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next-generation wearable medical and 
security devices. Various flexible compo-
nents have been designed, such as tran-
sistors,[1] sensors,[2] supercapacitors,[3] 
solar cells,[4] and so on. Most electronic 
devices rely on electricity, which is typi-
cally supplied by the energy stored in 
batteries and capacitors. For wearable 
devices that are suitable for human usage, 
miniaturization and weight reduction 
are essential design factors. In this case, 
energy storage units should avoid being 
large in size, in effect deviating from the 
paramount goal of powering long-term 
operation. Hence, stable and sustain-
able power supply is highly desirable for 
constant recharging of an energy storage  
unit.

In wearable electronic systems, the 
ideal energy source would be mechanical 
energy from human motion. Traditional 
electromagnetic generators are not 
suitable for being deployed as wearable 

mechanical energy harvesters due to their heavy weight, bulky 
volume, and inflexibility. However, a recently emerging tribo-
electric nanogenerator (TENG) technology that is based on 
contact electrification and electrostatic induction is a prom-
ising candidate. It has the capability to harvest different forms 
of energy from the ambient environment including wind,[5] 

Functional polymers possess outstanding uniqueness in fabricating intel-
ligent devices such as sensors and actuators, but they are rarely used for 
converting mechanical energy into electric power. Here, a vitrimer based 
triboelectric nanogenerator (VTENG) is developed by embedding a layer 
of silver nanowire percolation network in a dynamic disulfide bond-based 
vitrimer elastomer. In virtue of covalent dynamic disulfide bonds in the 
elastomer matrix, a thermal stimulus enables in situ healing if broken, on 
demand reconfiguration of shape, and assembly of more sophisticated struc-
tures of VTENG devices. On rupture or external damage, the structural integ-
rity and conductivity of VTENG are restored under rapid thermal stimulus. 
The flexible and stretchable VTENG can be scaled up akin to jigsaw puzzles 
and transformed from 2D to 3D structures. It is demonstrated that this self-
healable and shape-adaptive VTENG can be utilized for mechanical energy 
harvesters and self-powered tactile/pressure sensors with extended lifetime 
and excellent design flexibility. These results show that the incorporation of 
organic materials into electronic devices can not only bestow functional prop-
erties but also provide new routes for flexible device fabrication.

Triboelectric Nanogenerators

As technology advances, consumers are no longer satisfied 
with rigid wearable electronic devices, as traditionally stiff 
constituents are being replaced by flexible components. Their 
remarkable conformability and stretchability can provide a 
seamless and comfortable experience for human–machine 
interaction, which are considered as a key element for the 
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waves,[6] vibration,[7] motion,[8] and even friction.[9] Due to the 
TENG’s unique working mechanism, it possesses not only 
adaptive architectures capable of accommodating arbitrary sur-
faces, but may also be scaled down to create diminutive devices 
and reduce unit mass.[10] Low frequency[11] and irregular 
mechanical energy can be converted into electricity through 
TENGs, which is particularly beneficial to harvesting energy 
from natural motion. The aforementioned features are all crit-
ical to wearable electronics. Based on this, a variety of flexible 
energy harvesters have already been fabricated.[12] However, 
there still exist obstacles to implementing this technology into 
application, the main limitations being device durability and 
complicated fabrication.

