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A B S T R A C T   

Rapid development of wearable electronic devices stimulates various requirements for power supply devices, 
such as sustainability, maintenance-free and stretchability. Herein, we fabricate a flexible and self-powered 
electronic skin (e-skin) based on an ultra-stretchable triboelectric nanogenerator (STENG) by multilayered 
thermoplastic polyurethane (TPU)/silver nanowires (AgNWs)/reduced graphene oxide (rGO). Due to the ultra- 
stretchable property of the TPU fibrous mats and the synergistic effect of the multilayered AgNWs/rGO micro-
structure, our e-skin demonstrates excellent stability and high stretchability (200% strain). The e-skin (2 � 2 
cm2) delivers a high open-circuit voltage (202.4 V) and a large instantaneous power density (6 mW/m2), which 
can be used as an efficient energy supply device. Whereas, our e-skin possesses a high sensitivity (78.4 kPa� 1) 
and a fast response time (1.4 ms) towards pressure, demonstrating its excellent tactile sensing capability. On the 
basis of the excellent performances, the e-skin can sense strength and trajectory of motion of the mechanical 
stimulus, clear and accurate results have been obtained. The results provide a new and practical strategy for 
fabricating STENG based high performance and self-powered e-skin for soft robots, human-machine interaction 
and internet of things.   

1. Introduction 

Intelligent wearable electronic devices have been developed rapidly 
owing to its wide prospects in movement monitoring, internet of things 
and human-machine interaction, etc [1–7]. Wearable electronic skin 
(e-skin) is widely concerned because of their large stretchability, high 
sensitivity and excellent skin affinity [8–12]. In previous reports, e-skins 
usually require a power connection or a battery to provide power, which 
severely limits the applicability and life span of e-skins, and raises 
maintenance and recharging costs more or less [13–15]. To improve the 
wearable comfort of e-skins, the energy supply devices of e-skins should 
be stretchable, which can fit tightly to human skin and deform following 
the body motions [16]. Therefore, stretchable, sustainable, lightweight 
and environmentally friendly power supplies remain a key issue for 
e-skins [17–19]. In order to satisfy the requirements of next-generation 

e-skin, highly sensitive, ultra-stretchable, comfortable and self-powered 
sensing system is urgently needed [20]. 

In recent years, triboelectric nanogenerator (TENG), which works by 
contact electrification and electrostatic induction [21–27], has been 
proved to have excellent performance in various energies harvesting and 
signal collection [28–33]. The TENG possesses the advantages of light 
weight and is simple in structure; energy generated by low-frequency 
movement of human body can also be collected by TENG, which pro-
vides a new solution for energy supply of e-skin [34]. TENG can also 
serve as a fast response, highly sensitive self-powered sensor that could 
convert mechanical signals into electrical signals efficiently [35]. A wide 
range of materials can be applied to fabricate TENG as triboelectric layer 
(such as various flexible polymers) and electrode (such as hydrogel, 
metal), which greatly expands its potential applications. To meet the 
new demand for e-skins, it is undoubtedly appealing and necessary to 
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empower wearable devices with the capabilities of energy-harvesting 
and sensing in terms of realizing self-powered devices [36]. 

As a new generation of e-skin, stretchability is crucial [37–40]. 
Stretchable TENG (STENG) based e-skin has been used as wearable 
power supplies and self-powered sensors, such as motion monitor, res-
piratory sensors and touch sensors [41–47]. In previous reports, STENG 
based e-skins were primarily composed of flexible polymers due to their 
high elongation at break (strain>100%), such as polydimethylsiloxane 
(PDMS) and Eco-flex [48,49]. While airtight PDMS STENG based e-skins 
are hydrophobic and air proof, which may cause discomfort and irrita-
tion for the human skin in long-term use [50]. Recently, the stretchable 
fibrous mats prepared by the electrospinning with porosity, breath-
ability and large surface area, has shown great advantages in wearable 
comfort and triboelectric properties [51–53]. 

