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Abstract 

Thin, transparent, and robust self-healing electronic skins (e-skins) enable 

multifunction in wearable electronics, flexible displays and soft robotics. However, 

developing healable e-skins that can simultaneously attain sufficient flexibility, 

high transparency and stable operation is still a challenge. Here, we report an 

ultrathin, highly transparent and robust self-healing e-skin by introducing an 
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amorphous microphase-separated elastomer, with self-powered tactile and non-

contact sensing functions. The 3-μm-thick e-skin exhibits a reduction of two orders 

of magnitude in thickness compared with previous self-healing devices, while 

exhibiting a high transparency of over 92% in visible wavelength. The excellent 

conformability of the e-skin enables seamless attachment onto human skin and 

generation of electrical signals for energy harvesting and active sensing based on 

the coupling effect of contact electrification and electrostatic induction. Moreover, 

the ultrathin e-skin is extremely robust, maintaining the identical electrical output 

performance after 45,000 bending tests and over 146,000 operational cycles. We 

finally demonstrate the non-contact control of a smart phone with this 

multifunctional e-skin as self-powered active sensor, providing a unique future for 

human-machine interactions. 

 

Keywords  

flexible electronics, self-healing, ultrathin, electronic skins, triboelectric 

nanogenerators 

 

Introduction 

Flexible electronic skins (e-skins) with conformable, transparent and self-healable 

features enable multifunctional applications in wearable devices, soft robotics and 

human-machine interfaces
1-5

. Conformability has been introduced to thin-film 

electronics by greatly reducing the device thickness, which enables superior 

deformation on the targeted surfaces without restriction of the movements and 

deterioration of performance. Examples include epidermal electronics, ultrathin 

films and nanomesh structures that could be directly laminated on to the surface of 
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the skin with thickness of a few micrometers
6-8

. Transparency provides visual 

transmission of information that is indispensable for optoelectronics such as 

electroluminescent devices, biomedical imaging and displays
9, 10

. Self-healing 

ability allows an e-skin to recover its critical functionality after mechanical damage, 

like human skin, guaranteeing highly sustainable and durable operations
3, 11-13

. 

Next-generation robust electronics with such synthetic features are multifunctional 

or even smart, offering new opportunities in a diverse range of research fields and 

real-world settings, such as energy, sensing and healthcare.   

Very recently, advances have been made in healable soft electronics by 

creating conductive pathways in dielectric hydrogel or polymer matrix. Repeatedly 

self-healing devices with considerable electrical performance, mechanical 

flexibility, biocompatibility, and transparency have been successfully demonstrated, 

including optoeletronics
10

, sensors
14

, e-skins
15, 16

 and energy devices
17, 18

. However, 

it is still challenging to develop efficient healable soft electronics that can 

simultaneously attain sufficiently low thickness with high flexibility, high 

transparency and stable operation. Most of the reported devices require a mold to 

encapsulate the liquid ionic conductor or hydrogel from leakage, which results in 

large device thickness (500 μm to several millimetres) and encapsulation problems 

under mechanical operation; some of the self-healing materials are inherently 

opaque; others using opaque electrodes like silver flakes, liquid metal or carbon 

based conductive materials that will dramatically decrease the transmittance. 

Consequently, self-healing e-skins that are thin, transparent and robust to realize a 

multifunctional platform are yet to be developed. For instance, a self-healable 

silver nanowire/polymer matrix composite has been developed with autonomously 

healability and a device thickness of 500 μm, but nearly no transparency
19

.    
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Here, we report an ultrathin (a few micrometers), highly transparent (>92%) 

and robust self-healing e-skin for tactile and non-contact sensing based on 

amorphous microphase-separated elastomers. Homogeneous control of the 

elastomer by locking soft dynamic bonds in stiff polymer matrix enables fast self-

healing, nearly 100% transparency and excellent mechanical properties. Benefiting 

from the amorphous microphase-separated materials design, facile control of 

freestanding ultrathin e-skins with thickness down to a few micrometers is 

achieved by embedding transparent conductive polymers in the elastomers. The 

combination of ultrathin device configuration, high transparency, excellent self-

healing property and high mechanical flexibility enables the elastomers to be 

multifunctional platforms in the design of conformable soft materials for 

applications in soft robotics, human-machine interface and wearable electronics. 

