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A B S T R A C T   

Self-healing triboelectric nanogenerators (SH-TENGs) with fast self-healing, high output performance, and 
wearing comfort have wide and promising applications in wearable electronic devices. This work presents a high- 
performance hydrogel-based SH-TENG, which consists of a high dielectric triboelectric layer (HDTL), a self- 
healing hydrogel electrode layer (SHEL), and a physical cross-linking layer (PCLL). Carbon nanotubes (CNTs), 
obtained by a chemical vapor deposition (CVD) method, were added into polydimethylsiloxane (PDMS) to 
produce the HDTL. Compared with pure PDMS, the short-circuit transferred charge (44 nC) and the open circuit 
voltage (132 V) are doubled for PDMS with 0.01 wt% CNTs. Glycerin, polydopamine particles (PDAP) and 
graphene were added to poly (vinyl alcohol) (PVA) to prepare the self-healing hydrogel electrode layer. SHEL can 
physically self-heal in ~1 min when exposed to air. The self-healing efficiency reaches up to 98%. The PCLL is 
made of poly(methylhydrosiloxane) (PMHS) and PDMS. It forms a good physical bond between the hydrophilic 
hydrogel and hydrophobic PDMS layers. The electric output performance of the SH-TENG can reach 94% of the 
undamaged one in 1 min. The SH-TENG (6 × 6 cm2) exhibits good stability and superior electrical performance, 
enabling it to power 37 LEDs simultaneously.   

1. Introduction 

In recent years, finding new and alternative energy resources and/or 
energy conversion methods has received growing research attention 
fueled by many disadvantages encountered in traditional non-renewable 
energy technologies. Triboelectrification is a well-known phenomenon 
that provides innovative possibilities for converting mechanical energy 
into electrical energy [1]. Based on the combination of the triboelectric 
effect and electrostatic induction, triboelectric nanogenerator (TENG) is 
one of the most promising methods for self-powered small electronic 
devices [2,3], due to its unique properties, such as high output perfor-
mance, cleanness, sustainability and low-cost. Single electrode mode 
TENG has wide applications in wearable devices since it is only neces-
sary to connect one electrode to the triboelectric layer, and there is no 
limit to the other charging surface. Inspired by the biological healing of 
injury tissues, self-healing mechanism is adopted in TENGs to cope with 

the damage issues and extend their service life. A few studies have 
demonstrated the importance to design self-healable TENG, to improve 
the applicability of TENG on wearable devices and avoid degradation 
caused by mechanical damage/wear and tear [4,5]. 

Due to inherent capacitance, usually at the level of several megohms, 
TENG has a large voltage (i.e., hundreds of volts) and a small current (i. 
e., at μA level) [6]. The output of TENG needs to be further improved to 
realize commercialization. The improvement of the output performance 
of TENG mainly depends on the effective contact area of the triboelectric 
layer and the surface charge density. Because the material of the tribo-
electric layer is usually made of polymer, increasing the dielectric 
properties of the polymers is an effective way to increase the surface 
charge density. High dielectric constant ceramic particles used as a 
reinforcing phase were added to the polymer to improve the dielectric 
properties. However, the amount of reinforcements in high dielectric 
constant composites is usually high (10–30 wt%) [7], which 
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significantly reduces the flexibility of the polymer substrate. It has been 
shown that adding conductive particles can greatly reduce the addition 
amount (1–5 wt%) [8,9] and achieve excellent dielectric properties 
[10]. Carbon nanotubes (CNTs) as slender one-dimensional structure 
with high aspect ratio can easily form conductive paths in the polymer 
matrix and effectively improve the dielectric properties of materials. 
Therefore, they are commonly chosen as the reinforcing phase to 
improve the electric output performance of TENGs. 