On the other hand, electrode materials with stretchable properties 
are also important for fabricating STENG [54]. Highly stretchable 
conductive hydrogel with added ions or conductive materials are widely 
used as stretchable electrodes for STENG [55]. However, hydrogels al-
ways lose their stability and conductivity because of the dehydration 
phenomenon over time. Silver nanowires (AgNWs) have been consid-
ered as ideal conductive layers for STENG based e-skin on the basis of 
their controllable nanostructures, large aspect ratio, outstanding elec-
trical properties and mechanical properties [56]. Despite these efforts, 
roadblocks still exist in developing the ideal conductive layers of STENG 
based e-skins with excellent charge transfer performance, even for the 
most promising AgNWs. AgNWs will slip to each other under a large 
mechanical deformation, the STENG based e-skins thus tend to suffer 
from considerable electrical output variation (instability), which limits 

its wide application. To address this instability and strengthen the 
connection between AgNWs, it is necessary to introduce another 
conductive nanomaterial into the AgNWs conductive network. The 
two-dimensional reduced graphene oxide (rGO) sheets have high con-
ductivity and large specific surface area, which can be used to build an 
excellent conductive network. Due to the ultrathin structure (about 0.8 
nm) of rGO (Fig. S1), it could reduce the thickness and improves the 
flexibility of the conductive layer. 

In this work, we prepared a highly stretchable TENG based e-skin 
with designed multilayered flexible fibrous mats and AgNWs/rGO syn-
ergic conductive network. The rGO was used to construct a synergic 
conductive network with AgNWs to prepare stretchable electrodes for 
the STENG based e-skin. Thermoplastic polyurethane (TPU) was 
selected as the triboelectric and protection layers on the basis of its 
strong electronegativity and excellent flexibility. The TPU fibrous mats 
with high stretchability, breathability and light mass were fabricated by 
electrospinning. rGO and AgNWs were sprayed on the TPU mats layer by 
layer during the electrospinning to construct stable conductive paths 
separately. The open-circuit voltage, instantaneous power density, 
sensitivity and response time towards pressure of the STENG based e- 
skin (2 � 2 cm2) were measured to evaluate the sensing performances. 
The tactile sensing behaviors in self-powered manner were also inves-
tigated. Results show that our e-skin could maintain stable output and 
sensing performance even if it was stretched to a very large deformation 
(200% strain). Furthermore, an e-skin array (5 � 5) was assembled for 
touch sensing test on the basis of its excellent stretchability, light weight 
and high sensitivity, showing broad applications in human-machine 
interaction and soft robots. 

Fig. 1. TEM images of AgNWs (a) and rGO (b). (c) The preparation process and equipment diagram for fabricating e-skin. (d) The forming process of e-skin with rGO 
and AgNWs as conductive fillers. (e) The schematic structure of our STENG based e-skin. (f) Real photograph of e-skin on a finger. 
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2. Experimental section 

2.1. Fabrication of the AgNWs 

AgNWs were prepared by reducing silver nitrate (Sinopharm 
Chemical Reagent Co., Ltd., China.) in ethylene glycol (EG, Fuyu Fine 
Chemical Co. Ltd, Tianjin, China) with the addition of poly-
vinylpyrrolidone (PVP, BASF Co. Ltd.). Firstly, AgNO3 (204 mg) and PVP 
(399.6 mg) were added into EG (20 mL) simultaneously in a flask, the 
solution was evenly dispersed in a dark environment. Sodium chloride 
(NaCl, Zhiyuan Reagent Co. Ltd., Tianjin, China.) solution with 0.1 M in 
EG was configured, then it (10 μL) was added into the flask. Finally, the 
flask was heated to 170 �C, 1 h later, AgNWs would be synthesized. To 
remove PVP and EG, the solution was washed by ethanol for three times. 

2.2. Fabrication of rGO and AgNWs hybrid particles (GAHP) 

5 mg rGO (Suzhou TanFeng Graphene Science and Technology Co. 
Ltd., China) was dispersed in ethanol under ultrasonic treatment for 1 h 
5 mg AgNWs were added into the rGO solution at a certain concentra-
tion, the mixed solution was stirred for 30 min to achieve a homoge-
neous dispersion. Finally, the GAHP was prepared for further 
experiments. 