To highlight the potential applications of this ultrathin film, we demonstrate a 

conformable triboelectric device that generates voltages of up to 26 V with human 

body motion through coupling effect of contact electrification and electrostatic 

induction. The 3-μm-thick self-healing e-skin is extremely robust, maintaining its 

identical electrical output performance after 45,000 bending tests at a radius of 0.5 

mm and over 146,000 operational cycles. For the first time, we realize non-contact 

control of a smart phone with this self-healing and transparent e-skin, which 

especially provides a unique future for smart human-machine interactions. 

 

Experimental section 

Materials. Polytetramethylene ether glycol (PTMEG 1000) was purchased 

from Invista. Hydrogenated 4,4’-methylenediphenyl diisocyanate (HMDI) was 

purchased from Coverstro. Bis(2-hydroxyethyl) disulfide (HEDS, tech. 90 %) was 

purchased from Alfa Aesar. The catalyst dibutyltin dilaurate (DBTDL, tech. 
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97.5 %), the solvent N, N-dimethylacetamide (DMAc) and 1,6-hexanediol (HDO) 

were purchased from J&K Chemical Ltd. PEDOT:PSS was purchased from 

Heraeus. Polystyrene nanospheres with a diameter of 360 nm (5 wt%) was 

purchased from Suzhou Nano Micro Technology Co., Ltd. Materials synthesis was 

based on our previous report
19

. For prepolymer, PTMEG was first heated at 120 °C 

under vacuum for 2 h until melted to remove the moisture and then reacted with 

two equivalents of HMDI in the presence of the catalyst (DBTDL). Next, HEDS as 

a chain extender and DMAc as the solvent were added to the system to complete 

the synthesis. In addition, a blank control sample was obtained by adding HDO to 

the prepolymer instead of HEDS.  

Characterization. Tensile testing was carried out by a universal tensile 

machine. The specimens were cut into a small dumbbell shape with a thickness of 

approximately 0.5 to 0.8 mm. All the tensile tests were performed under the 

following conditions: a strain rate of 100 mm/min, a gauge length of 4 mm, room 

temperature (approximately 25 °C) and a humidity of 60 ± 3 %. The average of the 

results of five individual tensile tests was recorded for each sample. Differential 

scanning calorimetry (TA Q200) was used to characterize the film thermal 

properties and was performed from -150 °C to 180 °C at a 20 °C·min
-1

 heating rate 

under nitrogen flow. Thermogravimetric analysis experiments were performed on a 

PE8000 instrument at a linear heating rate of 20 °C·min
-1

 from 30 to 800 °C under 

air atmosphere. The first-stage degradation temperatures of the samples are 

approximately 300 °C. The surface morphologies of the samples on 

microsubstrates were measured by tapping-mode atomic force microscopy (AFM, 

Bruker multimode 8) using tapping MPP-rotated cantilevers with silicon probes 

(name: RTESP, order MPP-11120-10, 40 N/m, 300 kHz, rotated tip). To measure 

the topography and roughness of the copolymer layer, the amplitude set point was 

adjusted above 250 mV, and both the AFM height and phase images were 
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collected simultaneously. To evaluate the self-healing ability of the sample bars, 

specimens were completely cut in half in air. Then, the two pieces of the elastomer 

samples were manually merged and heated at 70 °C using an oven for a preset time 

(3 h, 6 h, 12 h, or 24 h). During the self-healing process, no external stress was 

applied to the interface. The healed samples were again subjected to tensile tests. 

The tensile test conditions were the same as those mentioned above. Polarized 

optical microscopy (POM) images of the self-healing process of the samples were 

obtained by an Olympus (BX51) optical microscope equipped with a Canon 40 D 

camera system. A Linkam (THMS600E) hot stage was used to control the 

temperature. Scratched (by one side blade) elastomer films were placed on a 

heating stage (Linkam) at 70 °C, and optical microscopy was used to monitor the 

self-healing process. Raman spectra (LabRAM HR Evolution) of the synthesized 

samples were recorded on a microscope using a laser excitation wavelength of 532 

nm. The spectra were generally collected over a spectral range from 1600 to 50 cm
-

1
. The integration time was 20 s, and the accumulation number was 2. 