There are three major types of SH-TENG including: self-healing 
electrode layer SH-TENG [11,12], self-healing triboelectric layer 
SH-TENG [13,14], and entirely self-healable SH-TENG [15,16]. Guan 
et al. [11] [[,12] [][][] explored two different types of SH-TENGs. One 
had a self-healing hydrogel electrode and a silicone rubber triboelectric 
layer that could be recovered under near-infrared (NIR) light for 1 min 
or water spraying at 25 ◦C for 5 min. The other used an epoxy 
resin-based polysulfide elastomer as a self-healing electrode layer that 
could be restored at temperatures above 130 ◦C. Sun et al. [13] reported 
an SH-TENG with a self-healing triboelectric layer, which required 12h 
to recover from damage. Dynamic imine bonds were introduced in 
PDMS networks for repairing the mechanical damages. Deng et al. [14] 
used a dynamic disulfide bond-based vitrimer elastomer as a self-healing 
triboelectric layer. At 65 ◦C, the self-healing time was 4h. In addition, 
Chen et al. [15] used viscoelastic polymer-Silly Putty as electrification 
material, and CNTs filled composite (CNT-putty) as electrode material in 
preparation of an entirely SH-TENG. The self-healing time was demon-
strated to be 3min. Lai et al. [16] prepared an entirely SH-TENG, con-
sisting of a metal-coordinated polymer triboelectrically charged layer 
and a hydrogen-bonded ionic gel electrode layer. Paraffin wax was used 
as an intermediate layer between them. The self-healing time was re-
ported as 30 min. Although researchers have explored different types of 
self-healing TENGs, they are restricted and suffer from specific external 
conditions, a long self-healing time to achieve self-healing, low adhesion 
of the triboelectric layers to the electrode layers, complex preparation 
processes and costly materials. 

Herein, we present a high-performance hydrogel-based fast SH- 
TENG, which recovers without external stimulation, and the self- 
healing efficiency can reach up 98% in ~1 min in air. The preparation 
process is simple, and free from complicated reaction conditions. Adding 
ultra-low CNTs (0.01 wt%) to the HDTL effectively improves the output 
performance of TENG. The PCLL achieves a good physical bond between 
the hydrophilic hydrogel and the hydrophobic PDMS, effectively solving 
the problem of low adhesion problem. The prepared SH-TENG (6 × 6 
cm2) has good stability and excellent electrical performance, enabling it 
to power 37 LEDs simultaneously. It features short self-healing time, 
high output performance, and good combination between layers. These 
attributes make them more adaptable to the changing environments, 

which help to realize commercialization of flexible and wearable elec-
tronic devices. 

2. Results and discussion 

2.1. SHEL 

Self-healing stems from a molecular re-alignment and reassembly 
process. Unstable bonds play a critical role, which allows rapid bond 
breakage, reconstruction and structural rearrangement. Compared with 
covalent bonds, the association or dissociation of hydrogen bonds that 
occur spontaneously at ambient conditions provides opportunities to 
develop excellent self-healing materials [17]. To prepare electrode 
materials with both self-healing and high electrical conductivity, PVA is 
selected as the matrix. The conductivity can be improved by adding an 
appropriate amount of graphene. Adding PDAP to the hydrogel im-
proves the mechanical properties of the hydrogel. 

Fig. 1a shows a schematic diagram of the internal structure and 
bonding of a conductive self-healing hydrogel. PDAP contains various 
functional groups, such as amines and catechol, which can be used as 
both the chemical reaction sites or covalent modification and physical 
cross-linking points to improve the interface interaction between the 
filler and the matrix. In the matrix, PDAP and PVA molecular chains 
form hydrogen bonds. Introducing PDAP into the hydrogel not only 
improve the mechanical properties but also give the hydrogel photo-
thermal effect. The self-healing properties of the prepared hydrogel are 
attributed to the reversible network, as shown in Fig. 1a. The network 
consists of two dynamic covalent cross-linking reactions in the hydrogel, 
namely PVA-borax-PVA [18] and PVA-glycerol-PVA [19]. During the 
hydrogel cooling process, chitosan-agarose, chitosan-PVA and 
agarose-PVA form hydrogen bonds. These bonds can effectively inhibit 
the movement of the PVA chain within a certain range, thereby 
improving the mechanical stability and tensile strength of the hydrogel 
[20]. 

