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to explore inherently mechanically durable TENGs is urgently 
essential.

Imitation and inspiration from nature are many today’s 
innovations.[10,22–28] For example, human skin can be stretch-
able, body/shape conformal, and sense environmental stimuli 
like touch, pressure, and temperature. Electronics mimicking 
human skin, i.e., electronic skin (e-skin), have shown many 
potential applications, such as prosthetic/robotic skins, health 
monitoring, and human-interactive interfaces.[2,3,9,10,22,25] The 
capabilities of animal and insect skins also inspire more func-
tions to such devices. For example, mimicking the function 
of chameleons’ skin can be utilized to distinguish the applied 
pressure directly by capturing the change in device colors.[28] 
Inspired by cephalopod skin, optoelectronic systems can help 
adaptive camouflage in military applications.[27] Recent, a highly 
flexible electroluminescent skin has been reported.[22] Electric 
eel skin has a combination of soft feature and the capability to 
produce electricity while being attacked or irritated from sur-
roundings (Figure 1a). Devices mimicking the capability of 
electric eel skin are expected to not only possess skin-like prop-
erties and body-conformability but also play as self-powered 
interactive interfaces. Competing to resistive or capacitive tac-
tile sensors suffer from the need of rigid power sources.[2,10,28] 
Scientists also mimicked electric eels to develop flexible fiber-
based capacitors with high output voltages.[26]

Softness, body/shape compliance and the capability of pro-
ducing electricity are salient and special features of electric eel 
skins. To pursue those attributes, we present the first intrin-
sically mechanically durable and resilient nanogenerator by 
using triboelectric effects; skin-like triboelectric nanogenerator 
(SLTENG). The SLTENG realized through composed of intrinsic 
stretchable components can generate electricity from touch 
regardless of various extreme deformation required from uses, 
such as extreme omnidirectional stretch of over 300% strain, 
and multiple twists and folds. With the perfect flexibility, the 
nanogenerator can be fully conformal on various nonplanar or 
irregular objects, including human bodies, spheres, and tubes, 
etc., to act as power sources for other components. Particularly, 
even experiencing severe tearing damages, the device can retain 
its function as an effective power source for a load. The studies 
of the performance dependence on the thickness of dielectric 
layer, temperature, and applied forces have been included. And, 
the mechanisms about the influence on the performance at var-
ious kinds of deformation have been suggested. The produced 

Electronic modules that are able to deform as desired, such as 
flexible, foldable, and even stretchable electronics, are consid-
ered as the next-generation electronics in the near future.[1–8] 
Such kinds of deformable electronics can provide the maximum 
freedom in the use of electronics, and thus can greatly broaden 
the applications of smart devices and sensor systems. For 
example, stretchable electronics can conformally apply on irreg-
ular, soft, or movable objects and organs, showing great potential 
in various fields ranging from wearable electronics to biomed-
ical/implantable systems.[1–3,9] Although lots of research efforts 
on deformable electronics have been successfully demonstrated 
in various electronic components,[1–4,6–9] reliable and sustainable 
power sources still remain as one of the most crucial issues.[2,9–12]

Recently, triboelectric nanogenerators (TENGs), which can 
generate electricity by triboelectrification and electrostatic induc-
tion, have been demonstrated their capabilities to convert ubiq-
uitous mechanical energy into electricity.[13–17] Especially, they 
show important uses in collecting low-frequency and irregular 
mechanical energy.[18–21] In order to scavenge the ambient 
energy in various dynamic and static mechanical conditions, it 
is highly demanded to develop mechanically durable and flex-
ible TENGs. A flexible and stretchable TENG has been reported 
by assembling serpentine-patterned electrodes and a wavy-struc-
tured Kapton film.[21] However, the rigid materials used fairly 
restrict its stretchability, and it cannot apply in multiple and 
complicated mechanical deformations, hindering the TENG in 
wearable and conformal uses. Besides, due to the Young’s mod-
ulus mismatch, the unstable adhesion between the rigid metal 
and elastic poly mer is a fatal drawback to the reliability. Thus, 
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energy has been demonstrated to be able to sustainably drive 
a commercial smart watch. Based on the electric eel skin-like 
device, we further demonstrated the first fully self-sufficient 
and adaptive e-skin system that can map touch by responding 
with visual light-emitting diode (LED) signals without the 
need of external power supply. The presented results are 

timely and beneficial for the development of a wide range of 
deformable/wearable/biomedical electronics, self-powered 
human-inter active systems, and prosthetic and robotic skins.