Transparency tests were carried out by a SHIMADZU UV-2600 ultraviolet 

spectrophotometer with an integrating sphere attachment. Spectra were generally 

collected over a spectral range from 520 nm to 580 nm, and the scanning speed 

was medium mode. 

Device fabrication and measurement. A silicon wafer was treated by 

plasma for hydrophilic surface and elastomer solution was spin-coated onto the 

wafer subsequently with different speed. 1 wt% Triton and 5 wt% DMSO were 

added into PEDOT:PSS solution and heated at 115 °C for 30 min to enhance the 

conductivity as well as decrease the surface energy. The conducting polymer was 

further coated on the elastomer film and transferred into a vacuum oven for 30 min 

at 115 °C. A second layer of elastomer was coated onto the PEDOT:PSS/elastomer 

sample to finalize the sandwiched device structure. The elastomers were cured at 
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60 °C in the oven under vacuum for at least 5 h. Monolayer polystyrene 

nanospheres with a diameter of 360 nm were self-assembled on water surface by 

dipping a drop of the ethanol diluted dispersions (2.5 wt%) onto a plasma treated 

silicon wafer floating on water. The nanospheres were then loaded onto the 

elastomer through a lifting process, followed by a natural water evaporation 

process in the ambient
20, 21

. A linear motor (LinMot E1100) was used to provide 

the input of mechanical motions. The force applied by the motor was detected by a 

LabQuest Mini force gauge (Vernier). The electrical output parameters of the 

TENGs were collected by a programmable electrometer (Keithley 6514) and 

recorded by a software written in LabVIEW. 

 

Results and discussion 

Design of the highly transparent, robust and self-healing thermoplastic 

elastomers. The self-healing elastomers consists of homogeneously separated stiff 

and soft components in microphases (Figure 1a). Polytetramethylene ether glycol 

(PTMEG) was used as the stable and inert soft segments to construct a 

mechanically elastic matrix. Hydrogenated 4,4 ′-methylenediphenyl diisocyanate 

(HMDI) and aliphatic disulfide bis(2-hydroxyethyl) disulfide (HEDS) were used as 

the active stiff segment to conduct self-healing function through the dynamic 

aliphatic disulfide bonding interactions. The elastomer exhibits excellent 

mechanical properties below the glass transition temperature (Tg) with the dynamic 

bonds locked in the stiff segments by microphase separation controlling, which is a 

“stiff phase locking” design. The self-healing process could be activated upon heat 

stimuli at temperatures above the Tg, as a result of dynamic disulfide bond 

exchange and strong hydrogen bonding interactions between the interfaces of 
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physically contacted elastomers (Figure 1b). Previous self-healing polymers based 

on disulfide bond exchange reactions usually contain high amounts of aromatic 

sulfide compounds, which result in yellowish color and decreased transparency, to 

achieve a fast healing rate
18

. The combination of using the aliphatic disulfide 

compounds (below 8 wt%) and the alicyclic isocyanates with high steric hindrance 

in this work allows for neutral transparent materials. The irregular packing of the 

molecular chains and strong hydrogen bonding in the stiff segments induce an 

amorphous micro-phase separation in the elastomer, which is the origin of the high 

optical transparency and facile film fabrication. As shown in Figure 1c and Figure 

1d, samples with different thicknesses from 3 to 100 μm are all exhibiting 

exceptional transmittance of over 99.5% in the visible wavelength range (400-800 

nm), which is highly desirable for optical applications. The amorphous microphase 

separation of stiff segments and soft segments enables the fabrication of 

freestanding ultrathin film with thickness down to a few micrometers, as well as 

excellent mechanical properties and surface morphology (Figure 1e). The 

extremely high light transparency, ultrathin thickness, ultralight weight and easy 

manipulation properties of this self-healing elastomer film possess great potential 

in flexible electronics. 