Scanning electron microscope (SEM) is commonly employed for 
studying the structure of PVA hydrogel networks. However, due to 
volatilization the presence of water in the gel can affect the scanning 
electron microscope images under low pressure or vacuum conditions. 
Fig. 1b shows the SEM images of PVA, PVA/PDAP, and PVA/PDAP/ 
Graphene hydrogels after freeze-drying, specifically pure PVA, PVA/ 
0.16 wt%PDAP and PVA/0.16 wt%PDAP/0.48 wt%graphene. PVA as-
sumes a flocculent structure on the surface and the pores are coarse and 
uneven, as shown in Fig. 1b (I). In Fig. 1b (II), the addition of PDAP can 
refine the grains, make the pores more uniform, and improve hydrogel 
performance. In Fig. 1b (III), the PVA/PDAP/Graphene surface shows 
denser pores, and network cross-linking can be observed. The regions 

Fig. 1. a) Schematic of the internal structure and bonding of the conductive self-healing hydrogel. b) SEM images of hydrogels with different components, I) PVA, II) 
PVA/PDAP, III) PVA/PDAP/Graphene, IV) the self-healed interface of PVA/PDAP/Graphene. 
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marked in the red circles show network cross-linking. For a large view 
see Fig. S1. The cross-linking of the self-healing fracture surface of the 
hydrogel is shown in Fig. 1b (IV). After straining or cutting, the damaged 
hydrogel can repair itself without applying external stimuli. 

Fig. 2a shows the Fourier transform infrared spectroscopy (FTIR) 
spectra of PVA, PVA/PDAP, and PVA/PDAP/Graphene samples. In the 
FTIR spectra, the –OH stretching band in the PVA/PDAP is located at 
3277 cm−1, whereas it shifts to a lower wavenumber compared to that of 
pristine PVA (3280 cm−1). The -C-OH stretching band also shifts from 
1095 cm−1 in PVA to 1087 cm−1 in the composites. Both of these phe-
nomena indicate that there is hydrogen bonding formed between the 
hydroxyl groups of PVA and the functional groups of PDAP [21,22]. The 
–OH stretching band is located at 3298 cm−1 for PVA/PDAP/Graphene. 

This is mainly because the graphene surface can physically absorb gas 
molecules, such that some functional groups, for example, C–OH and 
C–O–C exist on the surface. 

Fig. 2b shows the tensile stress-strain curves of PVA, PVA/PDAP and 
PVA/PDAP/Graphene. Compared with the PVA sample the tensile 
strength of the PVA/PDAP hydrogel sample increased from 66 KPa to 75 
KPa by 12%, and the elongation at break increased from 443% to 678% 
by 53%. The tensile strength of PVA/PDAP/Graphene hydrogel can 
reach up to 85 KPa. In the hydrogel, PDAP can form hydrogen bonds 
with the PVA molecular chain (as demonstrated above), therefore 
improve the mechanical properties of the hydrogel. Graphene molecules 
can further improve the porous structure of the hydrogel and enhance 
the mechanical properties of the hydrogels. 

Fig. 2. a) FTIR spectra of the different hydrogels. b) Typical tensile stress-strain curves of different hydrogel samples. c) The tensile stress-strain curves of hydrogels 
with different PDAP contents. d) Relationship between self-healing efficiency and healing time of the hydrogels in the air and exposed to NIR. e) Electrical con-
ductivity of the hydrogels with different graphene contents. 
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The tensile stress-strain curves of samples with different PDAP con-
tents are shown in Fig. 2c. The tensile strength increases from 47 KPa to 
112 KPa by about 2.4 times, whereas the elongation at break decreases 
from 830% to 314% by 62% when the PDAP content is increased to 0.23 
wt%. This indicates that even adding a small amount of PDAP to the PVA 
hydrogel can significantly improve the mechanical properties. Since 
various functional groups are attached to the surface of PDAP, such as 
catechol and amine, PDAP can bond the hydroxyl group of PVA through 
hydrogen bonding, thereby increasing the tensile strength [23]. 

The stretchability of PVA/PDAP/Graphene hydrogel (stretching 
ratio λ > 4) is shown in Fig. S2a. The hydrogel (40 × 20 × 3 mm3) can be 
stretched to about 17 cm in length, then after the hydrogel restores to 
1.5 times of the original length within 2 min. The photothermal effect of 
the hydrogel is shown in Fig. S2b, showing the addition of PDAP can 
improve the photo-thermal properties of the hydrogels. The sample has 
an ultrafast temperature rise, up to 90 ◦C in 30s. 