Recently, self-healing materials have been developed to 
enable structural restoration and function recovery of materials, 
which can enhance reliability and extend lifetime of devices.[13] 
Artificial self-healing systems fall into two categories: extrinsic 
self-healing polymer composites through releasing and 
polymerizing an encapsulated healing agent (healants) and 
intrinsic self-healing polymers containing dynamic covalent or 
noncovalent bonds. Dynamic network polymers containing suf-
ficient reversible covalent bonds are called vitrimers, capable 
of rearranging the network under stimuli such as heat, light, 
or pH.[14] An array of dynamic reactions, such as, Diels–Alder 
reaction,[15] disulfide metathesis,[16] imide metathesis,[17]transe
sterification,[18] and olefin metathesis[19] have been investigated 
and found to achieve self-healing, reprocessing, or welding of 
thermosets. Compared with other dynamic covalent bonds, 
the dynamic disulfide bond is particularly attractive due to its 
unique qualities, such as, easy fabrication from commercially 
available starting materials in a scalable manner, and mul-
tiple stimuli-responsiveness (light, thermal, or chemical).[20] 
Progress has driven many exciting applications of self-healing 
materials to be employed in electronic devices, such as, conduc-
tors,[21] supercapacitors,[22] and electronic skin[23] with enhanced 
durability. However, most of the current self-healing materials 
for electronic devices are based on relatively weak hydrogen 
bonding, which suffers from poor mechanical properties and 
low creep resistance. The implementation of self-healing poly-
mers with stronger covalent bonding in flexible electronics 
would open the path for smart, durable, freely-designable, and 
readily fabricated wearable electronics.[24]

Herein, we present the first self-healable, flexible, and 
stretchable mechanical energy harvester and tactile sensing ele-
ment, by embedding a silver nanowire network in a disulfide 
bond containing vitrimer elastomer. The dynamic disulfide 
exchange reaction in the self-healing elastomer enables fast 
structural/functional recovery and affords efficient shape adap-
tivity or configurability. Furthermore, the terrace-structured 
design of the self-healing device element endows the energy 
harvester with excellent durability, provides a new scaling 
up method for flexible TENG that easy like playing jigsaw 
puzzles and building blocks. To fabricate the vitrimer elastomer, 
we used commercially available starting materials to obtain 
an epoxy resin-based polysulfide elastomer. Briefly, bisphenol A 
diglycidyl ether epoxy oligomer was mixed with pentaerythritol 
tetrakis(3-mercaptopropionate) (as a spacer) and polysulfide 
oligomer (as an oligomer crosslinker) with 2,4,6-tris-dimethyl-
aminomethyl phenol catalyst (Figure 1a). The epoxy oligomer 

was cross-linked with thiols in a base-catalyzed addition reac-
tion. After curing, the nearly complete cross-linking reaction 
was verified by the complete disappearance of SH stretching 
vibration (2536 cm−1) and oxirane ring stretching vibration 
(916 cm−1) bands in FTIR spectra (Figure S1, Supporting 
Information), indicating that the disulfide bond was incorpo-
rated into the network. The obtained material is a typical elas-
tomer with a fracture strain over 100% (Figure S2, Supporting 
Information). It is noted that the amount of catalyst has a  
significant effect on mechanical properties. Through increasing 
the catalyst content to 3 wt%, the fracture increases from 100% 
to 250%. Figure 1b shows cyclic tensile behavior for five cycles. 
The unrecoverable strain (or plastic strain) was about 10% after 
the first cycle (0% to 50% to 0% strain). The subsequent strain 
cycles nearly overlap with some signs of hysteresis. In addi-
tion, the stress–strain curves of the step-cycle measurements 
show that the elastic deformation is dominant (Figure S3, 
Supporting Information). The glass transition temperature of 
the vitrimer sample was about 0 °C by dynamic mechanical 
analysis (DMA), further indicating that the material is an elas-
tomer (Figure S4, Supporting Information). These results sug-
gest that the flexible sample shows excellent elastic properties 
with large fracture strain, which can be a candidate for flexible 
electronics matrix.

