which act as spacers to manipulate the gap distance (Figure 12e). As the crumpled degree 

enhanced from 100% to 300%, the output voltage and current increased from 18.7 V and 6.66 μA 

to 83 V and 25.78 μA, respectively (Figure 12f). The surface roughness, contact area, and work 

function difference are pivotal factors for improvement of output performance by stretchable 2D 

crumpled graphene electrode. Moreover, it was validated that power density surged 20 folds when 

utilizing crumpled graphene compared to planar graphene based TENG. Besides, Xia et al. 

fabricated nanowrinkles TENG based on bi-metallic hydroxide where carbon cloth was used as a 

substrate material.161 The bi-metallic hydroxide of copper-nickel was grown on carbon cloth by 

manipulating the surface morphology through altering the reaction conditions during hydrothermal 

method. Here carbon cloth-based copper-nickel bimetallic hydroxide acted as a triboelectric 

material and was paired with PTFE. The electrical output was maximized (328 V and 36.15 µA) 

when nanowrinkle structures were kept in sphere shape which maximizes the surface roughness 

and contact area. Chandrashekar et al. fabricated an “arch-shaped” wrinkled structure flexible 

TENG through eco-friendly, metal etching free exfoliation of graphene imposed as both electrode 

and triboelectric material.162 The ripples and wrinkles in the structure make graphene more 

applicable for high voltage applications.  

 



43 
 

 

Figure 12 (a) Stretchable triboelectric fiber structure and morphology (b) Electrical energy 

generation process of stretchable triboelectric fiber. Reproduced with permission: Copyright 2016, 

Nature.157 (c) The fabrication process of wrinkled TENG based on crumpled PEDOT:PSS/porous 

carbon electrode (d) comparison of output voltage and current with other condition. Reproduced 

with permission: Copyright 2022, Springer Nature.158 (e) The fabrication process of wrinkled 

TENG based on crumpled graphene electrode (f) output voltage and current at different crumple 

degrees. Reproduced with permission: Copyright 2019, Elsevier. 160 

6.2.4 Elastomeric Fiber based T-TENG 

The elastomeric fiber based T-TENGs are known for their higher stretchability which 

generally surpasses coaxial and wrinkle structured fiber based TENG. A study by He et al. utilized 

silicone rubber as the core of the fiber.163 CNT and polymer matrix based conductive layer was 

coated on it which was used as one electrode. Following this, stretchable silicone rubber thin film 

which acts as an insulating triboelectric material was formed around this stretchable electrode. 
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Finally, copper microwires which act as other electrode were wrapped around the silicone yielding 

a functional elastomeric fiber based TENG (Figure 13a). CNT/polymer layer imparts unparallel 

stretchability, flexibility, mechanical stability, and electrical conductivity. In addition to being 

highly stretchable (Figure 13b), the fiber based TENG also was highly bendable (Figure 13c) and 

twistable (Figure 13d). The good combination between CNT and matrix in the electrode ensured 

higher electrical conductance even with the increase of the elongation of fiber-like TENG. This 

statement is affirmed by surface microstructure of fiber based TENG at both released (Figure 13e) 

and stretched (Figure 13f) states under 50% strain as there was no phase separation discernible. 

This corroborates many conductive pathways built by CNT even under large strain. Figure 13g 

illustrates the working principle of this fiber based TENG based on contact-separation method. 

Furthermore, Wang et al. fabricated an elastomeric helix-belt type TENG structure that 

produces impeccable performance due to the symmetrical structure which results in indifferent 

contact area at different directions of pressing.164 The triboelectric layer consisted of elastomeric 

silicone which has strong proclivity to gain electrons and possesses excellent stretchability and 

flexibility in all directions. The inner and electrodes are predominantly composed  by CNT and 

carbon black which render high stretchability limit of 620%. CNT enlarges the contact area and 

improves the conductivity under high strain. Besides stretchability, this type of TENG accounts 

for excellent water resistance, and can aggregate high surface charge density of 250 mC m-2.  

Besides these tribonegative elastomeric yarns, tribopositive yarns are also widely used. 