Figure 1b depicts the schematic fabrication processes. 
Detailed fabrication methods can be found in the Supporting 
Information. Percolating silver nanowires (AgNWs) networks 
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Figure 1. Electric eel’s skin inspired nanogenerator. a) Illustration of the concept of an electric eel skin-inspired nanogenerator. b) Schematic diagram 
of fabrication processes. c) Side-view SEM image of as-prepared device. d) Photographs of as-prepared device with demonstrations of being different 
mechanical deformations including twist, fold and stretch. e) Schematic illustration of mechanism for generating electricity. f) Voc, g) σtr, and h) Jsc of 
the nanogenerator. i) Relationship between instantaneous power density and resistance of the external load. j) Jsc after continuously operation for 900, 
1800, and 3600 cycles. k) Photograph showing that 32 commercial green LEDs were lit up when the device was touched.
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were chosen as the conducting matrix owning to their superior 
merits of higher conductivity, flexibility, stretchability, low-
cost, and easy-to-manufacturability.[29–34] Several reports have 
demonstrated that the interconnected 1D materials within 
percolating networks can effectively accommodate strain 
and exhibit higher stretchability than plastic materials such 
as organic conductors and buckled or serpentine metal thin 
films.[29–34] Another key material is the super-soft yet tough 
Eco-flex 00–10 silicone rubber that was chosen as the stretch-
able dielectric and encapsulated material of the SLTENG. More-
over, silicone rubber possesses a Young’s modulus of below 
1000 kPa which is much lower than skin.[35] It is also a very 
common material for designing prosthetic and prosthetic skin. 
And, the voids between the AgNWs enable silicone rubber to 
penetrate into the conducting network and embed the nanow-
ires (Figure S1, Supporting Information). Figure 1c shows 
a cross-section scanning electron microscopy (SEM) image 
of the device, clearly showing the embedded AgNWs in the 
silicone rubber. It is worth to note that silicone rubber offers 
superior stretchability and resistance to tear propagation due 
to its high tear strength (Table S1, Supporting Information). 
Competing poly(dimethylsiloxane) (PDMS) that is the most 
commonly used as the elastic host in stretchable and flexible 
devices suffers from the low stretchability and lack of resistance 
to damage due to the low tear strength.[8] The devices are easy 
to shape and scale up as desired, and all of the processes are 
based on low (room)-temperature solution method, suggesting 
its advantages for cost-effective and industrial-friendly manu-
facturability. Figure S2 in the Supporting Information presents 
the skin-like nanogenerators with different sizes and shapes. 
Both components make the devices intrinsically stretchable 
and fairly durable to different extreme mechanical conditions. 
Figure 1d demonstrates a typical device in unstrained, twisted, 
folded, and stretched state.

The working mechanism of the SLTENG is schematically 
illustrated in Figure 1e, which involves a conjunction of con-
tact triboelectrification and electrostatic induction.[14,15,36] Uti-
lizing the different abilities to electron affinities, a transfer of 
surface charges occurs when skin touches silicone rubber. And, 
because silicone rubber has higher surface electron affinity than 
skin,[14,15,36] electrons would transfer from skin to the surface 
of rubber. The negative charges on the surface of rubber can 
induce positive charges in the mezzanine of AgNWs network 
as increasing the separation distance between skin and rubber, 
driving free electrons to flow from the AgNWs network to the 
reference electrode. This electrostatic induction process can 
give an output voltage/current signal to a load. When negative 
triboelectric charges on the silicone rubber are fully screened 
by the induced positive charges on the AgNWs network, no 
output signals can be observed. When skin approaches silicone 
rubber, the induced positive charges on the AgNWs network 
decrease, and the electrons flow from the reference electrode 
to the AgNWs network until skin and silicone rubber are fully 
contact each other again, resulting in a reversed output signal. 
This is a full cycle of the electricity generation process. A simu-
lation result of the mechanism is presented in Figure S3 in the 
Supporting Information.

