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Supplementary Text 

Supplementary Note 1 | Principle of triboelectric signal generation. 

According to the working principle of TENG, when two triboelectric layers come 

into contact, due to the contact electrification effect, the inner surfaces of the two layers 

acquire opposing static charges (tribo-charges Q) with equal density of σ. As the two 

layers begin to separate and distance (x) increases, a potential difference (V) is induced 

between the electrodes. Niu et al.1 studied the fundamental equations for contact-mode 

TENG, which can be used to calculate its output characteristics: 

                     𝑉 = −
𝑄

𝑆𝜀0
(𝑑0 + 𝑥(𝑡)) +

𝜎𝑥(𝑡)

𝜀0
                (1) 

    Under open-circuit conditions, no charge is transferred, which means Q is 0. Thus, 

the open-circuit voltage (𝑉OC) can be expressed with the following Equation: 

                       𝑉OC =
𝜎𝑥(𝑡)

𝜀0
                            (2)  

Where σ is the triboelectric charge density, 𝜀0 is the vacuum permittivity, and x(t) 

is the gap between the two contact materials. From Equation (2), it is evident that during 

this process, the open-circuit voltage is independent of frequency and only increases 

with the rise in displacement. When the displacement (x) reaches xmax, the maximum 

open-circuit voltage is achieved2. 

 

Supplementary Note 2 | Theoretical analysis of pressure and voltage sensing signal. 

Usually, under pressure (𝑃), the output voltage (𝑈p) of a TENG equals the open-

circuit voltage (VOC) in that state, which can be expressed by the formula3: 

 𝑈p =
𝜎0𝑑p

𝜀0
 (3) 

Where 𝜀0 is the vacuum permittivity constant, and 𝜎0 is the triboelectric charge 

density, considered constant. Assume the initial gap distance is 𝑑0 with a change Δ𝑑, 

and 𝑑p is the distance under P. The gap distance and open-circuit voltage under P can 

be calculated as follows: 

 𝑑p = 𝑑0 −
𝑑0

𝑌
𝑃 (4) 



 𝑈p =
𝜎0

𝜀0
(𝑑0 −

𝑑0

𝑌
𝑃) (5) 

Where Young's modulus (𝑌), the initial distance of the gap layer (𝑑0), triboelectric 

charge density (𝜎0), and permittivity constant (𝜀0) can be considered constants. The 

open-circuit voltage (𝑈p ) is expected to have a direct linear relationship with the 

external 𝑃, making it a reliable parameter for measuring the pressure applied to the 

sensor. Different voltage increases lead to different sensitivities. Hence, the larger the 

voltage signal, the higher the sensitivity4, 5. 

 

Supplementary Note 3 | Analysis of sensing principle for T-TENG. 

According to the thermionic emission effect (Equation 6)6 and extended the law of 

surface charge index decay at high temperature (Equation 7), Lin et.al7 further 

introduced the σp term to describe the thermionic emission model (Equation 8), 

𝐽 = 𝜆𝐴0𝑇
2e

𝑊

𝑘𝑇 [e
∆𝑤

𝑘𝑇 − 1]                             (6) 

𝜎 = e−𝑎𝑡𝜎i                                         (7) 

𝜎 = e−𝑎𝑡𝜎e + 𝜎p                                     (8) 

Where J is the thermionic emission current density, λ is the material-specific 

correction factor, A0 is the Richardson constant of free electrons, T is the temperature, 

W is the height of the potential barrier, k is the Boltzmann constant, ΔW is the change 

in the height of the potential barrier caused by the surface electric field, σ is the surface 

charge density, a is the decay coefficient, σi is the initial charge density, t is the 

dissipation time, σe is the triboelectric charge, σp is the “permanent” charge retained on 

the surface. 

 

Supplementary Note 4 | The feature matrix of stimulation and response electrical 

signals of the multimodal triboelectric sensor. 

The simultaneous occurrence of n stimuli, denoted as 's', induces changes in m 

electrical parameters, denoted as 'p'. The relationship between p and s can be 

represented as follows. 



𝑝 = 𝑓(𝑠) = [

𝑝1

𝑝2
…
𝑝𝑛

] = [

𝑓1(𝑠1, 𝑠2, … 𝑠𝑛)

𝑓2(𝑠1, 𝑠2, … 𝑠𝑛)
⋮

𝑓𝑚(𝑠1, 𝑠2, … 𝑠𝑛)

] (9) 

The Jacobian matrix is defined as 

𝐽(𝑠) =

[
 
 
 
 
 
 
 
𝜕𝑓1
𝜕𝑠1

𝜕𝑓1
𝜕𝑠2

⋯
𝜕𝑓1
𝜕𝑠𝑛

𝜕𝑓2
𝜕𝑠1

𝜕𝑓2
𝜕𝑠2

⋯
𝜕𝑓2
𝜕𝑠𝑛

⋮
𝜕𝑓𝑚
𝜕𝑠1

𝜕𝑓𝑚
𝜕𝑠2

⋯
𝜕𝑓𝑚
𝜕𝑠𝑛 ]

 
 
 
 
 
 
 

 (10) 