2.3. Fabrication of self-powered STENG based e-skin 

E-skin was fabricated by electrospinning and spraying alternately. 
Firstly, a solution was prepared by adding 5 g TPU pellets (code 

Elastollan 1185A, BASF Co. Ltd.) into a mixed solvent of 10 mL N, N- 
Dimethylformamide and 10 mL tetrahydrofuran (the concentration was 
0.25 g/mL) (DMF and THF, Zhiyuan Reagent Co. Ltd., Tianjin, China.). 
The solution was moved into two 10 mL plastic syringes with curved 
metal nozzles, which were connected to a voltage of 26 kV. A rotating 
metal cylinder (the perimeter is 44 cm) wrapped in foil was connected to 
a voltage of � 300 V and placed under the nozzles with a distance of 14 
cm as the collecting unit. The temperature in the enclosed space was 
controlled at 25 � 2 �C and the relatively humidity was 45 � 5%. For the 
fabrication process of the samples, one layer of TPU fibrous mat was 
prepared on the foil. GAHP was sprayed onto the fibrous mat for 1 min 
by a spray pen to prepare a fully GAHP decorated TPU mats. E-skin with 
8 layers electrode layer was prepared by repeating the above experiment 
for 8 times. 

2.4. Measurements 

The strain and conductivity of the e-skin were tested on a tensile 
machine (model UTM2203, Shenzhen Sun Technology Stock Co. Ltd) 
and an RST5200 electrochemical workstation (Suzhou Resitest Elec-
tronic Co. Ltd., China). The morphology was analyzed by a field- 
emission scanning electron microscope (FE-SEM, Zeiss MERLIN 
Compact). The voltage, current and force of the STENG-based e-skin 
were measured by a KEYSIGHT DSOX2012A oscilloscope, a KEYSIGHT 
B2987A system electrometer and a National Instruments NI9237 Strain/ 
Bridge Input Module, respectively. 

Fig. 2. SEM images of rGO/AgNWs/TPU e-skin. (a, b) SEM images of surface of the e-skin at various magnification. SEM (c) and EDS mapping (d) images of rGO/ 
AgNWs conductive layer. (e, f) SEM images of cross section of the e-skin at different magnification. 
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3. Results and discussion 

3.1. Characterization 

In Fig. 1a, TEM images confirm that the as-prepared AgNWs are of 
pure morphology and high quality (diameter of ~150 nm). As shown in 
Fig. S2, the length of the AgNWs is about 400–500 μm, which plays a 
crucial role in constructing excellent conductive network. The high 
magnification TEM image (Fig. 1b) of rGO exhibits that the average size 
of a folded rGO is about 1.2–1.6 μm. Fig. 1c illustrates the equipment 
diagram of the fabrication of the e-skin. RGO sheets are treated under 
ultrasonication for 1 h and dispersed in ethanol. The AgNWs stored in 
ethanol are mixed equably with the rGO dispersion after stirring at a 
high speed. The mixed solution of AgNWs and rGO are attached to the 
TPU fibrous mats by spraying method, and then encapsulated by the 
TPU fibrous mats. Fig. 1d displays the schematic illustration for fabri-
cation of the e-skin in different stages. The conductivity of the e-skin 
increases with the number of conductive layers, and 8 layers are selected 
due to its favorability for efficient electron transfer (Fig. S3). In short, 
our e-skin is consisted of 8 conductive layers and 9 layers of TPU fibrous 
mats. The elongation at break of the e-skin decreased slightly compared 
with that of the pure TPU mats, but still shows excellent stretchability 
(575%) (Fig. S4). The high stretchability of e-skin facilitates full contact 
with real human skin, which increases the amount of charge in tribo-
electric process, thus improving the triboelectic output performance 
[25]. The multi-layer AgNWs/rGO conductive network structure pre-
vents the conductive network from being completely destroyed when 
the e-skin is subjected to large strain, ensuring the efficient electronic 
transmission. Fig. 1e displays the schematic structure of the STENG 
based e-skin. Our e-skin consists of two main parts: the surface TPU mats 

as the triboelectric and protection layers, multilayered AgNWs/rGO 
conductive layers as the stretchable conducting electrode. The e-skin 
remains completely angular on the surface of the fingers even when the 
fingers are bent enough in Fig. 1f, demonstrating its great flexibility and 
skin comfort. 