The dynamic adaptive feature of vitrimer elastomer was 
evaluated by the temperature-dependent stress relaxation test 
via DMA. Figure 1c shows that the normalized stress relaxa-
tion modulus gradually decreases with time at different tem-
peratures (from 20 to 70 °C). Therefore, the elastomer was a 
vitrimer capable of relaxing stress for an extended time due to 
the dynamic bond exchange reaction, because the catalyst used 
for the curing reaction also acts as a catalyst for the dynamic 
reaction of disulfide metathesis. According to Maxwell’s model 
for viscoelastic fluids, relaxation times (τ) were determined as 
the time required to relax to 1/e (36.7%) of the initial stress or 
modulus. The relaxation times were found to decrease sharply 
with increasing temperature. For example, τ is over 104 s at 
20 °C, which decreases to 5 s at 70 °C. The relaxation activ-
ation energy was calculated to be 146 kJ mol−1 fitted by the  
Arrhenius’ law (Equation (S1) and Figure S5, Supporting Infor-
mation). The relaxation activation energy (Ea) reflects the reaction  
activation energy of disulfide exchange reaction.[25] High 
Ea value suggests that dynamic disulfide metathesis is sensitive 
to temperature using the above catalyst, which shows several 
advantages for practical application. On one hand, the large  
τ affords necessary size-stability and elasticity at low tempera-
ture. On the other hand, the small τ at elevated temperatures 
affords fast responsiveness for functional properties such as 
self-healing and shape adaptive.

The dynamic disulfide bond enables self-healing capability 
of the vitrimer elastomer. The mechanical healing perfor-
mance was evaluated by tensile tests and the healing efficiency 
was quantitatively calculated by the recovery of fracture strain 
(Equation (S2), Supporting Information). Figure 1d shows the 
typical stress-strain curves of the original and healed samples 
at 65 °C for different healing time. Better recovery was obtained 
using longer healing times with nearly 100% recovery after 
healing at 65 °C for 4 h. Higher healing temperatures also con-
tributed to better healing. As shown in Figure 1e, with a healing 
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time of 30 min, the healing efficiency is 45% at 35 °C, which 
increases to nearly 100% at 95 °C. Figure 1f shows the proposed 
healing mechanism by disulfide metathesis in the polysulfide 
network. Transient states are formed between the catalyst and 
disulfide bonds resulting in ion-pair intermediates consisting 
of thiolate anions.[26] As the bond exchange reaction proceeds, 
constant reshuffling of the molecular chains leads to rearrange-
ment of the network structure. The healing efficiency is deter-
mined by the network rearrangement behavior as indicated 
by the stress relaxation capability. Higher temperature indi-
cates faster network rearrangement leading to higher healing 
efficiency for the same healing time (Figure S6, Supporting 
Information). Longer healing time results in higher probability 
to reform disulfide linkages between the crack surfaces con-
tributing to better recovery at the same healing temperature 
(Figure S7, Supporting Information). It should be noted that 
the amount of disulfide bond is high (22 wt%) in this vitrimer 

material and the weak disulfide bond would break before other 
covalent bonds under external stress upon cut or damages.[27] 
With excellent capability to reform the dynamic disulfide bond 
between the crack surfaces, nearly 100% of the healing effi-
ciency can be obtained for the vitrimer here.

To visually demonstrate the healing event, a rectangular strip 
was cut and healed to load weight. The sample was cut by a sharp 
blade, and then the crack surfaces were put together followed by 
treating at 95 °C for 20 min. It was shown that the healed sample 
could retain satisfactory stretchability (Figure 1g; Movie S1, Sup-
porting Information). Optical microscopy images show that 
the crack was healed. It should be mentioned that the sample 
could also be healed by exposure to intense pulsed light (IPL), 
which dramatically decreases the duration of the healing process 
(Movie S2, Supporting Information). After only 30 s of IPL treat-
ment, the sample can regain its original mechanical properties. 
Thermal images (Figure S8, Supporting Information) revealed 
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Figure 1. Schematic structure of material design and mechanical healing behavior characterization. a) Chemical structures of starting materials used 
to prepare vitrimer elastomer. 1 is bisphenol A diglycidyl etherepoxy oligomer; 2 is 2-(ethylenedioxy) diethanethiol used as a spacer; 3 is polysulfide 
oligomer as a crosslinker, and 4 is 2,4,6-tris-dimethylaminomethyl phenol used as a curing catalyst. b) Tension stress–strain behavior of the vitrimer 
elastomer for five repeated cycles. c) Normalized stress relaxation curves of vitrimer elastomer at different temperatures. d) Typical tensile stress−strain 
curves of virgin and healed vitrimer elastomer at 65 °C for different time. e) Typical tensile stress−strain curves of virgin and healed vitrimer elastomer at  
different temperatures for 30 min. f) Schematic illustration of self-healing process by disulfide metathesis catalyzed by an organic base in a vitrimer 
elastomer network. g) The images showing the typical self-healing behavior: a rectangular sample was first cut by blade then healed at 95°C for 20 min. 
h) The healed sample can load 200 g of weight. i) Optical microscope image of as-cut crack and healed sample.
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that high temperature can be generated by IPL irradiation in just 
few seconds so the recovery process starts almost instantly, ena-
bling scratches, cracks, and even breaks to be repaired at extreme 
high speed (Figure S9, Supporting Information).