 

Materials characterization and self-healing ability. Figure 2a shows the 

aggregation of the soft segments (dark areas) and stiff segments (bright areas), 

which clearly exhibits a uniformly nanoscale phase separation. Upon external 

mechanical strain or stress, the soft segments can absorb the energy and 

deformation, thus exhibiting excellent stretchability. The stiff segments containing 

dynamic disulfide bonds are located in the soft phase matrix, and the molecular 

chain is fixed below Tg to maintain the mechanical toughness of the elastomer. 
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While keeping the amount of soft phase consistent, changing the ratio of dynamic 

disulfide bonds greatly influences Tg of the elastomer. As shown in Table S1, the 

Tg of the elastomers is able to be well tuned from 12.5 
o
C to 56.2 

o
C with the bond 

ratios increased from 0 to 9%. Meanwhile, the toughness of the elastomer is also 

increased with the amount of disulfide bonds, as a result of more stiff segments 

(Figure S1). The Fourier transform infrared spectra (FTIR) (Figure S2 and Table 

S2) and nuclear magnetic resonance (NMR) (Figure S3) are shown in the 

Supporting Information. The trade-off between the tensile strain limit and 

mechanical toughness can be further controlled through varying the ratio of the 

hard segments and the soft segment to fit the demands. As shown in Figure 2b and 

Figure 2c, the elastomer is highly stretchable, and a sample with a disulfide bond 

ratio of 3% is able to be stretched to 27 times the original length, which is among 

the best values reported
22

. To investigate the self-healing property of the elastomer, 

2-mm-thick films with different ratios of disulfide bonds were fully cut through 

and healed at 50 
o
C in an oven. Repeatable self-healing tests show that the 

mechanical properties can be gradually recovered with the increased treating time, 

and 90% the mechanical strength is able to be recovered after 24 h for all the 

samples (Figure 2b and Figure S4). While the ratio of disulfide bonds greatly 

affects the initial healing rate, based on which the sample with a ratio of 8 wt% is 

the best and utilized for device fabrication in the following experiments. As shown 

in the optical microscopic images in Figure 2d, a cut on the film is visually 

completely healed without any trace of damage after healing at 50 
o
C for 5 min, 

indicating the fast healability of the elastomer. The interactions of disulfide content 

and hydrogen bonding heal individual interfaces as well as fresh wounds. The 

transmittances of the elastomer are nearly identical before and after healing (Figure 

S5).  Two pieces of different elastomers were further colored in pink and blue, 

respectively, and treated in the same way as the previous samples. The as-healed 
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sample also exhibits similar elastic properties, being able to be stretched or bent 

(Figure 2e).   

 

Ultrathin, transparent triboelectric skin. Among various of flexible 

electronic technologies, triboelectric nanogenerators (TENGs) that can convert 

mechanical energy into electricity based on coupling effects of contact 

electrification and electrostatic induction have emerged as promising energy 

harvesters
23-29

 and self-powered active sensors
30-36

. The merits of TENGs include 

low cost, diverse material option, feasible fabrication, high power output at low 

frequencies and the ability to harvest random mechanical energy. Although the 

materials choices and structural designs of TENGs are quite universal to 

manufacture robust devices, mechanical damage is unavoidable during operation. 

Transparency is required in human-machine interfaces that combine sensing and 

displays. Multifunctional TENGs based on self-healing and transparent materials 

are thus highly desirable. 

Figure 3a demonstrates the conformable attachment of the ultrathin 

triboelectric skin on a wrist. The device is composed of the self-healing elastomer 

as triboelectric layer and transparent conducting polymer, poly(3,4-

ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS). As shown in 

Figure 3b, the purchased polystyrene nanospheres with diameters of 360 nm were 

diluted 1:1 (in volume) with ethanol and injected slowly onto water surface to form 

a monolayer. The elastomer-coated substrate placed under the water in advance 

was lifted above the wafer surface slowly to land the polystyrene monolayer on it; 

afterwards the wafer was placed open to the air for water evaporation. PEDOT:PSS 

was further spin-coated onto the nanosphere, so that the nanosphere could be 

sandwiched between the elastomer and the conducting polymer to enhance 
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sensitivity under mechanical deformation. PEDOT:PSS of ~200 nm is applied in 

this structure considering the trade-off between the transmittance and conductivity 

(Figure S6). The as-fabricated ultrathin TENG exhibits a high average 

transparency of over 92% before and after healing in the visible wavelength range 

(400-800 nm) with a total device thickness of around 3-μm-thick (Figure 3c). The 

ultrathin configuration of this devices represents a reduction of thickness for more 

than two orders of magnitude compared with the best value achieved in previous 

self-healing TENGs (Table S2), which greatly improves the flexibility and reduces 

the total volume and weight, while maintaining a state-of-the-art transparency.   