Fig. 2 shows morphology of the e-skin. In Fig. 2a, the pure TPU fibers 
are randomly distributed and completely cover the conductive network, 
which improves the stretchability of the e-skin and prevents loss of 
sensing electrons. As shown in Fig. 2b at a higher magnification, the 
mats with porous structure can be observed clearly, which improves the 
triboelectric properties through increasing contact area between two 
triboelectric materials. In this paper, we set the electrospinning voltage 
as 26 kV, obtained uniform fibers with an average diameter of 3 μm 
(Fig. 2b), resulting in the highly stretchable TPU mats. Fig. 2c shows a 
SEM image of an un-encapsulated AgNWs/rGO conductive layer, the 
morphology of AgNWs and rGO can be observed clearly. The rGO sheets 
overlap with AgNWs, AgNWs are also randomly distributed inside and 
on the surface of the rGO sheets, forming synergic conductive pathways 
on the surface of the flexible TPU fibrous mats. Fig. 2d displays the 
energy dispersive spectrometer (EDS) mapping images of the conductive 
network, demonstrating a uniform distribution of AgNWs. As shown in 
Fig. S5, the resistance of the AgNWs/TPU is small (about 100 Ω), it has 
almost lost its conductivity under 75% strain, leading to the limit of the 
stretchable properties of the TENG. The resistance of AgNWs/rGO/TPU 
increases slowly with strain and maintains a low resistance at 200% 
strain, showing excellent stretchability. The excellent AgNWs/rGO 
conductive network can facilitate electron transfer, which is good for the 
stability of the e-skin. Importantly, when the conductive network is 
damaged under strain, many cracks appear (Fig. S6a), AgNWs with large 
aspect ratio tend to connect the cracks as shown in Fig. S6b, ensuring 

Fig. 3. (a–e) Working mechanism diagram of STENG based e-skin. (f) The simulated electric potential distribution of the STENG based e-skin.  
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adequate electron transfer. Flexible porous TPU fibrous mats, stretch-
able conductive layer and multi-layered structure have guaranteed the 
large output performance, high stretchability and excellent stability for 
the e-skin. 

The cross section morphology of the e-skin is illustrated in Fig. 2e, 
each conductive layer is covered with two layers of pure fibrous TPU 
mats and it forms a solidly multilayered sandwich structure, which 
improves the stability and durability of our e-skin. The thickness of our 
e-skin is about 200 μm. Here, if the thickness of the e-skin is too large, 
the wearing comfort will be greatly affected. Conversely, the conductive 
layer cannot be completely covered, resulting in a decrease in the output 
performance. As shown in Fig. 2c and f, after the spraying, AgNWs and 
rGO are coated on TPU fibers tightly, constructing continuous and stable 
conductive paths. In addition, the TPU mat based e-skin shows excellent 
air permeability. A bottle with hot water (95 �C) is then sealed by the 
mat based e-skin (Fig. S7a). As shown in Fig. S7b, the water vapor 
volatilization rate (σ) of the TPU mat based e-skin is quantitatively 
tested. The formula for calculating the water vapor volatilization rate is 
listed as follows [5]: 

σ¼m0 � m1

m0
� 100% (1)  

Where m0 and m1 stand for initial mass and the mass after 2 h heating at 
95 �C, respectively. In Fig. S7b, after 2 h, the rest of the water of our e- 
skin and the open bottle are measured as 7.2 and 6 g, respectively, and 
the water vapor volatilization rates of our e-skin and the open bottle are 
57.6% and 64.7%, respectively. The result proves that the TPU fiber mat 
based e-skin possesses good permeability performance of water vapor. 