The self-healing properties of PVA/PDAP/Graphene hydrogel are 
shown in Fig. S2d. As shown in the Movie S1, the hydrogel can achieve 
complete self-healing after 60s. It is worth noting that the hydrogel 
showed good self-healing performance in air and NIR solutions, as 
shown in Fig. 2d. The self-healing efficiency can be quantified using the 
recovery of tensile stress, according to the following equation: 

η = δ1/δ0 (1)  

where η designates the self-healing efficiency of the hydrogels, δ0 and δ1 
are the tensile stresses before and after the hydrogels undergoes self- 
healing, respectively. Repeat the tests more than 3 times for the same 
samples. In air, after 60s of healing, the PVA/PDAP/Graphene hydrogel 
can reach up to 98% healing efficiency. After NIR irradiation, the PVA/ 
PDAP/Graphene hydrogel can reach up to 94% healing efficiency after 
30s of healing. 

The PVA/PDAP/Graphene hydrogel showed high conductivity, and 
the hydrogel can illuminate a LED bulb with a constant current in a 

closed loop. After the first cut, the circuit was disconnected (current = 0 
mA) as indicated by the bulb. Then the two fractured hydrogel surfaces 
were immediately brought together and contacted each other. After 60s 
of self-healing in situ, the circuit restored its initial current value, and 
the LED was illuminated again without a significant decrease in 
brightness. This proves the exceptional self-restoring capability of the 
prepared conductive hydrogel network (Fig. S3a) [24]. It is shown that 
graphene can effectively improve the conductivity of the hydrogels. The 
conductivity was doubled by adding small amount of graphene (0.48 wt 
%), as shown in Fig. 2e. 

2.2. HDTL 

To prepare a triboelectric layer material with high dielectric prop-
erties, PDMS was selected as the matrix, and carbon nanotubes were 
well-dispersed as the reinforcing phase to improve the dielectric prop-
erties of the materials. Under the effect of van der Waals force, CNTs 
tend to form clusters and bundles [25]. It is difficult to achieve uniform 
dispersion of CNTs in conventional ways. Using well-dispersed CNTs as 
the reinforcing phase can effectively improve the dispersion of CNTs in 
the matrix. Fig. 3a (I)-(IV) show the SEM images of the cross-sections of 
the CNTs/PDMS films. The arrows point to the CNTs, and the rest is the 
PDMS matrix. As shown in Fig. 3a, with the increase of CNTs content, the 
distribution of CNTs becomes relatively clustered. 

Adding CNTs to the PDMS matrix can improve the dielectric prop-
erties of the material. Thereby increasing the surface charge density of 
the triboelectric layer and increasing the TENG output performance. The 
dielectric constant of the CNTs/PDMS composite film is defined as fol-
lows: 

εr =
C⋅d
A⋅ε0

(2)  

where C denotes the capacitance of the composite film, d represents the 

Fig. 3. a) SEM images of the cross-sections of CNTs/PDMS films with different CNTs contents, I) 0%, II) 0.02%, III) 0.05%, IV) 0.07%. b) Dielectric properties of 
CNTs/PDMS composite films with different amounts of CNTs fillers. c) Schematic showing the contact separation principle. d) The electrical output performance of 
CNTs/PDMS composite films with different CNTs contents. 
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thickness of the film, A represents the area of the electrode, ε0 represents 
the dielectric constant of the vacuum, respectively. The C and loss 
tangent D were measured with an Impedance analyzer (1 MHz). The 
results of dielectric constant and loss tangent are shown in Fig. 3b. As the 
content of CNTs is increased, the dielectric constant and loss tangent 
show an increasing trend. When the content of CNTs is less than 0.02%, 
the growth rate of the dielectric constant is higher than the loss. When 
the content of CNTs is increased to 0.07%, the dielectric constant and 
loss tangent are 6.8 and 0.20, respectively. According to the percolation 
theory, CNTs are conductive phases, while PDMS is the low-loss elec-
trical potential barrier. The CNTs are separated by thin barriers of PDMS 
regions, and the adjacent nanotubes form nanocapacitors. Therefore, the 
dielectric constant and loss increase as the content of CNTs increases 
[26,27]. 