One such instance is MWCNT nanomaterials incorporated elastomeric TENG which displays 

flawless real time sensitivity. It increases the output voltage from 0.97 V to 3.90 V when strain is 

altered from 25% to 125%.124 Here mechanical and electrical performance were not dispensed to 

each other rather delicately balanced. Besides this, carbon conductive ink which is an amalgam of 

primarily carbon and graphite was adapted as the core conductive electrode inside poly[styreneb-

isoprene-b-styrene] (SIS) elastomeric tube based highly flexible 1D TENG.165 The composite of 

PDMS and barium titanate nanoparticles (BaTiO3 NPs) was coated on this SIS tube to modulate 

the dielectric permittivity. Thus nylon 6-coated conductive Ni–Cu fabric and PDMS/ BaTiO3 NPs 

were chosen as two triboelectric pairs of this highly flexible TENG based on vertical contact 

separation principle (Figure 13h). Interestingly, the structure showed no performance degradation 

even after 7000 stretching and releasing cycles under 100% strain. Similarly, the T-TENG retained 

their original output voltage (Figure 13i) and output current (Figure 13j) even under harsh 

conditions (twisting, 30 minute washing, 100% stretching, folding). Because of these 

characteristics, this T-TENG can be used as a self-power driven human knee protector (Figure 

13k).  
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Figure 13 The structure schematic of silicone rubber, CNT and copper wires based elastomeric 

fiber-like TENG. (a) Fabrication process of the fiber-like TENG, the digital images of the fiber-

like TENG at different states, (b) stretched state, (c) bent state, and (d) twisted state, Zoomed-in 
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images of the fiber-like TENG at (e) released state and (f) stretched state, (g) The basic electricity 

generation mechanism of the fiber-like TENG based on CS principle. Reproduced with 

permission: Copyright 2016, Wiley‐VCH.163 (h) Working mechanism of CCI based TENG under 

repeated contact separation process, (i) Output voltage and (j) Output current after different 

extreme deformation conditions, (k) Fiber TENG based human knee protector. Reproduced with 

permission: Copyright 2020, Wiley‐VCH.165 

6.2.5 Miscellaneous fiber-based T-TENG 

Besides these regular methods, there are also some exceptional methods for fiber based 

TENG fabrication. Su et al. devised a TENG fabrication method involving electrospinning and 

electrospraying of CNT and silk.166 After electrospinning of thin constituent of silk fibers, CNT-

silk layer was electrosprayed on this electrospun silk layer, yielding a conductive fiber based 

TENG. Having a special layered microstructure, the fiber based TENG was extremely flexible and 

easily compatible with textiles. This method effectively broke the barrier of difficulty of equipping 

a TENG with excellent softness and higher tensile strength while maintaining biodegradability, 

elasticity, stability, uniformity. In the structure, CNTs are entangled with silk fibers to occupy the 

nanoscale gaps. The highest power generation output was 317.4 µW/cm2 which is more than 

sufficient for driving nanoscale device like humidity thermometer.  
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Table 5 Comparative output performance, mechanical properties, and application of carbon-based fiber T-TENG  

Triboelectric Materials Electrode 
Fabrication 

method 

Electrical outputs 

Mode 
Stretchabilit

y/Durability 
Washable Special attributes Applications         Ref 

Voltage 
Current Output 

power 

silicone rubber and nylon Carbon fiber Winding 42.9 V 

0.51 μA 1.12 

μW/m2 SE 8000 cycles Three times 

Coaxial fiber structure portrays great storing 

capacity and inherent flexibility which are 
fitting for e-textiles 

Powering up smart 

glasses and smart 
watch 

150 

silk fibroin and PET CNT 
Coaxial spinneret-
based 3D printer 

55 V 

 

7 μA 

 

18 
mW/m2 

CS 15000 cycles - 

Two diametrically opposite triboelectric 

materials provide greater output energy, and 
the spatial 3D structure provides high 

mechanical durability 

Power textiles 151 

PTFE and CNT CNT Dipping and drying - 

 

11.22 
nA, 

 

1 mW/m2 
CS 90000 cycles - 

 

Can be worn as “power shirt” for 
rehabilitation and sports training, wireless 

body temperature monitoring 

Wristband for body 

temperature 

monitoring, 

148 

Silicone rubber and core 

electrode 

Carbon 
black/CNT/silico

ne rubber 

composite 

Mixing 145 V 

 
16 

mAm-2 

 
- 

CS 
3 million 

cycles 
Washable 

Pervasive electric outputs enable this 

rational TENG to be featured inside ‘energy 
shoes’ 