3.2. Working mechanism of the STENG based e-skin 

The STENG based e-skin works by contact electrification and elec-
trostatic induction [26]. Here, human skin serves as the positive tribo-
electric material, and TPU mats serve as the triboelectric negative 
material (Fig. 3a). When the human skin contacts with the TPU mats of 
the e-skin, because of the diverse triboelectric polarities of TPU mats and 
human skin, negative charges are generated at the surfaces of TPU mats, 
meanwhile, the positive charges are generated at the human skin 
(Fig. 3b). When the skin is separated from the mats, because of the 
electrostatic induction, the unscreened negative charges on TPU mats 
induce the accumulation of positive charges in AgNWs/rGO at the TPU- 
AgNWs/rGO interface (Fig. 3c). At the same time, the free electrons in 
the AgNWs/rGO composite move to the ground, producing electrical 
signals electrons. When the separation distance between skin surfaces 
and the TPU mats reached the maximum value, negative triboelectric 
charges on TPU mats balance well with the positive charge on the 
electrode (Fig. 3d). When skin surfaces and the TPU mats approach 
again, it works in reverse, with electrons flowing to the multilayered 
AgNWs/rGO conductive layers from the ground (Fig. 3e). By repeating 
the process of contact and separation between e-skin and the human 
skin, an alternating electrical signal can thus be produced [28]. Fig. 3f 
presents the numerical calculation results of induced voltage at different 
stages, which explains the process of generating electricity quantita-
tively. When the distance between human skin and the triboelectric 
layer increases from 1 to 20 mm, the potential of the triboelectric layer 
increases from � 38 to � 201 V. 

Fig. 4. Electrical output performance of the STENG based e-skin (2 � 2 cm2). (a) VOC of the e-skin with various pressures (the frequency is fixed at 10 Hz). (b) The 
working principle of the device output towards applied pressure. (c) The relationship between VOC and pressure. The lines correspond to the linear fitting function. 
(d) VOC of the e-skin with various frequencies (the pressure is fixed at 10 N). (e) The output performance under the resistance of 1 kΩ � 1 GΩ. (f) Circuit diagram and 
physical pictures of e-skin lighting LEDs. (g) Long-term stability of the e-skin during 10000 working cycles (10 N, 10 Hz). 
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3.3. Sensing and stretchable capability of the self-powered e-skin 

It is vitally crucial of the material to exhibit high sensitivity to 
various pressure, different frequencies and varying materials for self- 
powered e-skin [30]. To accurately test the sensitivity to pressure and 
frequency, we used silicone as friction material for sensitivity test. The 
open-circuit voltage (VOC) and short-circuit current (ISC) of e-skin were 
tested at various pressure (at a fixed frequency of 10 Hz). The VOC and 
ISC curves show fairly stable alternation towards the given pressure. 
Fig. 4a and Fig. S8 display the change of VOC and ISC towards pressure, 
both of the two values ascend with increase of the pressure. In Fig. 4a, 
the VOC of e-skin increases quickly from 19 to 98 V as the applied force 
increases (1–5 N, contact area of 2 � 2 cm2). At the pressure of 10–20 N, 
VOC increases relatively slowly with the pressure (from 158.1 to 198.3 
V), which shows that the e-skin has different response behaviors to 
various pressures. In Fig. 4b, as the applying pressure increases, the 
effective triboelectric area between the human skin and TPU fiber in-
creases due to the deformation of the flexible TPU fiber. A larger 
effective contact area leads to more charge, resulting in an increase in 
VOC [38]. As a result, increasing the applying pressure on the e-skin is an 
effective way to improve its output performance. On the other hand, the 
force of the touch can be calculated based on the VOC of e-skin. To 
accurately analyze the sensitivity of the e-skin, the VOC towards various 
pressures is plotted as shown in Fig. 4c. Two distinct stages are observed 
clearly through the linear simulations (region I 0–2 kPa and II 2–5 kPa). 
As shown in Fig. 4c our e-skin shows high sensitivities of 78.4 and 16.1 
kPa� 1 in region I and region II, respectively. That is, it is more sensitive 
at a low pressure (about 0–2 kPa). The VOC and ISC of e-skin at different 
frequencies are also studied (under the pressure of 10 N). The VOC and 
ISC increase accordingly with the operation frequency (Fig. 4d and 
Fig. S9). At a high frequency, the neutralization of the positive and 
negative charges on the friction surface is small, leading to more charges 
accumulating on the multilayered AgNWs/rGO conductive layers and a 
high electrical output. Fig. 4e displays the output properties of the e-skin 
under various external resistance of 1 kΩ-1 GΩ. As can be seen in Fig. 4e, 
the voltage of the external resistance rises while the current decreases as 

the resistance increases. The formula for calculating the output power 
density (P) is listed as follows [35]: 