At s = s0, and small Δs, we have the following relationship 

[

∆𝑝1

∆𝑝2

⋮
∆𝑝𝑛

] =

[
 
 
 
 
 

𝜕𝑓1

𝜕𝑠1

𝜕𝑓1

𝜕𝑠2
⋯

𝜕𝑓1

𝜕𝑠𝑛

𝜕𝑓2

𝜕𝑠1

𝜕𝑓2

𝜕𝑠2
⋯

𝜕𝑓2

𝜕𝑠𝑛

⋮
𝜕𝑓𝑚

𝜕𝑠1

𝜕𝑓𝑚

𝜕𝑠2
⋯

𝜕𝑓𝑚

𝜕𝑠𝑛]
 
 
 
 
 

𝑠=𝑠0

[

∆𝑠1

∆𝑠2

⋮
∆𝑠𝑛

] or ∆𝑝1 =  𝐽(𝑠)∆𝑠  (11) 

The Jacobian matrix M can be derived from the theoretical expression of p and s or 

experimental data. 

 

[
∆𝑇
∆𝑃

] = [
𝑀1 𝑀2

𝑀3 𝑀4
] [

∆𝑈T

∆𝑈P
] (12) 

 

Where ∆UT and ∆UP are the changes in UT and UP under the stimulus of temperature 

(T, ∆T) and pressure (P, ∆P). M1, M2, M3 and M4 are the subcomponents of the matrix 

M. 

 

  



Supplementary Figures 

 

 

Supplementary Figure 1 | Schematic diagram of human skin mechanoreceptors and 

thermoreceptors and their sensing mechanisms. 

 

Supplementary Figure 2 | Schematic diagram of the working mode of the triboelectric 

sensor. 

Supplementary Figure 3 | Optical images of the triboelectric sensor components and 

assembly process. 



 

Supplementary Figure 4 | Preparation of samples. a Schematic diagram of the 

preparation process of CNFs film, CNFs-1 film and CNFs-2 film (illustrated chemical 

process). b Fourier transform infrared spectral images of CNFs film, CNFs-1 film and 

CNFs-2 film. c-e Thermogravimetric analysis images of CNFs films, CNFs-1 film and 

CNFs-2 film, respectively. 

The fabrication schematic illustration of the temperature-sensing material (CNFs-

1) and pressure-sensing material (CNFs-2) of T-TENG and P-TENG is shown in 

Supplementary Fig. 4 (See the Methods section for specific details). 



Fourier Transform Infrared (FTIR) spectroscopy was employed to characterize the 

chemical groups in the samples. Compared to the pristine CNFs film, both CNFs-1 

films and CNFs-2 films exhibited distinct characteristic peaks at 781 cm⁻¹ and 1573 

cm⁻¹, respectively, corresponding to -Si-O-C and -NH₂ groups. This indicates the 

functionalization of CNFs with APTES, introducing amine groups with enhanced 

triboelectric properties into the CNFs film. 

The thermal stability of the triboelectric materials was assessed using 

thermogravimetric analysis (TG). The initial decomposition temperatures of all three 

fiber-based materials were above 275 °C, with maximum decomposition temperatures 

around 366 °C. Notably, the initial and maximum decomposition temperatures of 

CNFs-1 film and CNFs-2 film were nearly identical to those of pristine CNFs films. 

This suggests that the chemical modification treatment and low-temperature plasma 

technology did not alter the thermal stability of the fiber-based materials. The high 

thermal stability of CNFs-1 film and CNFs-2 film ensures the stable operation of the 

dual-mode sensors under elevated temperatures of up to 200 °C. 

 

Supplementary Figure 5 | Scanning electron microscopy (SEM) images of CNFs-1 

film without surface microstructure and CNFs-2 film with surface structure. 

 

Supplementary Figure 6 | Atomic Force microscope (AFM) images of CNFs-1 film 

without surface microstructure and CNFs-2 film with surface structure, with surface 

roughness (RA) of 9.53 nm and 38.4 nm, respectively. 

  



 

 

Supplementary Figure 7 | Characterization of samples. a Schematic diagram of the 

electronic band structure of cellulose triboelectric materials. b, c Density of States 

(DOS) of the molecular structure of CNFs and CNFs-1. d, e Electron Localization 

Function (ELF) 3D images of the molecular structure of CNFs and CNFs-1 with 

isosurface of 0.61 e/Å3 (charge accumulation shown as cyan region). f, g ELF of the 

molecular structure of CNFs and CNFs-1. h Carrier mobility of the molecular structure 

of CNFs and CNFs-1 (the carrier type is electron-hole). 

Supplementary Fig. 7a presents a schematic diagram of the electronic band 

structure of cellulose triboelectric materials. The triboelectric charge generated by 

contact electrification is retained in the carrier traps of the band structure of the 

triboelectric material. The energy barrier and capture cross-section of the carrier traps 

confine the triboelectric charge to the electronic bandgap structure of the material. 



