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Fig.1 The four fundamental operating modes of triboelectric nanogenerators: (a) 

vertical contact-separation mode; (b) contact-sliding mode; (c) single-electrode mode; 

(d) freestanding triboelectric-layer mode.
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Fig. 2 Representative lignin structures and typical linkage motifs: (a) G/S-type lignin 

from hardwood, (b) G/S-type lignin from grass, and (c) C-type lignin from certain 

seed coats. (d) Monomeric lignin’s in different lignin samples. (e) Approximate 

subunit composition, linkage abundance, and theoretical monomer yield. Reproduced from 

Ref. [18] with permission from the American Chemical Society, copyright 2025.



Copyright License Certificate for Fig. 2



Fig. 3 (a) Isochronal plot of the dielectric loss factor tan(δ) of the protonated chitosan-

lignin composites; (b) Three-dimensional plot of the imaginary permittivity (ε″) of the 

protonated chitosan-lignin composites; Reproduced from Ref. [32] with permission from the American 

Chemical Society, copyright 2025. LNPs prepared from different types of lignin (c) TEM; (d) 

particle size; (e) ζ-potential. Reproduced from Ref. [35] with permission from the Royal Society of Chemistry, 

copyright 2024.
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Fig. 4 Lignin-starch nanocomposite TENG. (a) Optical images of the lignin-starch 

films composed of different concentrations of lignin. Scale bar: 3.5 cm. (b) Scanning 

electron microscope images of the lignin-starch films showing the various surface 

morphologies. Scale bar: 100 μm. (c) Open-circuit voltages and (d) short-circuit 

current of the lignin-starch films. (e) Statistical results of the TENG outputs for each 

film. Reproduced from Ref. [37] with permission from the American Institute of Physics, copyright 2017. (f) 

Photographs of PVA solution, PVA/lignin solutions with lignin concentrations of 

30%, 50%, and 70%, and their corresponding electrospun nanofibers; (g) Schematic 

illustration of the preparation process for lignin-based electrospun nanofibers; Output 

voltage (h) and current density (i) of TENGs based on PVA film (PF), PVA 

nanofibers (PN), and PVA/lignin composite electrospun nanofibers (PLN) measured 

at 40 N and 10 Hz; Output voltage (j) and current density (k) of the PLN-5 TENG 

under different applied forces at a constant frequency of 10 Hz. Reproduced from Ref. [59] with 

permission from the Royal Society of Chemistry, copyright 2022.
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Fig.5 (a) Schematic diagram of contact electrification between carboxymethyl 

cellulose/sodium lignosulfonate/multilayer graphene (CLM) and PVDF; (b) 

Intercalation effect of LS within MG; (c) Binding energy between MG and LS 

calculated via DFT; (d) Potential application of the CLM-TENG in monitoring impact 

conditions during fruit transportation; (e) Reusability of the CLM composite; (f) 

Charge density of the CLM-TENG; (g) Long-term stability of the CL1.5M1.5-TENG 

over 40,000 cycles in ambient atmosphere. Reproduced from Ref. [64] with permission from the Elsevier, 

copyright 2025.
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Fig. 6 (a) Schematic diagram of the process for converting wood into a 

superhydrophobic TENGs material; (b) Schematic illustrating the structural and 

morphological changes of lignin during the wood treatment process; (c) Photographs 

of unmodified wood and lignin-modified wood after dyed water droplet deposition 

(scale bar = 2 cm). A SEM image is included, revealing the microstructure of the 

cross-section of the lignin-wood and indicating the formation of spherical lignin 

particles (scale bar = 200 µm). (d) Schematic of the assembled liquid–solid (L-S) 

TENG in single-electrode mode; (e) Static water contact angle measured on 

unmodified wood over 5 seconds and a schematic of its surface properties; (f) Surface 

changes of the native lignin (Lig-wood) and its static water contact angle on the 

tangential plane (measured over 600 s, with WCA images shown at 10 s and 500 s); 

(g) Rolling water contact angle of the Lig-wood; (h) Voltage output generated by 

unmodified wood and Lig-wood; (i) Cyclic voltage output of a water droplet 

continuously falling onto the Lig-wood for 2000 s. Reproduced from Ref. [76] with permission from the 

Wiley, copyright 2025.
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Fig. 7 (a) Schematic diagram of a natural wood-based intelligent table tennis table. 