To characterize the performance of the ultrathin TENG, 

polytetrafluoroethylene (PTFE), one of the mostly investigated triboelectric materials 

with strong electron affinity, is selected as the standard contact dielectric material for 

reference (Figure S7). The inset of Figure 3d illustrates the device structure of a 

TENG in contact-separation mode, where spin-coated conductive PEDOT:PSS 

layer is sandwiched between the elastomers and PTFE as electrode. The device 

generates alternating voltage and current outputs upon contact-separation process 

with the coupling effects of contact electrification and electrostatic induction. Due 

to the strong electron affinity of PTFE, it will be negatively charged when 

contacting with the elastomer, as a result of charge transfer or electron injection 

from the later. After separation of the two materials, positive charges remain on the 

elastomer, inducing a layer of excessive negative charges in the PEDOT:PSS. 

Electrons will flow back and forth through external circuit to achieve potential 

equilibrium with the variation of the separation distance, resulting in an alternating 

current.   

Typical output voltage, short-circuit current density and charge density of 

the ultrathin TENG were characterized in a constant contact-separation condition 
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controlled by a liner motor and shown in Figure 3d and Figure S8 (force, 5 N; 

frequency, 1 Hz; active area, 2 cm × 2 cm; separation distance, 10 cm). The device 

generated an open-circuited voltage of ≈26 V, a current density of ≈200 nA/cm
2
 

and a charge density of ≈12 nC/cm
2
, demonstrating the ability as an energy 

harvester. The maximum peak value of the output power is 965 nW/cm
2
 at an 

external loading of 20 MΩ (Figure S9). Such an ultrathin design greatly improves 

the mechanical durability of the device. It exhibits almost no performance decay 

after 45,000 bending cycles at a bending radius of 0.5 mm (Figure 3e). The slight 

difference in generated signals is caused by the different samples and setup, while 

the values of voltages are still consistent. This ultrathin TENG also shows 

extremely high operational stability, maintaining identical electrical output after 

146,000 cycles’ contact-separation operation conducted by a linear motor (Figure 

3f and Figure S10). The excellent mechanical properties of the device are 

attributed to the ultrathin design as well as the intrinsic robustness of the elastomer. 

Electrical outputs of the ultrathin TENG before mechanical damage and 

after healing are shown in Figure 3g. The film attached on a flat stage was 

completely cut and subsequently attached and healed for 5 min with the hot airflow 

from a normal hair dryer. The dynamically exchange of the disulfide bonds at the 

interface eventually heals the wound and connects the conductive polymer tightly, 

hence recovering the film conductivity. The nearly identical voltages demonstrate 

the fast healability of the electrical performance in device level. The resistance of 

the film was decreased dramatically to 2.7 × 10
9
 Ω at the cut, and gradually 

recovered back to the original value of ~1.1 × 10
9
 Ω after healing for ~5 min, 

which verifies the resistance recovery of the electrode (Figure S11) One of the 

major parameters to determine the degree of the charge density between two given 
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materials is the effective contact area, which is dominated by the applied force and 

the surface condition. Figure 3h depicts the relationship between the generated 

voltages and the applied forces on the TENG. The voltages of device without 

nanospheres quickly increase from 26.5 V to 30.8 V at first touch to 15 N force. 

While the nanosphere-based TENG exhibits much slower saturation rate from 14.5 

V to 32.12 V, indicating the much higher sensitivity induced by the nanostructures. 