The vitrimer elastomer was utilized as a matrix to construct 
TENG devices. The basic VTENG fabrication process is depicted 
in Figure 2a. Ice pop-like architecture was adopted in the design 
of the mechanical energy harvester/sensor. Percolating silver 
nanowire networks were embedded in the vitrimer elastomer as 
the electrode, and copper tape was attached and extended out of 
the elastomer for the convenience of measurement. Randomly 
arranged silver nanowires (L ≈120 µm; W ≈120 nm; Figure S10, 
Supporting Information) cast on the substrate established a 
good conductive network on the 2D plane (Figure 2b). As the 
network was percolated into the elastomer, a 3D conductive net-
work was formed in the VTENG. As shown in Figure 2c, the 
silver nanowire network was merged with the elastomer and the 
nanowires were tightly interconnected, providing more freedom 
when the electrode was suffering stress. The resultant electrode 
possessed excellent connectivity not only under unstrained con-
ditions but also under particular strain levels, which made it a 
superior candidate as the stretchable electrode for VTENG.

The fundamental working mechanism of TENGs is a con-
jugation of contact electrification and electrostatic induction. 
Electrostatic charges are first introduced through the contact 
electrification process between two dissimilar material surfaces, 
and following separation of the two surfaces by external force, 
the contact-induced triboelectric charges generate a potential 

drop that drives the flow of electrons between two electrodes 
connected to the surfaces.[28] Traditional contact-separation 
mode and sliding-mode TENGs require two electrodes working 
in pairs while one of them is attached to the mobile part of 
the device, limiting their applicability in the wearable elec-
tronics area. For single electrode mode TENGs, only one elec-
trode is required for collecting electric signals, and the other 
electrode serves as an electric potential reference which can be 
placed anywhere in the system, even directly with the ground. 
Although the charge transfer efficiency ηCT (defined as the ratio 
between the final transferred charges and the total triboelectric 
charges) of the single electrode mode is lower than the other 
modes theoretically,[29] the ability to accommodate to almost any 
arbitrary surface to harvest mechanical energy as well as better 
gap tolerance in practical applications compensate greatly for 
that factor. The working mechanism of the developed VTENG 
is illustrated in Figure S11 in the Supporting Information.

Typical electrical output was measured and four-cycle raw data 
is presented in Figures 2d–f. The VTENG (L: 10 cm; W: 3 cm)  
was placed on a crossed roller bearing stage that was mounted 
on the optical stage, and a 2 × 2 cm2 polytetrafluoroethylene 
(PTFE) film was attached to the end of a linear motor in order 
to develop periodical vertical contact with VTENG. Separation  
distance was set to 40 cm and the contact interval was 0.5 s 
to achieve a frequency of 2 Hz. The peak short circuit alter-
nating current (Isc) and transferred charge (Q  sc) were ≈350 nA  
and 10 nC, respectively. The open circuit voltage (Voc) nearly 
reached 26 V. By introducing external load resistance ranging 
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Figure 2. Schematic fabrication process of VTENG and basic electrical output characteristics. a) Schematic diagram of VTENG fabrication process. 
Scanning electron microscope (SEM) images of silver nanowire conducting network b) on substrate and c) on the surface of elastomer. d) Short-circuit 
current ISC, e) open circuit voltage VOC, and f) short-circuit transferred charge QSC of the VTENG. g) Variation of the output current density and power 
density with different external load resistances.
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from 1 KΩ to 10 GΩ, a maximum output power density of 
0.073 W m−2 was realized when the load was about 5 GΩ.