The electrical output performance of CNTs/PDMS films was tested by 
contact separation mode. The principle of contact separation is shown in 
Fig. 3c. According to previous work [28–30], the output voltage V can be 
expressed by 

V =
(σ0 − Δσ)⋅x(t)

ε0
−

Δσ⋅d
ε0εr

(3)  

where σ0, Δσ, x(t), t are the triboelectric charge density on the composite 
film, the transferred charge density on the Cu electrode in the stage, the 
interlayer distance and time, respectively. 

At the open-circuit (OC) condition, there is no charge transfer, which 
means Δσ becomes 0. Therefore, the open-circuit voltage is given by 

Vα =
σ0⋅x(t)

ε0
(4) 

The theory of TENG is derived from Maxwell’s equations, and its 
working principle is the conjugation of contact electrification and 
electrostatic induction. Contact electrification provides static polarized 
charges and electrostatic induction is the main mechanism for con-
verting mechanical energy into electrical energy. TENG has inherent 
capacity characteristics [31], since the fundamental device based on 
electrostatics is a capacitor. The contact separation model can be 
considered as a flat-panel capacitor. Due to the characteristics of elec-
tret, the negative charges on the surface of CNTs/PDMS derived from 
interfacial friction remain constant, so two flat-panel capacitors should 
be included. The fixed capacitor is composed of the upper Cu electrode 
and the surface of electret film, which is separated by a dielectric air 
with a capacitance of C1 = ε0S

x (S represents the contact area). The other 
capacitor consists of the bottom Cu electrode and the surface of electret 
film separated by the CNTs/PDMS composite film with a capacitance 
ofC2 = εrS

x . The characteristics of capacitance are very important for the 
energy storage, which determine the maximum charge density σ0 on the 
film surface. Improving the dielectric constant of the CNTs/PDMS 
composite film will help to increase the surface charge density of the 
triboelectric layer, and in turn increase the output of TENG. 

Fig. 3d and Fig. S3b shows the effect of the CNTs concentration on 
electrical output performance. When the CNTs concentration is 0.01 wt 
%, the short-circuit transferred charge (Qsc) achieves 44 nC and the open 
circuit voltage (Voc) becomes 132V. Both reach the maximum values. 
Compared to the output performance of pure PDMS film, which is 22 nC 
(Qsc) and 69 V (Voc), the Qsc of 0.01 wt% CNTs/PDMS film is improved 
by 100% and the Voc improved by 91%. With the continuous increase of 
CNT content, both Qsc and Voc show a downward trend. The output 
performance of 0.07 wt% CNTs/PDMS film is 20 nC and 65 V. 

Eq. (2) implies that the dielectric constant is directly proportional to 
the capacitance. However, the loss tangent refers to the leakage current 
during charge storage. The larger the loss tangent the greater the leakage 
current during charge storage, which does not contribute to the charge 
storage. Thus, the capacitance is influenced by the dielectric constant 
and dielectric loss. When the concentration of CNTs is 0.01 wt%, the 
dielectric constant increased rapidly, and the dielectric loss was at a 

relatively small value. Therefore, the output of the composite film was 
relatively high. When the CNT content is greater than 0.07 wt%, as the 
CNT content increases, the growth rate of dielectric loss is greater than 
that of the dielectric constant, resulting in a decrease in output 
performance. 

2.3. The SH-TENG 

In the SH-TENG, the PVA/PDAP/Graphene conductive hydrogel is 
used as the SHEL to transport charge, the CNT/PDMS (0.01 wt%) 
composite film is used as the HDTL. By adding a cross-linking agent, a 
good physical bond between the hydrophilic hydrogel and the hydro-
phobic PDMS is achieved, as shown in Fig. S2c. Figure S2c (I) shows 
PDMS and hydrogel are easily peeled off and are almost incompatible 
without applying the cross-linking agent. Adding PMHS to PDMS can 
effectively improve the adhesion of PDMS and achieve hydrogel and 
PDMS adherence. 