Density functional theory (DFT) is used to analyze the density of states (DOS) of CNFs 

film. The result found that the bandgap of CNFs film is only 0.75 eV (Supplementary 

Fig. 7b, c), indicating that the carrier traps in the bandgap of CNFs film are closer to 

the band edges, requiring lower energy and resulting in weaker charge retention 

capability. The bandgap of the triboelectric material (CNFs-1) in the charge retention 

phase is as high as 1.61 eV. The carrier traps for triboelectric charge are located far from 

the conduction band minimum and valence band maximum, respectively, which can 

better retain triboelectric charge and improve the sensor response signal. 

To further investigate the redistribution of electrons in the molecular structure, the 

electron localization function (ELF) was calculated and topological analysis was 

performed. Supplementary Fig. 7d, e show the three-dimensional ELF visualization 

maps with an isosurface value of 0.61 e/Å3, respectively. The blue regions in the figures 

represent the electron distribution areas. Compared with CNFs, CNFs-1 has more blue 

distributions, indicating more electron distributions. The two-dimensional quantitative 

ELF images (Supplementary Fig. 7f, g) also show that the molecular structure of CNFs-

1 has more electrons around it. These results indicate that in the charge retention phase, 

triboelectric charges more easily to carrier traps, significantly improving triboelectric 

charge retention, which is more conducive to a higher sensor response signal in high-

temperature environments. 

To analyze the motion state of the charge in the sensing material, the carrier 

mobility is studied based on the variable situation theory proposed by Bardeen and 

Shockley, as shown in the equation: 

 𝜇 =
eℎ3𝐶

𝐾B𝑇𝑚∗𝑚𝑑𝐄1
2 (13) 

Where e represents the elementary charge, ℏ represents Planck's constant divided 

by 2π, KB represents the Boltzmann constant, T represents the temperature set at 300 K. 

m* denotes the effective mass of electrons or holes, and the carrier mobility can be 

derived from the derivative of the electronic band structure using the following formula, 

as illustrated in Supplementary Fig. 7h. The results reveal that the CNFs film molecular 

structure exhibits a high carrier mobility (24298 cm2V-1s-1), indicating the rapid motion 



of retained triboelectric charges within the band structure. Compared to CNFs, CNFs-

1 exhibits further enhanced carrier mobility (46500 cm2V-1s-1). DOS and ELF analyses 

demonstrate that CNFs-1 possesses a high triboelectric charge retention capability, 

leading to a more pronounced electrical response to stimuli. Additionally, CNFs-1 

exhibits faster triboelectric charge motion. Under elevated temperatures, the rapidly 

moving triboelectric charges are susceptible to hot electron emission, resulting in a 

faster temperature change response for CNFs-1 in high-temperature environments. 

 

Supplementary Figure 8 | Finite element simulation of surface potential variation of 

triboelectric materials. 

 

Supplementary Figure 9 | Comparison of output voltage of smooth and rough surface. 



 

Supplementary Figure 10 | Electrical signal and response time of the pressure sensor 

at 1 Hz, 1.5 Hz, 2 Hz, 2.5 Hz and 3 Hz. 

 

Supplementary Figure 11 | Response and recovery time of T-TENG. 

 



Supplementary Figure 12 | Theoretical data under ideal conditions. The cross-

coupling error of P-TENG and T-TENG under different temperatures at 100 kPa is less 

than 0.4% and 3.2% respectively compared with the actual test signal. 

 

Supplementary Figure 13 | The electrical signal in which pressure and temperature 

change simultaneously. 

 

Supplementary Figure 14 | The electrical signals under humidity and ultraviolet 

light. 



 

Supplementary Figure 15 | The recognition of asymmetric objects. 

 

Supplementary Figure 16 | Diagram of the electrical performance testing device. 

  



Supplementary Table 1 | Comparison of the temperature detection range of this work 

with reported multimodal sensors. 

 

Supplementary Table 2 | Comparison of the pressure sensitivity of P-TENG with 

reported triboelectric tactile sensors. 

Multimodal sensing Pressure range (kPa) 
Sensitivity (V kPa-1 

) 

Refer

ence 

PEDOT:PSS/eggshel

l membrane 
0.25-250 2.4 15 

PDMS/AgNW 0-150 1.187 16 

Ecoflex/TPU 3-15 3.7 17 

PDMS-

PUa/PAA/bPEI 
0-15;15-200 1.77;0.082 18 

Liesegang-patterned 

ionic skin 
0-35 1.5 19 

FEP/CNF 0-8.36; 8.36-100 9.21;1.5 
This 

work 

 

  

Multimodal sensing Sensing mechanism 
Temperature 

range (°C) 

Refer

ence 

Pressure/temperature Stress-optic/thermo-optic 26-35 8 

Pressure/temperature Piezocapacitive/ thermoresistive 30-45 9 

Pressure/temperature 
Piezo-tribophotonic/ 

thermoresistive 
30-50 10 

Pressure/temperature 
Reverse electrowetting/ 

thermogalvanic 
5-31 11 

Strain/temperature Transmittance/ thermoresistive 25-42 12 

Pressure/temperature Piezoresistive/thermoresistive 25-50 13 

Strain/temperature/p

ressure 

Mechanochromic/thermoresistive 

/triboelectric 
0-50 14 

Pressure/temperature Triboelectric 25-200 
This 

work 
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