In comparison with traditional generator, TENGs have great 
advantages in scavenging irregular low frequency mechanical 
energy (1–5 Hz).[11] Dependence of the short-circuit current on 
the frequency of original length is presented in Figure 3a. The 
generated short-circuit current of the VTENG increased as fre-
quency increased, ranging from ≈130 nA at 1 Hz to ≈1800 nA 
at 5 Hz. This is due to the short-circuit current being strongly 
affected by the velocity, and thus it is proportional to frequency 
while the separation distance remains constant. We have previ-
ously tested the cyclic tensile behavior of the elastomer, which 
demonstrated its excellent elastic properties. The tensile-strain-
dependent output performance is presented in Figure 3. As 
shown in Figure 3b, the VTENG was deployed on an acrylic-
substrate stage, with each end fixed to a double-row steel linear 
ball-bearing stage and clipped by acrylic blocks. Other device 
setup parameters were consistent with previous electrical output 
tests. By adjusting the differential micrometers on the ends of 
the moving carriages, precise extended distance could be real-
ized in order to calculate the elongation of the VTENG. With the 
increase of distance between the two bearing stages, the VTENG  
was uniaxially stretched along the long axis direction. It was 
observed that there was certain degree of degradation in output 
performance as the tensile strain increased (Figures 3c–e). Isc, 
Voc, and Q sc were reduced about 11%, 1%, and 4%, respectively, 
at a tensile strain of 10%. The main reason for the fall of Isc was 
the strain-induced lower connectivity in the 3D conductive net-
work. Displacement of silver nanowires in the electrode led to 
the rise in the internal resistance, which resulted in an increase 

of inherent capacitance. Even at 50% tensile strain, the VTENG 
maintained more than 75% of its original output.

In addition to the good flexibility and stretchability, the most 
important feature of the vitrimer elastomer-based VTENG is 
its ability to self-recover. We have demonstrated that the elas-
tomer has a fast healing capability and almost no mechanical 
degradation with proper stimulation (Figure 1d,e; Movies S1 
and S2, Supporting information). In order to characterize the 
detailed electrical properties, an L-shaped square ruler like 
VTENG (L: 6 cm; W: 3 cm) was fabricated (Figure 4a). Two 
electrodes were deployed to test the connectivity and perfor-
mance of both the original and repaired devices. The strategy is 
depicted in Figure 4b, in which we used a sharp blade to make 
two cuts along the edges of the VTENG to make sure that the 
silver nanowire conducting network was fully disconnected 
(Figure 4c), as confirmed through optical microscope and 
scanning electron microscope images (Figure 4d,e). Next, the 
broken parts were reattached together and treated with thermal 
stimulation to boost the recovery process. After being heated in 
an oven at 65 °C for 60 min, the repaired VTENG was removed 
from heat. Figure 4g shows that the three separated parts 
rejoined following heat treatment, and the white reflection 
light on the surface indicates the lack of remarkable scars aside 
from a small indentation on the previous wound. As shown in 
Figure 4h, the silver nanowire network in the elastomer was not 
influenced by the heat treatment and remained abundant and 
anfractuous. It is also noted that, on the border of two sections, 
a significantly darker boundary may be observed, which was 
due to the welding results of the conductive network during 
the healing process. Silver nanowires that are exposed on the 
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Figure 3. Output characteristics of VTENG under strain. a) ISC of VTENG with different contact frequency. b) Setup for output performance test under 
strain. c) ISC, d) VOC, and e) QSC results under strain.
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fracture surface will reattach to each other in the initial phase 
of recovery. While the sample was heated, the disulfide bonds 
in the vitrimer elastomer were boosted, and a cross nucleo-
philic attack of thiolate anions to other sulfur atoms occurred 
with the movement of chain segments leading to exchanges 
of disulfide bonds. As the reaction continued, attached silver 
nanowires were held tightly by the elastomer. As neighboring 
molecular chains were constantly reshuffling, a balance was 
achieved over time, resulting in a rebuilt structure. At the 
same time, due to the thermal treatment the attached silver 
nanowires were also welding together, which further recovered 
the connectivity[30] (Figure 4i). The connectivity was tested by 
comparing the variation of resistance change. Figure 4f shows 
the pictures of resistance of original and repaired devices. The 
device had an original resistance of ≈46.8 kΩ and a repaired 
resistance of ≈53.5 kΩ. The increased resistance resulted from 
the diminutive damage that the conducting silver nanowire net-
work suffered. Although most of the channels were able to be 
reconnected, when the dimensions were shrunk down to the 
nanoscale, a small displacement could be understood to lead 
to mismatch in some areas. The electrical performance of the 