Driving fitness 
tracker, electronic 

watch, humidity 

temperature meter 

164 

Silicone rubber 
CNT and copper 

microwire 
Dip coating 140 V 

 

0.51 μA 

 

- 
CS 70% - 

High flexibility as this TENG is 
simultaneously stretchable, bendable, and 

twistable 

Powering up self-

driven acceleration 

sensor, digital 
watch 

163 

PMMA and PDMS CNT sheets Wrapping 5 V 

 

240 nA 

 

- 
CS 8000 cycles Washable Vital monitoring of the finger joints activity 

Powering up LCD 

and LED, velocity 

direction, and 
traffic tracking 

152 

BaTiO3/PDMS composite 

coated on SIS and Ni–Cu 

fabric coated with nylon 6 

Conductive 
carbon ink) 

Injecting 76.8 V 

 

7.86 µA 

 

2009 
mW/m2 

CS 7000 cycles 30 minutes 

Provides uninterrupted power output even 

when folded or twisted and appealing 
features remain unchanged up to 250% 

elongation 

Knee protector 165 

Porous carbon@PEDOT: 

PSS and PTFE 

Gold and Porous 

carbon@PEDOT: 
PSS 

Spin coating 74.3 V 

 

 
17.9 µA 

 

 
- 

CS 5000 cycles - 
Sublime output performance remains 

unchanged up to 100% strain 

Powering up 

flexible detector 
integrated with 

textile for 

measuring blood 
oxygen flow 

158 

Silk and CNT-silk 
solution 

CNT-silk fibroin 
layer 

Electrospray coating 276V 

 

 
9.20 µA 

 

 
3174 

mW/ m2 

SE/LS - 
Not 

washable 

The tensile strength and softness of the 

TENG structure conform the wearing 

requirements of textile 

Powering up 

humidity 

thermometer  

166 

Carbon cloth with bi-

metallic copper-nickel 

nanowrinkles and PTFE 

Copper-Nickel 

bimetallic 

hydroxide 

Hydrothermal 
method 

328 V 

 

 
36.15 

µA 

 

 
1323 

mW/m2 CS/LS 5000 cycles - 

Functional in both contact-separation and 
lateral sliding mode and sometime in their 

compound principle. Spherical shaped 

nanostructure produces highest electrical 
performance due to astounding contact area 

Powering up LED, 

electrical 
calculator, self-

driven touch 

sensor, human 
motion posture 

sensor 

161 



48 
 

Polycation modified 

carbon dots incorporated 
with nanocomposite 

polymer electrolytes and 

PDMS 

Silver plated 

nylon yarn 

Core-sheath 

inserting 
23.8V 

 
 

0.9 µA 

 
 

265.8 

µW/ m2 
SE 30000 cycles 10 times 

Carbon dot materials used in the structure 

render incredible ionic conductivity, charge 

mobility, and dispersibility which are 
conducive for higher electrical output 

Powering up smart 
glove, electronic 

calculator, 

possession of voice 
recognition 

features 

155 

Latex-CNT Composite-

PDMS dip coated 
elastomer yarn and bare 

elastomer yarn 

CNT based 

composite 

solution 

Dip coating 43.7 V 

 

0.19 µA 

 

11.89 
µW/ cm2 

FS 3000 cycles - 

The TENG has astounding water resistance 

properties along with resistance to folding, 

twisting, and stretching 

Powering up 

different wearable 

energy harvesters 

153 

CNTs-Parafilm and CNT-

PDMS 
Silver Stacking 28 V 

 
- 

 
- SE 1500 cycles - 

Precisely detect both stress and strain as 
well as the texture, shape, type, mass, and 

position of the object 

Tactile sensors, 
patient health 

monitoring 

154 

Polyethersulfone and 
Cellulose 

Carbon black Electrospinning 115 V 

 

9 µA 

 