It can be clearly seen that both the fitting results of the voltage response could be 

divided into two regions based on different sensitivity in Figure 3h. For the device 

without nanospheres, the sensitivity in region I was 2.01 V/N, much higher than 

that of 0.11 V/N in region II. While for the device without nanospheres, the 

sensitivities in region I and II were 2.66 V/N and 0.30 V/N, respectively. The 

function of the nanosphere is to increase the sensitivity by creating more space 

during the contact-separation process. Compared to two flat surfaces, the the 

nanosphere-sandwiched surfaces undergo larger mechanical deformation at certain 

pressure before saturation, thus it can enhance the touching sensitivity
37, 38

. This 

voltage-force relationship makes the TENG not only an energy harvester, but also 

a self-powered tactile sensor. Furthermore, the electrostatic induction between two 

charged surfaces generates distance-dependent varying voltages. As shown in 

Figure 3i, the output voltage is shown to be inversely connected with the distance 

of the two charged objects, which is surface structure independent, differing from 

the contact-separation mode. This voltage-distance relationship enables the 

realization of a smart, non-touch and self-powered active sensor that can 

conformably laminated onto human skin. As a demonstration, the ultrathin 

triboelectric skin attached on a finger is able to actively induce voltages by 

approaching a piece of a paper at varying distance without contacts (Figure S12 

and Video S1). 
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Non-contact gesture control smart system. Screens are broadly applied in 

daily used electronic devices as displays and human-machine interactive medium, 

especially for computers and smart mobile phones. Although there are screen 

protectors capable of self-healing scratches, no connection with the function of the 

mobile phone has ever been built. Herein, based on the multifunctional 

triboelectric skin, we develop an intelligent non-contact gesture control system on 

a mobile phone screen to demonstrate their potential applications in smart human-

machine interaction (Figure 4). The schematic example of applications and process 

flow in Figure 4a summarize the overall system operation, which includes real-

time signal acquisition, data processing and software decision. As human body is 

usually charged in daily life, a gentle wave of the hand above the ultrathin 

triboelectric skin that attached onto the screen can generate induced voltage signals 

at certain distance (Figure S13, Video S2 and Video 3). As shown in Figure 3i, the 

sensing voltages are subject to the distance of the approaching objects, thus 

decisions can be made on whether to activate the functions in the predesigned 

applications on the phone by setting the voltage threshold at a specific range. For 

the feasibility of demonstration, the ultrathin and transparent triboelectric skin is 

directly laminated onto a normal plastic screen protector and then attached the 

protector on the screen of a mobile phone, with negligible decrease of the display 

quality (Figure 4b). Waving hand at distances above the screen from ~1 cm to ~10 

cm generates voltages from ~0.11 V to 0.08 V, respectively, which is consistent 

with the aforementioned results (Figure S14 and Video S4). A fully recovered 

signal was measured before the most common seen film scratching and after the 

healing with a normal electric hair drier in 2 min (Figure 4c and Video S5). A 

wave of hand above the smart skin at certain distance will induce a voltage 

captured by the external circuit, which is composed of a logic module, a data 

processing module, a control and collect module, and data communication module. 
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Once the generated voltage falls between the activation voltage threshold, the 

circuited will be activated and send a signal to the predesigned software 

application that has been installed on the smartphone as the executive program 

(Figure S15). After processing the induced signal, smart control of the cellphone 

such as answering and hanging up a phone call with noncontact gesture has been 

successfully achieved on both screen and human skin (Figure 4d and Figure 4e, 

Video S6 and Video S7). This, to our knowledge, is the first non-contact control of 

a smart phone with self-healing and transparent devices directly assembled on the 

screen and on-skin. More sophisticated non-touch control can be realized in the 

future through proper task assignment and region segmentation, which will be 

promising for convenient hand-free control and multifunctional human-device 

interaction. 

 

Conclusion 

In conclusion, we have developed an ultrathin self-healing triboelectric skin that 

exhibits excellent flexibility, high transparency, and extreme robustness. The 

amorphous microphase separation of the stiff segments and soft segments induced 

by the irregular molecular chains and strong hydrogen bonding significantly 

improve the transparency and mechanical properties of the elastomer. Combination 

of such elastomer with highly transparent and conductive polymer electrode 

enables the fabrication of ultrathin triboelectric device that is able to be 

conformably attached onto human skin for body motion energy harvesting and 

self-powered sensing. We demonstrate the application of such multifunctional 

electronic skins on a smart phone, serving as self-powered active sensor and non-

touch smart control medium. This work can provide unique and robust electronics 

for soft robotics, human-machine interactions and flexible displays.  
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Figure 1 | Design of the highly transparent, robust and self-healing 

thermoplastic elastomers. a, Schematic illustration and molecular structures of 

the self-healing elastomers. b, The elastomers self-heal via dynamic disulfides and 

strong hydrogen bonding interactions above the glass transition temperature (Tg). c, 

Transmittance spectra of the elastomers with different film thickness. d, 

Photograph and e, cross-sectional scanning electron microscopy (SEM) image of a 

3-μm-thick elastomer film. 