Typical output performances of the device including open-
circuit voltage (Voc), transferred charge density (σtr), and 

short-circuit current density (Jsc) were investigated by applying 
a 10 N contact force with different frequency, as shown in 
Figure 1f,g,h. The obtained Voc approached over 70 V with a 
contact area of 2.5 × 2.5 cm2. And, the amount of σtr can reach 
100 μC m−2 (Figure 1g). This performance is much higher 
than previously reported structure-induced stretchable TENG 
(40 μC m−2 with two-layer electrodes)[21] and rubber-based 
TENG (9 μC m−2).[37] The better results can be attributed to two 
reasons: (i) the higher difference of the surface electron affinity 
between silicone rubber and skin; (ii) the highly soft and con-
formal silicone rubber enabling the full contact between the 
skin and the surface of device, resulting in more efficient 
charge transfer. As a result, the Jsc reached to ≈6 mA m−2 at 
a contact frequency of 4 Hz. TENGs have demonstrated their 
superior capability in harvesting low-frequency energy, showing 
their promising applications in wearable and user-interactive 
uses.[18] Figure S4 in the Supporting Information shows the 
device performance depending on different contact forces. And, 
the device performances at different temperature have been 
studied in Figure S5 in the Supporting Information. The effect 
of thickness of silicone rubber was investigated in Figure S6 in 
the Supporting Information, indicative of the results that the 
thinner thicknesses of silicone rubbers reveal the better device 
performance. Moreover, the performance dependence on the 
number of times to deposit the AgNWs network was explored 
in Figure S7 in the Supporting Information, which indicates 
the fact that the more AgNWs in the network can provide the 
better device performance.

For different practical applications, the device can be used 
to drive loads with various resistances.[13–15] To evaluate its 
effective output power, the peak output current density and 
power density of the device were measured by externally con-
necting various resistance loads in series. The effective output 
power density was calculated as I2R/A, where I is the output 
current across the external load, R is the load resistance, and A 
is the effective contact area. Figure 1i reveals the relationship 
between the output power density and the resistances. At the 
loading resistance below 100 MΩ, the Jsc reveals no significant 
decrease. The maximum output power density of 0.5 W m−2 
could be achieved when the load resistance is about 200 MΩ. 
Figure 1j presents the measured results of the device after 
numerous operations, and the Jsc showed no significant deg-
radation even after 3600 times operation. With such high per-
formance, the SLTENG was able to instantaneously power up 
over tens LEDs in series by gentle touching (Figure 1k). It is 
also worth to compare the technology with other soft organic-
based energy harvesters, such as piezoelectric and electrostric-
tive polymer (Table S2, Supporting Information),[38,39] the 
silicone-based TENG shows higher output and possesses a 
lower Young’s modulus, which is more suitable for the uses 
that require high flexibility and stretchability, such as textiles 
and wearable/biomedical systems.