0.13 W/ 
m2 

CS 6000 cycles - 

Electrospinning nanofibrous membrane 

based three-layer wearable TENG which 
boosts the voltage and current 2.56 times 

and 3.07 times than single layered TENG 

Energy harvesting 

from commercial 
kneepad, driving 

small electronics 

167 

Stretchable ecoflex 

MWCNT-
Polyaniline 

derivatives and 

varnished wire 

Dip coating 0.2 V 

 
12.5 nA 

 
4.2×10-5 

W/m2 
CS 250% - 

The TENG is extremely sensitive to 
surrounding atmosphere and environmental 

conditions. Thus, it can be used in 

uncloaking environmental atmosphere 

Energy harvesting 168 

PVDF-TrFE and 
nylon/PU 

Ag and CNT CVD 240 mV 

 
 

8 nA 

 
 

- CS 10000 cycles - 

The conspicuous wrinkle formation was 

induced by the difference of poison’s ratio 
between coated nylon and CNT incorporated 

layer 

Energy harvesting 

and detecting 

human motion 

157 

Poly vinylidene fluoride-

hexafluoropropylene and 

nylon 

rGO Electrospinning 300 V 

 

7 µA 

 

500 

mW/m2 
SE 1600 cycles - 

Crumpled structure of graphene attributes 
for higher electrical conductivity of TENG 

Energy harvesting 
for wearable textile 

159 

Graphene and PDMS Graphene Spin coating 83 V 

 
25.78 

µA 

 
2500 

mW/m2 
CS 120% - 

The output performance surged with the 
increment of crumpled degree 

Self-powered 
strain sensor 

160 

Graphene and PDMS Graphene CVD 22 V 

 

0.9 µA 

 

- CS - - 
Sustainable fabrication method of graphene 

into TENG 
Wearable device 162 

PDMS 
CNTs mixed with 

Ag NWs 
Dip coating 22 V 

 

0.2 µA 

 

21.5 

µWm-1 
SE 140% Washable 

Can record number of footsteps, hand 
gesture, bending of fingers 

Biomechanical 
monitoring 

169 

Silk and PDMS Graphite Screen printing 666 V 

 

175 µA 

 

4120 

mW/m2 
SE - - 

Endowed with crucial selective absorption 

nature 

Wearable multi-

functional sensor 
170 

PDMS with PTFE and 

PDMS with graphene 
Graphene 3DP - 

 

- 

 

- 
SE 350% Washable 

Triboelectric signal is enhanced 1.8 times by 

combining PTFE with PDMS 
Tactile sensor 156 

 



49 
 

7. Performance and Applications 

A number of factors greatly influence the lifetime and performance of T- TENGs, such as 

enhanced contact between fibers/yarns, repetitive mechanical pulses, sensitivity of motion, light, 

humidity, and so on.26,44,120,171 One of the challenging issues for a sustainable and high 

performance application of T-TENG is the harvesting of energy at different frequencies through 

different physical motions.  

Here, in table 4 and table 5, we highlighted the  structure, electrical outputs, carbonaceous 

nanofillers adaptation technique, washability and stretchability performance, applications along 

with special attributes of different fabric based T-TENG and fiber based T-TENG respectively. It 

was noteworthy that most of the fabric based T-TENGs were fabricated by CS and  SE mode.  

Their stability even after 170,000 cycles were testimonial of the structural robustness.118 It was 

discernible that there is a paucity of study regarding washability performance of different T-

TENGs structure. Apparently, the existing literature  suggests only 5-6 times washability of fabric 

based T-TENGs before the performance starts to degrade.115,135 The application features of these 

TENGs were included but not limited to pressure sensor, fitness tracking, smart gloves etc. The 

most prospective methods for  incorporation of carbonaceous materials in the structure are  dip-

coating and screen printing. Based on  table 4,  we  can rank fabric TENG produced by Mule et 

al.141, Wu et al.40 , Xia et al.137, as best in terms of output power that were 25350, 6300, and 4800 

mW/ m2 respectively. Regarding durability, top 3 fabric based T-TENGs  categorically had 

170000118, 90000143, and 75600132  cycles of operation  withstanding capability. Similarly, 

according to table 5, most fiber based TENGs were produced by CS and SE mode. Washability 

performance is inconspicuous and needs further elaboration. Electrospinning, 3DP, and dip coating 

are some mentionable methods for combining carbonaceous materials in fiber based T-TENG 

structure. Major arena of applications including tactile sensors, strain sensors, patient health 

monitoring etc. The output power values of top 3 fiber based T-TENG were 4120170, 3174166, and 