P¼
U2

RA
(2)  

Where R stands for loading resistance, A is contact area and U is output 
voltage of our e-skin. As shown in Fig. 4e, a good output performance of 
the e-skin (6 mW/m2 at a resistance of 400 MΩ) is obtained. LED array 
containing 120 LEDs are fabricated as shown in Fig. 4f. Even under 
normal patting, the e-skin can instantaneously light up the LED array, 
which shows that e-skin can drive microelectronic devices. Additionally, 
long-term performance is also an important indicator for the e-skin in 
practical applications. E-skin with excellent long-term performance can 
enlarge the popularity and reduce the usage cost remarkably. As shown 
in Fig. 4g, our e-skin maintains the stability even it was pressed and 
released continuously for 10000 cycles, which shows an excellent 
working stability. Humidity and temperature stability are important 
parameters for the wearable electronics, especially for the devices con-
tacting with skin directly. As shown in Fig. S10a, our e-skin in this study 
can operate under a high relative humidity of 80%, exhibiting a good 
performance to humidity. The VOC of e-skin changes weakly with the 
variation of temperature, showing excellent temperature stability 
(Fig. S10b). 

As a wearable self-powered device, it requires the ability to generate 
electricity under various extreme deformation conditions [45]. As 
shown in Fig. S11, in order to study the change of electrode layer when it 
is stretched, the relationship between conductivity and strain is also 
tested. When the e-skin is stretched, the conductivity of the electrode 
layer decreases as the strain rises. Due to excellent stretchability of the 
TPU mats and stability of the AgNWs/rGO conductive network against 
strain, our e-skin still possesses good electron transport capacity despite 
being stretched to 200% strain. Moreover, after the strain is released, the 
electrical conductivity of our e-skin can return to the original state, 
which verifies great advantage of e-skin in stretchability. Fig. S12 shows 
the resistance of the AgNWs/rGO electrode after being stretched and 
released for 100 times under 200% strain. The initial resistance of the 

Fig. 5. (a) Physical images of e-skin stretched to different strains, (b) Effective test area and VOC under different strains. (c) VOC of e-skin at a series of strain ratios 
(10 Hz and 10 N), (d) VOC of e-skin before and after stretching to 200% strain. 
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electrode (before stretch) is 496 Ω, the resistance of the electrode after 
being stretched 100 times under 200% strain is 913 Ω. It is worth noting 
that the resistance of the electrode tends to be stable after 10 
stretching-releasing cycles, which is good to the stability of the e-skin in 
long-term use. As shown in Fig. 5a, a 2 � 2 cm2 e-skin was attached to 
the stretching device and stretched to 200% strain, and it can almost 
return to its initial length after being stretched to 200% strain (Fig. S13). 
The VOC of the e-skin under different strains was tested. It should be 
noted that the length of the tested friction area of the e-skin is constant 
(2 cm) when stretched, while the width rises gradually as the strain 
increases, which results in the reduction of the effective triboelectric 
area. Fig. 5b shows the changes of effective test area and VOC under 
different strains. As the strain increases, the test area of the e-skin de-
creases from 4 to 1.75 cm2. The variations of voltage and test area to-
wards strain are similar, which indicates that the VOC drop of the e-skin 
is related to the decrease of the test area. The VOC decreases with the 
increase of e-skin strain, that is because the path of electron transfer is 
elongated and the triboelectric area decreases, nevertheless, the stable 
VOC signals can still generate even under 200% strain as shown in 
Fig. 5b. Importantly, after the strain was completely released, our e-skin 

could maintain the excellent VOC output capability, just as the initial 
sample. That is because the electrode layers are wrapped tightly by the 
TPU fibrous mats in the preparation. As shown in Fig. S14a, although the 
e-skin is stretched and released for 1000 times at a large strain of 200%, 
its mechanical properties are not significantly reduced. After the e-skin 
is stretched and released for 1000 times, the VOC of our e-skin is then 
tested at 45% relative humidity and 25 �C. The results display that the 
e-skin could still harvest energy efficiently, showing excellent enduring 
ability (Fig. S14b). The e-skin can effectively harvest energy at 200% 
strain, showing excellent stretchability and promising prospects in the 
field of flexible energy supply, such as flexible electronics, soft robots 
and so on. On the other hand, the differences in VOC of the e-skin under 
different strains can be used to sense deformation, which has great po-
tential in human motion monitoring, health care and human-machine 
interaction. 