The working principle of SH-TENG couples contact electrification 
and electrostatic induction, as schematically shown in Fig. 4. TENG is 
driven by physical contact with the skin. Once the skin contacts the 
TENG composite film, HDTL becomes negatively charged, whereas the 
skin is positively charged. Since the two opposite charges coincide on 
the same plane, there is no electrical potential difference between the 
two surfaces. When the skin is separated from the composite film, the 
positive charges are induced in the SHEL (conductive hydrogel) and 
electrons will flow from the SHEL to the ground through an external 
circuit. Then an electrical signal is obtained. When the skin is far enough 
from the film, the positive charges induced on SHEL will completely 
balance the negative charges on the HDTL and the flow of electrons 
cease. When the skin is reattached to the film, the electrons will flow in 
the opposite direction forming an alternating current in the circle. 

Fig. 5 shows the schematic diagram of the self-healing mechanism of 
SH-TENG. Due to the remarkable self-healing properties, the hydrogel 
electrode layer can quickly heal in air after being damaged ensuring the 
contact area remains intact. The SH-TENG achieves self-healing under 
the action of the hydrogel electrode, as shown in Fig. 5a and b. Fig. 5c 
shows the electrical output performance of SH-TENG (2.5 × 2.5 cm2) 
before mechanical damage and after healing. The Qsc and Voc before 
damage are 18 nC and 54 V, respectively. After 1 min of self-healing, the 
Qsc and Voc become 17 nC and 50 V, and the output performance can 
reach 94% and 92% of the undamaged one, respectively. The self- 
powered system SH-TENG (6 × 6 cm2) can collect sufficient mechani-
cal energy from human body movement to light up 37 LEDs, making it 
feasible to power many soft and flexible devices, as shown in Fig. 5d and 
the Movie S2. The as prepared SH-TENGs show promising results as 
robust power sources for flexible and wearable electronic devices. 

3. Conclusions 

We have successfully demonstrated a hydrogel-based high-perfor-
mance self-healing TENG (SH-TENG). It consists of a high dielectric 
triboelectric layer (HDTL), a fast self-healing electrode layer (SHEL) and 
a physical cross-linking layer (PCLL). Adding 0.01 wt% fully dispersed 
CNTs can effectively increase the dielectric constant of PDMS, thereby 
increasing the surface charge density. The electrical output performance 
of the CNT modified PDMS can be doubled, and the Voc and Qsc can reach 
~132V and ~44 nC, respectively. After completely cut open or 
damaged, SHEL can self-heal in ~1 min when exposed to the air. The 
self-healing efficiency reaches up to 98%. By adding a cross-linking 
agent, a robust physical bond between the hydrophilic hydrogel and 
hydrophobic PDMS is achieved. The SH-TENG with hydrogel electrode 
can self-heal in a timely fashion, whose output performance can reach 
94% of the undamaged sample in about 1 min. The SH-TENG (6 × 6 cm2) 
exhibits good stability and excellent electrical performance, enabling it 
to light up 37 LEDs simultaneously. 
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4. Experimental section 

Materials. PVA (degree of polymerization: 2699) was purchased 
from Anhui Wanwei Group Co., Ltd. Chitosan (BR) was purchased from 
Sinopharm Chemical Reagent Co. Ltd. PDMS, Sylgard 184 was pur-
chased from Dow Corning Inc. Poly(methylhydrosiloxane) (PMHS, 
15–40 mPa s (20 ◦C)) and chlorotrimethylsilane (TMCS) were purchased 
from Shanghai Aladdin Biochemical Technology Co. Ltd. Carbon nano-
tubes (CNTs) were prepared in a fluidized bed reactor by the CVD 
method using a vermiculite-supported catalyst. Graphene (SE4532, 
single layer, thickness: ~2 nm, 100–500 m2/g) was purchased from 
Changzhou Sixth Element Materials Technology Co. Ltd. Dopamine 
hydrochloric acid (DA.HCl, 99%) and agarose (BR) were purchased from 
Shandong West Chemical Co. Ltd. Sodium tetraborate decahydrate 
(Na2B4O7

. H2O, 99.5%) was purchased from Tianjin Guangfu Technology 
Development Co. Ltd. 