The device was tested for its capability of generating elec-
tricity in various extreme deformation conditions. First, it was 
evaluated at different tensile strain conditions in planar direc-
tions. As shown in Figure 2a left and Movie 1 in the Supporting 
Information, the device was manipulated under extremely 
stretching in the long-axis direction, and the device can per-
fectly harvest energy and drive a load. Figure 2a right shows 
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Figure 2. Evaluation of the nanogenerator under various deformations and even after being damaged. a) Left: Photograph demonstrating that the 
device can well function and drive a load when it was extremely stretched in long-axial direction. Right: Jsc at various strain levels in long-axial direction. 
b) Left: Photograph demonstrating that the device drove a load when it was extremely stretched in short-axial direction. Right: Jsc at various strain levels 
in short-axial direction. c) Left: Photograph demonstrating that the device drove a load when it was extremely twisted. Right: Jsc at different-level twists. 
d) Left: Photograph demonstrating that the device drove a load when it was multiply folded. Right: Jsc at different-times folds. e) Left: Photograph dem-
onstrating that the device can drive a load and retain its stretchability even experiencing severe tear damages. Right: Jsc after being cut and stretched.
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the Jsc of the device at different tensile strain states in long-axis 
direction. Here, strain is defined as (L − Lo)/Lo × 100%, where 
L is the elongated length and Lo is the original length of the 
device. The Jsc increased with the strained length increasing. 
A more discussion about the influence of strain on device per-
formance has been presented in a later paragraph. Even after 
extremely stretching to 300% strain, the device can recover to 
its original performance at unstrained state. We also tested 
the device stretched in short-axis direction (Figure 2b and 
Movie 2, Supporting Information). Similar to the results in 
long-axial strain, the Jsc increased as the short-axial tensile 
strain increased, and the performance can be retrieved when 
strain was released. Figure S8 in the Supporting Information 
shows the stress–strain curves of the silicone rubber and the 
composite device.

Beyond stretching forces, the SLTENG was tested by 
subjecting to severe torsional deformation. The size of the 
device for this test is 1 cm × 12 cm. Figure 2c left and Movie 3 in 
the Supporting Information demonstrate that the highly twisted 
device can power up a load. Figure 2c right shows the Jsc at 
different twisted levels, which reveals that the Jsc was slightly 
decreased when the device was continually twisted. This result 
can be ascribed to the increased resistance in the AgNWs net-
work. However, the device can well retain its ability to produce 
electricity, and the Jsc remained high even when the device was 
extremely twisted to 900°. We also examined the device under 
multiple folds which represents extreme forms of mechanical 
bending. Figure 2d left and Movie 4 in the Supporting Infor-
mation show that the device can maintain as a power source 
even after multiple folds, indicative of its excellent bendability. 
The Jsc of the folded device is presented in Figure 2d right. The 
result shows that the Jsc was slightly degraded as the folding 
times increased, which is similar to the influence in twisted 
deformation.

Furthermore, the superior tear strength of silicone rubber 
enables the device to retain functionality and stretchability even 
undergoing severe mechanical damages. The ability to generate 
electricity was investigated after four-time cutting the device in 
half through the conducting network. As shown in Figure 2e 
left and Movie 5 in the Supporting Information, the device can 
retain its functionality and power up a load even after experi-
encing several tearing damages. Moreover, due to the high tear 
strength of the silicone rubber, the device can keep its stretch-
ability for over 300% tensile strain. The resulting Jsc are pre-
sented in Figure 2e right.

To further analyze the performance depending on the 
stretched status, we used a larger device with an area of 
8 × 15 cm2 to avoid Poisson’s effect on the change of contact 
area and kept a contact force of 10 N. Figure 3a,b shows the 
Voc and σtr under various strain levels. Figure 3c shows the sta-
tistic results. The performance of Jsc after repeatedly stretching 
at 150% strain is shown in Figure 3d, which shows that the 
Jsc can be remained in the same order of magnitude without 
obvious degradations even after stretching 1000 times. Besides, 
it is interesting to find that the device performances increased 
as the applied strain increased. The performance response to 
the deformation can be explained by the competing effects 
between the change in the thickness of dielectric layer and the 
change in the resistance of AgNWs network. When the strain 