Demonstration of the self-powered edge ball judgment system when the ball hits the 

table's top edge: (b) photograph, (c) output signals from the two W-TENGs, and (d) 

screenshot of the real-time judgment result displaying "Ball hits the table's top edge". 

Scale bar: 2 cm. Demonstration of the self-powered system when the ball hits the 

table's side edge: (e) photograph, (f) output signals from the two W-TENGs, and (g) 

screenshot of the real-time judgment result displaying "Ball hits the table's side edge". 

Scale bar: 2 cm. Reproduced from Ref. [113] with permission from the Springer Nature, copyright 2019. (h) 

Workflow diagram of the intelligent behavior monitoring system. (i) Confusion 

matrix for the recognition of four different neck movement states, achieving a 

recognition accuracy of 94%. Reproduced from Ref. [114] with permission from the Wiley, copyright 2023.



Copyright License Certificate for Fig. 7
Fig. 7a-g

Fig. 7h-i



Fig. 8 (a) Schematic diagram illustrating the fabrication of wear-resistant cellulose-

based triboelectric materials; (b) Detailed evolution process of the interactions 

involved; (c) Schematic of the tribological testing setup under 3 N and 3 Hz; (d) 

Coefficient of friction; (e) Wear volume; Output power density of (f) pristine 

cellulose, (g) CL7Z0, and (h) CL7Z8. Reproduced from Ref. [31] with permission from the Elsevier, copyright 

2025.
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Fig. 9 (a) Schematic illustration of the biodegradability and recyclability of the PL 

film and the PL-TENG. (b) Open-circuit voltage (Voc), (c) short-circuit current (Isc), 

and (d) transferred charge of the PL-TENG measured at an operating frequency of 1 

Hz. Antibacterial effects of the 7% LNP/pectin film against (e) E. coli and (f) S. 

aureus. (g) Comparison of bacterial inhibition rates for pectin films with different 

LNP contents. (h) Schematic illustrating the interaction between a patient and a doctor 

via a wearable PL film-based TENG sensor. Reproduced from Ref. [142] with permission from the 

Elsevier, copyright 2025.
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Fig. 10 (a) Schematic diagram of the lignocellulose paper-based dressing, which 

promotes human skin healing and enables self-powered quadruple sensing. (b) 

Illustration of the fabrication process of the lignocellulose paper dressing and the 

amination of lignin during the pretreatment. (c) Air permeability and moisture 

absorption of the LC30/TP2 composite paper. (d) Antibacterial rate of the 

lignocellulose paper dressing as a function of TP doping content. (e) Calculated 

output power density of the LC30/TP2-based triboelectric nanogenerator. (f) Sensor 

assembly on a robotic hand and a photograph of a human-robot competition. (g) 

Synchronous monitoring of material type, pressure, and humidity using the LC/TP 

TENG. (h) Schematic diagram illustrating the simultaneous monitoring of pressure, 

humidity, and material type based on a well-designed machine learning model. 

Reproduced from Ref. [111] with permission from the Elsevier, copyright 2026.
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Fig. 11 Schematic overview of current technical bottlenecks and future research 

directions for lignin-based triboelectric nanogenerators. The left panel summarizes the 

key challenges in material uniformity and long-term stability, including source-

dependent structural variations, batch-to-batch fluctuations, and mechanical, chemical, 

and interfacial degradation mechanisms. The right panel illustrates the three main future 

research directions: material functionalization (MOF composites, CNT integration, and 

chemical modification), theoretical deepening (molecular simulation and multi-physics 

modeling), and scalable manufacturing (3D printing, roll-to-roll processing, and system 

integration). Relevant references are indicated in parentheses.
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