2500160 mW/ m2. Surprisingly, the TENG devised by wang et al. could sustain 3 million cycles of 

operation outperforming most fabric based T-TENG.164 

When evaluating the performance of discussed carbon-based T-TENG, the peak power 

density of fabric based TENG, and fiber based TENG devices ranges from 70 µW/ m2 115  to 25.35 

W/ m2 141 and from 42 µW/ m2 168 to 4.12 W/ m2 170  respectively. It is conspicuous that fabric-

based T-TENG always provide better peak power density than fiber-based T-TENG given the fact 

that the former has less complicated fabrication process which allow them for further surface 

modification like nanopatterning and plasma treatment. As a result, output performance can further 

be magnified. Another noticeable thing based on this study is that the upper limit of output 

performance surpassed the result of previously documented electrical performance of T-TENG 

which were based on wide range of materials choice25,52,67. This phenomenon unmasks the 

appealing impact of carbonaceous material in fabricating TENG devices and justifies their 

superiority. T-TENG possesses less effective contact area stemmed from uneven surface of the 

textiles produced by interlacement or intermeshing. But application of carbonaceous material like 
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CNT and graphene certainly dispels this problem and results in staggering increase of contact area. 

Moreover, the evolving 3DP fabric structures can stack multiple layers in the thickness (Z) 

direction and thus result in exponential growth of contact area compared to 2D fabric TENG and 

1D fiber TENG.67 Although the areal power density of these carbon based T-TENG seems to be 

diminutive compared to bulk TENG (500 W/m2)172, they remain a pervasive source of electricity 

for different widely used wearable electronics. Based on the available data of power consumption 

of different on-body electronics (Figure 14), it can be concluded that carbon-based T-TENG will 

not face any difficulty in driving these wearable gadgets.    

 

 

 

Figure 14 Power consumption of wearable electronics (Numerical values are in mW).61,173,174
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8. Challenges 

8.1 Efficiency 

The electric nature of T-TENG is quite eccentric and presents a monumental challenge in 

designing an impeccable circuit. For instance, TENGs generate high voltage sometimes which can 

reach couple of hundred (620 V122 for fabric and 276 V166 for fiber based on the current study). 

But their output current associated with it is quite the opposite. It mainly ponders around µA unit 

and can sometimes even drops into nA (83 nA123 for fabric and 8 nA157 for fiber based on the 

current study). Because of the higher internal resistance of these T-TENGs, only a small amount 

voltage can be utilized based on the load resistance theorem as electrical outputs tend to be smaller 

than output voltage.26 Power conditioning units (buffer, rectifier) play a critical role in preventing 

the destabilization and can increase the energy conversion efficiency of the device.175 

Prospectively, structural design is crucial for alleviating lower efficiency. FS mode based TENGs 

are most effective for attaining higher power conversion efficiency (85%).176 In this method, 

energy can be harvested through independently moving objects. It should be noted that there is 

still scarcity of research on augmenting power conversion efficiency of carbon-based T-TENG. 

Another remedy for lower output power can be the introduction of many small sized TENGs 

together. Recently textile-based supercapacitors are being effectively integrated with T-TENG for 

stabilizing the output power.15,43,50,151,164 So it is obvious from these studies that power 

management circuits are required for achieving better efficiency of T-TENG.177 A pragmatic 

approach for indexing the performance of T-TENG should be based on measuring the time 

required to fully charge a capacitor. Any leakage of current during energy storage will result in 

lower efficiency. Textiles have complicated configuration of hierarchical structure from fiber to 

fabric. In future, researchers should establish a valid simulation model integrating carbonaceous 

nanofiller and textile network yielding higher contact area and hence better efficiency of T-TENG.  

8.2 Wearer comfort 

Comfort is the physical sensation of a human being stimulated by the external environment. 