Preparation of polydopamine particles (PDAP). NH3
. H2O (3.75 mL, 

25%), ethanol (60 mL, 99.7%) and deionized water (135 mL) were 
added to a 250 mL three-necked flask, and the mixture was magnetically 
stirred at temperature of 30 ◦C for 30 min. DA.HCl (0.75 g) was added to 
15 mL of deionized water, and the obtained aqueous solution was 
transferred to the previous mixture, which was magnetically stirred at 
room temperature for another 24 h. Then, PDAPs were collected by 
centrifugation and washed 3 times with deionized water. 

Fabrication of the SHEL. Fig. S4a shows the fabrication process of 
the self-healing hydrogel. PVA (2.5 g), PDAPs (0.05 g), graphene (0.15 
g), glycerin (0.5 mL, 99%) were mixed with 12.5 mL of deionized water. 
The solution was oil-bathed at 98 ◦C and magnetically stirred for 2 h to 
form a gel-like mixture. Then agarose (0.125 g), chitosan (0.125 g), and 
Na2B4O7

. H2O solution (15 ml, 0.04 M) were added directly to the gel-like 
mixture, which was then oil-bathed at 98 ◦C for another 1 h. Next, the 
mixture was put in a petri dish, cover with plastic wrap and pressed by a 
2 kg weight for 3 h to remove air bubbles from the gel and the 
conductive gel material was obtained. The material was shaped to the 
desired geometry (e.g., 20 × 20 × 3 mm3). Table 1 lists the chemical 
compositions of different self-healing hydrogels. 

Preparation of CNTs. CNTs were prepared in a fluidized bed reactor 
using a CVD method [32]. Then they were alternately washed with HCl 
and HF at 80 ◦C for 2 h to remove the catalyst and dispersed in ethanol 
(10 mg/mL) for later use. 

Fabrication of HDTL. Fig. S4b schematically illustrates the fabrica-
tion process of the CNTs/PDMS composite film. A glass piece was placed 
in a Petri dish. The TMCS was added into the dish until the glass was 
immersed. The dish was placed in a fume hood for 15 min. Then it was 

washed with deionized water and absolute ethanol, sequentially. After 
that, the dish was blown dry with compressed air. 

At room temperature, the PDMS base resin (4g) was mixed with 20 
mL chloroform for 30 min using a magnetic stirrer to dilute the PDMS. 
Then according to the mass fraction (0.005%, 0.01%, 0.02%, 0.03%, 
0.05% and 0.07%), different amounts of CNTs uniformly dispersed 
ethanol solution were added to the diluted PDMS. The mixture was 
magnetically stirred to evaporate the solvents at 75 ◦C for 2–3 h. It was 
then placed in a blast-drying oven at 80 ◦C for 1 h to ensure complete 
evaporation of the solvent. Next, the curing agent (0.4 g) was added in 
with a weight ratio of 1:10. After stirring for 15 min with a glass rod, the 
mixture was vacuumed to remove air bubbles. Then the PDMS mixture 
with a thickness of 100 μm (see Fig. S5b) was uniformly spin-coated on 
the glass at 700 rpm for 20s. Subsequently, the glass was placed in a 
blast-drying oven at 120 ◦C for 30 min to cure the film. After that, the 
film was cooled to room temperature and peeled off from the glass. 

Fabrication of the SH-TENG. The PMDS base resin and curing agent 
were mixed with a weight ratio of 10:1. The mixture was coated on a 
65.0 × 65.0 mm2 mold up to a thickness of ~2.0 mm. Then a piece of 
conductive hydrogel (60.0 × 60.0 mm2) was placed on top of the cured 
PDMS. Next, another layer of CNTs/PDMS composite film with a 
thickness of about 100 μm was coated on the hydrogel to form a device 
with a sandwich structure. To achieve a good adherence of hydrogel and 
PDMS, the composite film was coated with a hydrogel crosslinking 
agent. The crosslinking agent consisted of PDMS and PMHS. The PDMS 
base resin (2g) and curing agent (0.2g) were added with a weight ratio of 
10:1. Then, PMHS (0.1g) was mixed and stirred with a glass rod for 15 
min to make the hydrogel crosslinking agent. The schematic diagram of 
SH-TENG is shown in Fig. 4. 