level increased, the thickness of silicone rubber became thinner 
due to Poisson’s effect, as illustrated in Figure 3e. As applying 
a stretching force in planar direction, the thickness of elas-
tomer tended to compression, leading to the reduction of the 
distance between the surface charges on the surface of silicone 
rubber and the AgNWs network, resulting in the increase of 
output performance. These results are consistent with the per-
formance dependence on the thickness of rubber (Figure S6, 
Supporting Information). Furthermore, a simulation result 
about the Voc depending on the thinning thickness of dielec-
tric layer after stretching is shown in Figure S9 in the Sup-
porting Information. The result shows that when the surface 
charge density keeps as the same level, the Voc increases as the 
thickness decreases, which is consistent with the trend of the 
experiment results. On the other hand, the device performance 
was degraded by the increased resistance of AgNWs network 
during deforming the device. The increased resistance can be 
explained by the fact that the electrical pathways in the network 
were fractured due to the change of the positions and orien-
tations of nanowires after deformation.[30] And, the increased 
resistance resulted in a lower device performance. This effect 
can be indirectly validated by the results in Figure S7 in the 
Supporting Information, which clearly shows the fact that the 
conducting network with a higher resistance led to a lower 
performance. The effects of both the thinning dielectric layer 
and the increasing resistance of AgNWs network affected to 
the TENG performance simultaneously. Based on our results 
in Figures 3c and 2a,b, during stretching the TENG, the change 
in the thickness of silicone rubber had dominant effect, so 
increasing outputs were observed. And, to the deformation 
such as twist and fold, Poisson’s effect in the thickness of sili-
cone rubber was not significant, and the change in the resist-
ance of AgNWs network caused the degradation in the device 
performance, as shown in Figure 2c,d.

Based on the ultrahigh stretchability and mechanical reli-
ability of the SLTENG, we then designed larger area devices for 
more challenging tests including biaxially stretching and con-
formally wrapping on various nonplanar objects. Figure 4a and 
Movie 6 in the Supporting Information depict the device oper-
ated under biaxially stretching. The device area for this demon-
stration is 5 × 5 cm2. As shown in Figure 4a and Movie 6 in the 
Supporting Information, energy can be generated even when 
the device was drastically stretched in biaxial directions. Fur-
thermore, the unique merits of super-soft and toughness of the 
SLTENG render it fairly conformal on the surface of objects. 
Figure 4b and Movie 7 in the Supporting Information show the 
SLTENG with an area of 10 × 10 cm2 fully wrapped and worked 
on a small sphere with a radius of 2 cm. In order to tightly 
encase the small sphere, the device was multiply stretched, 
twisted, and folded. Relied on its excellent mechanical prop-
erties, the highly deformed device still retained its capability 
to produce electricity and drive a load. The SLTENG can also 
conformally attach and function on a ball with large radius, as 
shown in Figure 4c and Movie 8 in the Supporting Information. 
It is also worth to note from Movie 8 in the Supporting Informa-
tion that the device with such large area can produce electricity 
from anywhere finger touched on the device, indicative of the 
scalability of the processing methodology. For more challenging 
tests, the device was extremely stretched and wrapped on the 
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cap of the tube and showed no any rupture, clearly illustrating 
its toughness and softness (Figure 4d and Movie 9, Supporting 
Information). After that, the highly deformed SLTENG can 
maintain its capability. Above demonstrations show the capa-
bility of the SLTENGs to scavenge energy on various desired 
objects regardless of its physical presentation.

The generated energy can not only be directly used for 
driving loads but also be stored in a capacitor for later use. 
Figure S10 in the Supporting Information shows the charging 
result to a capacitor. And, with connecting to a power manage-
ment circuit,[19] the harvested energy can be not only stored in 
the capacitor but also able to sustainably drive a commercial 
electronic systems simultaneously. Figure 4e and Movie 10 in 
the Supporting Information show the SLTENG was wrapped 
on a forearm, acting as a power wrister. Figure S11 in the Sup-
porting Information shows the equivalent circuit for using as 
a sustainable power.[19] The charging voltage–time signal of 
the capacitor with connecting a power management circuit is 
shown in Figure 4f. Initially, both of the capacitor and the watch 
were out of electric energy. The collected energy was first stored 
in the capacitor. When the energy stored in the capacitor was 
sufficient to drive the watch, the voltage of the capacitor slightly 
dropped a little, and the watch started to work. As continuously 
tapping the device, the voltage of the capacitor would rise again, 

indicative of the fact that the harvested energy can not only 
drive the watch but also sufficiently charge the capacitor. This 
demonstration suggests that the device can use as a sustainable 
and body-adaptive power source for driving wearable gadgets, 
representing a fully self-powered electronic system.