The external environment can be critically tuned by the individual’s clothing during the formation 

of skin-environment interface and thereby the sensation of comfort.178 At the end of the day, it’s 

the comfortability that humans seek from a garment more than anything other. Breathability of a 

textile is blueprint for ensuring wearer’s comfort.179 It involves permeability of water, air, 

moisture, light, and heat that have impact on regulating the balance of humidity and temperature 

in human body. Different types of surface patterning or treatment can reduce the breathability of 

the textile by reducing space between the fibers. Also, carbon-based materials further impair the 

breathability performance. Towards sustainably integrating carbon based TENG with textile, it is 

mandatory that the inherent properties of textile are not violated by any means of fabrication. 

Textile structures translates their natural flexibility property into T-TENG which enable them to 

curl, fold, twist or mold in both fabric and fiber form.163,180 Attaining the original aesthetics of 

fabric without compromising the triboelectric properties is still an ongoing effort by researchers. 
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The major impediment here is that the application of different coating will certainly change the 

aesthetics of fabric. The future of carbon based wearable T-TENG will depend on at what extent 

aesthetics and triboelectric performance can be made mutually inclusive.179 Tactile comfort which 

is another perception of wearability includes prickle sensation, cold stimulation, and fabric 

weight.25 Since T-TENG will scavenge mechanical motion during active performance like 

running, walking, or sprinting; maintaining comfort to wearer during these activities is of 

paramount importance.   

8.3 Washability 

Washability is another vital issue of this T-TENG since a normal cloth needs to withstand 

detergents, drying, washing, and ironing. It is obvious from table 4 and table 5 that most literature 

still do not consider washability performance seriously. But this is a big loophole that needs to be 

addressed properly. Unless a fabric is numerical times washable and instead can only be used for 

once than that certainly does not agree with the sustainability concern. In some practice, T-TENGs 

are encapsulated with waterproofing materials. However, this leads to weaving difficulty, lower 

breathability, and increased fabric weight.  

8.4 Durability 

Durability aspects include materials pilling and abrasion, dimensional stability to length 

and width, spirality (for knitted fabric), untwisting of yarns, drying, and wrinkling capability.26 

Among them, abrasion test should be performed rigorously to quantify the lifetime of T-TENG 

device since the principle of TENG rests on frictional contact between two different triboelectric 

materials. FS mode experiences less friction compared to other methods and is much suited for 

avoiding abrasion. But most literature overlooks the durability prospects in line with the seamless 

conductivity translated by carbonaceous materials. Prospectively, carbonaceous materials like 

CNT, graphene, CF etc. possess unique nature of fabricating lightweight T-TENG. Making the T-

TENG more lightweight without compromising the conductivity is a matter of interest of ongoing 

research.181  

8.5 Scalability 

Another major challenge is the large-scale fabrication of carbon-based T-TENG. For 

instance, large scale fabrication of fiber based TENG is extremely difficult due to the progressive 

declining of conductivity with the increase of length.182 Carbonaceous materials prevent this 

declining tendency only to some extent. Secondly, sometimes fabricated warp and weft yarn in a 

weaving procedure cannot withstand the higher tensile strength requirement (50Mpa) during 

shedding and picking mechanism. Carbon materials coated T-TENG also cannot be treated with 

conventional sizing process. It turns out that, the structure then become susceptible to delamination 

and crack propagation.183 Moreover, T-TENGs are generally produced in roll form which can later 

be cut in half with each constituent having half of the original output. Later, pieces can be sewed 

together to get the full output. But unfortunately, the electrodes have to be manually reconfigured 
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which is time consuming and error prone process.184 Furthermore, sensing accuracy undeniably 

will be crucial element for these T-TENGs commercialization which is hardly achieved by existing 

carbonaceous incorporated T-TENGs in the market. Additionally, due to the weak interfacial 

bonding between rigid carbon material based electronics and soft textile materials, maintaining 

conformability during mass production will be a big challenge for future research. Finally, utilizing 

carbonaceous T-TENG during stationary positions should also be highlighted as the prerequisite 

of continuous human movements limit the scalability of these T-TENGs.25  

8.6 Safety  

Besides wearability, washability, and durability, safety is a major concern for the industrial 

application of carbon nanofillers based T-TENGs.185 The concept of safety revolves around several 

aspects including thorough assessment of electrical components’ impact on physiology of human 

body and environmental ecology. They are also susceptible to electrolyte leakage, ohmic heating, 

and stress concentration leading to breakage. Concerns are also around regarding electrostatic 

shock generation on human body as many operational modes are based on friction. These devices 

are also not protected against perspiration which further jeopardizes the device’s safety. These 

NGs certainly remain exposed to human skin. So, the selected materials must be nontoxic and 

highly biocompatible. The evaluation standard and user safety guidelines of these structures are 

not properly established either. For instance, different T-TENGs generally have incongruous test 

conditions (contact area, material modification, working environment, applied load etc.) which 

yields ambiguous and often misleading results. There is also limited research on anti-flammability, 

water resistance, and thermal insulation behavior which should also be discussed in future 

research.  