 

Figure 2 

 

Figure 2 | Characterization and healing behaviors. a, Atomic force microscopy 

(AFM) images of the elastomers. b, Strain-stress curves of the elastomers with a 

disulfide bond ratio of 8% before cut and after healing for varying time at 50 
o
C. c, 

Photographs of the elastomer with a disulfide bond ratio of 3% being stretched at 0% 

and 2600% strain. d, Optical images of a 2-mm-thick elastomer before cutting (top) 

and after healing (bottom) at 50 
o
C for 5 min. The top of the film is marked by ink. 

e, Photographs of two different pieces of elastomers colored in pink and blue being 

stretched and bent after healing.  

  

Jo
ur

na
l P

re
-p

ro
of



23 

 

Figure 3 

 

Figure 3 | Design, optical and electrical characteristics of the ultrathin, highly 

transparent and self-healing triboelectric nanogenerators (TENGs). a, 

Photograph of the triboelectric skin attached on a wrist. Inset is a magnified image 

of the device perfectly fitted onto the wrinkles of the wrist. b, Cross-sectional SEM 

image of the ultrathin TENG with polystyrene nanospheres (diameter, 360 nm) 

embed between elastomer layer and PEDOT:PSS to enhance the tactile sensitivity. 

Inset is a SEM image of the nanosphere without covering. Scale bar: 500 nm. c, 

Transmittance spectra of a 3-μm-thick TENG before and after healing. An average 

transmittance over 92% is recorded in the visible range (400-800 nm). Inset is a 

photograph of the device on a printed color panel. d, Voltage of the TENG 

working in a contact-separation mode with PTFE/Cu, driven by a linear motor 

(area: 4 cm
2
; frequency: 1 Hz; force: 5 N). Inset is schematic diagram and working 

principle of the TENG, where self-healing elastomer is used as the triboelectric 

layer and PEDOT:PSS is used as the current collector. e. Bending results of the 

TENG at a radius of 0.5 mm. f, Operational stability test of the TENG during over 
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146,000 cycles. g, The output voltages of the TENG before mechanical damage 

and after healing. h, The influence of the mechanical force on the output voltages 

of the TENGs with and without nanosphere. i, Generated voltages to the separation 

distance, as a result of electrostatic induction.    

 

Figure 4 
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Figure 4 | Non-contact gesture control application. a, Schematic drawing and 

process flow of the non-touch gesture control system. b, Photographs of the 

ultrathin TENG on a screen protector before and after attached onto a mobile 

phone. c, Induced voltage signals from the screen the before scratch and after 

healing, by waving hand with glove above the screen at a distance of ~2 cm. d, 

Waving hand above the screen at a phone call and e, answering the phone call after 

the waving.  
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An ultrathin, highly transparent and robust self-healing e-skin for self-powered 

tactile and non-contact sensing based on elastomers and conducting polymers has 

been developed. 
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Highlights 

 Homogeneous control of an amorphous elastomer by locking 

soft dynamic bonds in stiff polymer matrix enables fast self-

healing materials with nearly 100% transparency and 

excellent mechanical properties. 

 The 3-μm-thick self-healing e-skin is highly flexible and 

extremely robust, which can be easily conformed onto the 
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curvature of human skins and maintain the identical 

electrical output performance after 45, 000 bending tests at a 

radius of 0.5 mm and over 146, 000 operational cycles.  

 A conformable triboelectric device based on the e-skin can 

generate voltages of up to 26 V with human body motion 

through coupling effect of contact electrification and 

electrostatic induction, which can be used for bioenergy 

harvesting and self-powered sensing. 

 For the first time, we demonstrate the non-contact gesture 

control of a smart phone with the self-healing, transparent 

and self-powered e-skin, providing a new prospect for smart 

human-machine interactions.  
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