Besides, utilizing the outstanding mechanical tolerance of 
the electric eel’s skin-like device, a highly conformable and 
fully autonomous user-interactive e-skin system with visu-
ally human-readable signals was demonstrated. Figure 5a and 
Figure S12 in the Supporting Information show the prototype 
of the self-powered e-skin system, which presents a practical 
platform involving the integration of 3 × 3 SLTENG arrays and 
3 × 3 LEDs matrix at a system level. Each SLTENG with an area 
of 1.5 × 1.5 cm2 was directly connected with one LED in series. 
The unit of SLTENG serves as a power source as well as the 
touch sensing device. The electric eel’s skin-like device allows 
us to realize a self-sufficient e-skin system without the need 
of data acquisition circuits and external power supply, which 
effectively circumvent the problems of battery and charging 
issue in the field of electronic skin.[2–4,25,28] This system can 
be utilized for instantaneous spatially mapping of touch with 
responding by visible LED signals. Figure 5b and movie 11 
in Supporting Information present the e-skin system confor-
mally contacted on an arm, acting as a self-powered artificial 
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mechanoreceptor. And, Figure 5c and Movie 12 in the Sup-
porting Information show the system attached on a ball, 
acting as a force mapping system. The LED lit up intuitively 

corresponds to the unit touched by a finger. When a finger 
touches on the e-skin unit, the connected pixel of LED would be 
lit up in corresponding to the touching position. The presented 

Figure 4. Demonstration of the generating function under biaxially stretching and on various nonplanar objects. a) Photograph demonstrating that the 
SLTENG drove a load when it was extremely biaxially stretched. b) Photograph demonstrating that the SLTENG drove a load when it fully wrapped a small 
sphere with a radius of 2 cm. c) Photograph demonstrating that the SLTENG drove a load when it conformally attached on a ball. d) Photograph demon-
strating that the device drove a load when it wrapped the cap of a tube. e) Photograph demonstrating that the SLTENG worn on the forearm sustainably pow-
ered a commercial smart watch by hand tapping. f) Charging curve of the capacitor connected with a power management and smart watch by hand tapping.
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system is highly conformal and promising to long-term uses 
with self-supporting energy. In contrast to resistive- and capaci-
tive-e-skin device,[10] our device shows an exceptional advantage 
that it does not need foreign power sources. It also shows the 
potential for directly integrating with other component for self-
powered multifunctional e-skin uses.

In summary, a skin-like intrinsically mechanically durable 
and resilient triboelectric nanogenerator has been demon-
strated the capability to produce electricity regardless of var-
ious extreme mechanical conditions and deformations. The 
device shows several breakthroughs in flexible nanogenerator 
devices, including biaxial stretchability, uniaxial stretchability 
of over 300% strain as well as the capabilities to multiple 
twists and folds and various desired deformations. Particu-
larly, even experiencing severe tear damage, the device can 
well retain its functionality to generate electricity while main-
taining its stretchability. These features can greatly broaden the 
nanogenerators to produce electric energy whenever desired. 
Based on the exceptional tolerability, the nanogenerator can be 
highly conformable on various nonplanar surfaces, promising 
immense applications in harvesting energy on arbitrary desired 
objects. With a large-area design, a reliable and wearable power 
source was demonstrated to sustainably drive a commercial 
watch. Utilizing the electric eel skin-like device, a fully self-
sufficient and body-conformable e-skin system with intuitively 

visual signals was realized. The devices are easy to scale up and 
shape as desired, and the processes are cost-effective and suit-
able for industrial manufacture. These results are beneficial for 
a wide range of deformable electronics and autonomous inter-
active systems.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5. Demonstration of the fully autonomous and highly conformable e-skin system. a) Photograph of the fully autonomous and self-powered 
e-skin system. There is one-to-one relationship between the LEDs and the SLTENG units. b) Photograph demonstrating that the autonomously e-skin 
system conformally contacted on human arm and the LED lit up corresponded to the e-skin unit that being touched. Note that there is no external 
power supply in this system. c) Photograph demonstrating that the autonomously e-skin system conformally contacted on a ball and the LED lit up 
located to the unit that is being touched.
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