8.7 Working stability 

The spatial nanotopographic structures imparted by carbonaceous nanofillers on textile 

structure can be impaired by complex and intense chemical treatment or mechanical load. The 

electrical outputs of T-TENG are impeded by external environments (temperature, pressure, water, 

humidity, radiation, absorption, and gas). Higher temperature subdues the performance of T-

TENGs.186 High humidity and contaminants can degrade the charge transfer process between 

triboelectric materials.43,187 The issue of working stability cannot be condoned since the idea of 

using TENGs multiple times is getting popular. So, more research should be carried out to exploit 

the role of carbonaceous material in augmenting  high-humidity tolerance, high pressure, and 

temperature resistance in T-TENG structures.  

9. Conclusion 

Clothing is one of the basic needs of human beings. About 100 billion garments are 

produced in each year.188 With the rise of IOTs, it is predicted that global usage of smart wearable 

devices will reach US$ 23.82 billion by the late of 2031.189 Integration of electronics with textile 

at industrial level is burgeoning rapidly, as this can lead to an on-body platform for seamless 
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computing while retaining astounding features of textiles, including superior wearing comfort, 

flexibility, washability, excellent mechanical strength, excellent air permeability, light weight, and 

foldability. T-TENG is playing a pivotal role in the field of smart wearables. TENG as a power 

source imparts energy autonomy to the wearable electronics by eliminating battery source. The 

performance of these T-TENGs were greatly improved by employing carbonaceous nanofiller as 

electrode or triboelectric materials. Among the carbonaceous nanofillers, 1D CNT and 2D 

graphene and their derivatives have the most stunning impact on T-TENGs.  

We have presented a comprehensive investigation of carbonaceous materials based textile 

structured triboelectric nanogenerators. In a bid to provide design guidance of this emerging 

materials; basic operation modes, versatile textile structures for TENG, different fabrication 

methods pertinent to carbonaceous materials incorporation, and commonly used low-dimensional 

carbonaceous nanofillers and their performance on these T-TENGs were discussed. T-TENGs 

have great potential in self-powered systems, wearable sensor, identity recognition, health 

monitoring etc.  

Among different textile structures, weaving is most popular for symmetrical contact 

surfaces due to its higher dimensional stability, durability, higher strength and surface area, and 

lower thickness which are suitable for CS, FS, LS mode based T-TENGs.38 Whereas knitting is 

conducive for asymmetrical contact surface due to the advantageous nature of elasticity and 

deformation easiness, which are opted for SE and CS mode based T-TENGs. Consequently, 

knitted structures are susceptible to pilling, snagging, and shrinkage and rarely used during FS or 

LS mode. Non-woven and braiding based T-TENG are rarely developed due to their inherent 

shortcomings of the structure. Fabric based TENGs possess higher output efficiency but poor 

wearability. Contrary to that, fiber based TENGs have higher deformability but poor compatibility 

with prevailing manufacturing process. Inconsistent contact electrification can be alleviated by 

nanopatterning with carbonaceous nanofillers which can be further supplemented by 3D fabric. 

Simultaneously, carbonaceous materials regulate surface roughness and energy, increase surface 

area and porosity, control geometric morphology, and augment polarity which are beneficial for 

attaining higher energy conversion efficiency of T-TENGs. Finally, described T-TENGs were 

ranked based on their performance and future challenges were also transcribed. This paper 

successfully unearthed the synergy between carbon materials, textile, and TENG. Researchers 

from eclectic fields including material, textile, and electrical will benefit from this study. Smart 

textile manufacturers can use the findings for proper selection of triboelectric, electrode, and 

carbonaceous materials, along with fabrication method during manufacturing and 

commercialization of their T-TENGs.  
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