original and repaired VTENGs is compared in Figures 4j–l. The 
changes in all three electrical output parameters were observed 
to be insignificant. From the aspect of the fundamental V–Q–x  
relationship of TENGs,[31] it is always advantageous for the 
inherent resistance of TENG to be huge (MΩ to GΩ) or  
close to infinity in order to maximize the output. Compared 
with the impedance of normal load conditions, the parasitic 
resistance from the conductive electrode is also negligible, 
which explains why resistors are not one of the parameters 
that the V–Q–x model concerns.[32] All processes, including the 
repairing and testing of the VTENG, were recorded in Movie S3 
in the Supporting information.

Inspired by the assembly method behind jigsaw puzzles and 
building blocks toys, and combined with the unique features of 
vitrimer elastomer, we propose a new approach for TENG fab-
rication. As shown in Figure 5, a terrace-structured VTENG was 
designed. The terrace structure further increases the effective 
contact area of the conducting layer and the overlapping area 
of the two sections, reducing the possibility of disconnection 
and making the welding more reliable. The silver nanowire 
conducting layer was sandwiched between the two layers of 

Adv. Mater. 2018, 1705918

Figure 4. Break and recovery of VTENG and the comparison of output performance. a) Space diagram of the square ruler-like VTENG. b) Strategy 
for break and recovery. c–e) Photos and g–i) images from optical microscope and scanning electron microscope of broken and recovered VTENG, 
respectively. f) Resistance between two copper electrodes of original (left) and repaired (right) VTENG. j) ISC, k) VOC, and l) QSC results of original 
(black) and repaired (red) VTENG.
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1 mm thick vitrimer elastomer, of which the side length of the 
top and bottom layer were 20 and 30 mm, respectively. Since 
the conducting layer was cast to an area of 23 × 23 mm2, which 
was smaller than the top layer of polymer, there was an area of 
3 × 23 mm2 exposed conducting surface on each side. By flip-
ping another block down and clipping them together, the two 
conducting sections were connected by the overlap of the con-
ducting layer. After being heated at 65 °C for 60 min, the two 
blocks merged into a new VTENG. As shown in Movie S4 in 
the Supporting information, the two blocks of the new VTENG  
were tapped using a 20 × 20 mm2 PTFE film and the Voc values 
for both parts were ≈25 V, which indicated good connectivity for 
this extended VTENG. Through repetition of the above proce-
dure, the VTENG area could be extended even further. Figure 5a,b  
depicts the fabrication strategy from a top view and space 
diagram. Figure 5a indicates the layer number of the selected 
section, where “−” and “+” represent single and double layers. 
Through these means, the VTENG could be further extended. 
Figure 5c,d depicts the before and after photos of the vitrimer 
and conducting material tailored into building blocks, and the 
fabricated VTENGs with two, five, and nine blocks are shown 