3.4. Applications of the self-powered e-skins 

Our e-skin is then applied to assemble multifunctional wearable 
devices for tactile sensing and energy harvesting. The e-skin (1 � 1 cm2) 

Fig. 6. Applications of the self-powered e-skin in tactile sensing and energy harvesting. VOC of the single e-skin with different frequencies (a) and strengths (b) of 
finger touch. (c) The response time of the e-skin under 5 Hz. (d) Photographs of the e-skin array attached to the forearm state. (e) Schematic description of a flexible 
tactile sensing e-skin array with 5 � 5 pixels. (f) The movement track index finger and the output voltage mapping. 
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is attached to human skin to sense touch of fingers and harvest electrical 
energy. The VOC of e-skin increases as the finger touch frequency in-
creases, demonstrating sensitive sensing of touch at different fre-
quencies (Fig. 6a). To further test the feasibility of the e-skin in strength 
of its touch, the volunteers used three different forces to touch the e-skin 
(low touch, medium touch and high touch, respectively). Fig. 6b dis-
plays three different curves with peaks of 3, 7 and 12 V, respectively, 
proving that the e-skin is extremely sensitive to strength of touch. When 
the e-skin is touched, the frequency of the touch can be estimated by 
calculating the time between the two adjacent peaks of electrical signal. 
In daily life, the stimuli by the e-skin are often low-frequency. As shown 
in Fig. 6a, the output performance of our e-skin is affected weakly under 
a low frequency of 0.5–3 Hz. 

When stimulated by the outside things, the quick response of e-skin 
facilitates people or robots to make judgments and actions quickly [51, 
57]. Interestingly, response time of our e-skin is related to frequency. 
The response time of our e-skin under 5 Hz is 1.4 ms as shown in Fig. 6c, 
leaving enough time for human to deal with the stimulus. In addition, in 
order to solve the detection limitation of a single sensing unit and pro-
vide comprehensive information, multiple single sensing units are in-
tegrated, which forms a wearable self-powered e-skin array and can 
realize a mapping of touch in two-dimensional area. On the basis of the 
single e-skin (1 � 1 cm2), a 5 � 5 tactile sensing e-skin array on poly-
carbonate (PC) film was fabricated, which can be comfortably and easily 
applied onto human skin (Fig. 6d and e). Fig. 6f illustrates that the object 
static contact position with the surface of the e-skin array and the finger 
motion trajectory (“T”, “E” “N” and “G”, respectively) can be accurately 
monitored. These results prove that our e-skin is capable of performing 
skin sensing to mapping external stimulations and harvest electrical 
energy, enabling potential applications of human-machine interaction. 

4. Conclusions 

In summary, a STENG based e-skin with multilayered flexible fibrous 
TPU mats and AgNWs/rGO synergic conductive network is fabricated by 
electrospinning and spraying technique. A high stretchability (200% 
strain) of the e-skin has been achieved by designing a synergic rGO/ 
AgNWs conductive network in multilayered TPU fibrous mats. The e- 
skin can convert the energy produced by human movement into elec-
trical energy steadily with an instantaneous peak voltage of 202.4 V and 
energy density of 6 mW/m2 (size of 2 � 2 cm2). In addition, the e-skin 
possesses a high sensitivity (78.4 kPa� 1) as well as a fast response time 
(1.4 ms) towards pressure, exhibiting the potential prospect as a high 
performance tactile sensor. On the basis of the power supply ability and 
excellent sensing performances, the e-skin is capable of sensing strength 
and trajectory of mechanical stimuli in self-powered manner in real 
time. The ultra-stretchable e-skin and energy conversion system show 
promising applications in internet of things, soft robots and human- 
machine interaction. 
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