Characterization. Scanning electron microscope (SEM) images were 
taken with a SU8220 scanning electron microscope (Hitachi High-tech 
Co., Ltd, Japan) to characterize the distribution of CNTs and the inter-
nal structure of hydrogels. The surfaces of the samples were sprayed 
with gold. The test voltage was 5 kV. Tensile and compression tests were 
carried out using a universal tensile tester (HD-B609A-S, Haida Inter-
national Instruments Co., Ltd, China) to characterize the mechanical 
properties and self-healing properties of the hydrogels. The speed of 
tensile tests was 50 mm/min. Based on the GB/T528 standard, the 
hydrogel samples were made into dumbbell-shaped specimens for ten-
sile tests. Fourier transform infrared spectroscopy (FTIR) was conducted 
on a Bruker Tensor 27 spectrophotometer (Bruker Optics Co. Ltd, Ger-
many) to analyze the spectra of the hydrogels. The photothermal effect 
of PDAPs was tested with an Infrared Thermal Imager (Fotric 225s, 
Shanghai Reimage Technology Co., Ltd, China) under the NIR laser of 

Fig. 4. The picture of SH-TENG attached to the back of a human hand, and the schematics of the working principle.  
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808 nm light. The dielectric constant and loss tangent were measured 
with an impedance analyzer (4285A, Agilent Technology Co., Ltd, USA) 
to characterize the dielectric properties of the materials. The test fre-
quency was kept 1 MHz. The thickness of the CNTs/PDMS films was 
measured by a 3D Profilometer (Nanomap-D, Aep Technology Inc., 
USA). Each of the same samples was repeated more than 3 times. 

For the self-healing tests of conductive hydrogels, the self-healing 
properties were manifested by the self-healing efficiency defined by 
Eq. (1). 

For conductivity tests, the hydrogels were pressed into a 30 × 20 × 5 

mm3 block. Copper foils were attached to both ends of the block. The 
relative resistance of the hydrogel was calculated by measuring the 
resistance between the copper foils by a multimeter. The conductivity of 
hydrogels was calculated as follows: 

k =
1
ρ =

1
R

×
L
S

(5)  

Where k represents conductivity, ρ represents resistivity, and R, L and S 
represent the resistance, the length and the cross-sectional area of 

Fig. 5. Schematic of the self-healing mechanism of the SH-TENG. a) Schematic illustration of the PVA hydrogel self-healing mechanism - breaking and reforming of 
hydrogen bonding. b) The pictures showing as prepared, breakage and healing of SH-TENG samples. c) The electrical output performance (Voc and Qsc) of SH-TENG 
(2.5 × 2.5 cm2) before mechanical damage and after healing. d) The picture of the SH-TENG lighting 37 LEDs. 
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conductive hydrogel samples, respectively. 
The electrical performance of HDTL was obtained using an electrical 

property test platform in contact separation mode. The driving fre-
quency was 8 Hz and the maximum separation was 10 mm, as shown in 
Fig. S5a. The values of Voc and Qsc were measured by a programmable 
electrometer (Keithley 6514). The structure of TENG is consisted of two 
plates (25 × 25 mm2), with an acrylic plate as the substrate material. On 
one substrate copper foil was attached to the surface as an electrode, 
which was also as one of the triboelectric layers. The other copper foil, as 
an electrode, was sandwiched between the substrate and the CNTs/ 
PDMS film. Copper foils were connected to the two terminals of Keithley 
6514 to form a test circuit, as shown in Figure S5c (I). 

The electrical output performance of SH-TENG was tested in single 
electrode mode. The SH-TENG was attached to an acrylic substrate. 
Copper foil was connected to the hydrogel-TENG to produce electrical 
signals. Copper foil was also used as another contact material. In the 
quantitative test, the copper foil was connected to one terminal of a 
Keithley 6514, and the other terminal of Keithley 6514 was connected to 
the ground terminal of the socket to form a test circuit, as shown in 
Figure S5c (II). 
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