in Figure 5e,f, respectively. By connecting to a rectifier, the effi-
ciency of charging a 1 µF commercial capacitor to 5 V was com-
pared between the VTENGs assembled with one, two, five, and 
nine pieces (Figure 5h). Human palm tapping at ≈3 Hz was 
used as a mechanical energy source, and the charging duration 
time for the aforementioned VTENGs were 53.1, 31.8, 20.3, 
and 9.5 s, respectively. There was an almost 450% increase in 
charging efficiency as the VTENG increased from one to nine 
pieces, which exhibited significant enhancement in energy 
conversion through the terrace assembly. The main reason 
for enhanced efficiency was the increase in effective contact 
area, which is the most critical parameter in charge induction, 
meaning the output of the extended VTENG was expected to 
increase several times from one to nine pieces. The power that  
was generated from the nine-piece assembled VTENG can light 
up to 150 green light-emitting diodes (LED) (Figure 5i; Movie S5,  
Supporting Information). When connected to a rectifier and a 
100 µF commercial capacitor, the nine-piece VTENG provided 
sustainable energy to drive a wearable watch with calculator 
function. The electricity converted from palm tapping could not 
only satisfy the simple I/O system functionality but also provide 
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Figure 5. Fabrication method of scalable VTENG and application demonstration. a) Top view, b) space diagram, and c–g) photos of the fabrication 
method and VTENG assembled with two, five, and nine pieces. h) The charging curve of a 1 µF commercial capacitor to 5 V by one, two, five and nine 
pieces-assembled VTENGs, respectively. Demonstration of i) lighting 150 LEDs at the same time and j) powering a watch with calculator function by 
the nine-piece assembled VTENG. Scale bar: 3 cm.
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the capacity for complicated data processing, such as, accurate 
multiplication and division (Movie S6, Supporting Informa-
tion). Once the capacitor was charged to 1.5 V, the watch was 
able to be booted up and remained functional with the energy 
converted from constant palm tapping (Figure S12, Supporting 
Information).

Aside from these numerous mentioned features, the VTENG 
also possessed favorable conformability to various arbitrary 
surfaces and adaptively from 2D to 3D.[33] We designed a cross-
shaped VTENG (Figure 6a) and tailored it to the extended sur-
face of a 30 × 30 × 30 mm3 cube (Figure 6c). Through folding 
it up with a cubic filler inside and following the origami 
method (Figure 6d), the in-plane 2D VTENG was then trans-
formed into a 3D VTENG (Figure 6e) after heat treatment at 
65°C for 20 min. Taking a closer look at the as achieved 3D 
VTENG, the planes on each side were perfectly attached to 
the surface of the cubic filler. It should be noted that during 
the whole process, no glue or additional adhesives were used. 
This is mainly attributed to the bond exchange reaction of 
the vitrimer elastomer. With the increase of temperature, the 

relaxation activation energy was elevated. The stress relaxation 
modulus and τ decreased sharply with increasing temperature. 
High τ in low temperature ensured the stability and elasticity 
of VTENG, while low τ in high temperature enabled the con-
formability and healing ability. The VTENG was softened first at 
lower temperatures, and as it gained enough energy to activate 
the bond exchange reaction, the neighboring attached inter-
faces merged together into a unified body. Through this pro-
cess, the 2D VTENG was then converted to a 3D VTENG. We 
further measured the Voc of the 3D VTENG through tapping 
with a PTFE film, and found that a stable voltage of about 40 V 
can be achieved (Figure 6f). This indicates that although severe 
deformation was suffered, the 3D VTENG still maintained sat-
isfactory sensitivity to external motion. Fabrication and testing 
processes were recorded in Movie S7 in the Supporting Infor-
mation. Due to the VTENG’s excellent surface adaptivity and 
deformability, the arduous task of achieving these factors in 
wearable electronic device fabrication may be alleviated now. 
Figure 6g–j demonstrate a new approach to develop a pyram-
idal structure on existing VTENG surfaces using a reverse mold 

Figure 6. Demonstration of converting VTENG from 2D to 3D and corresponding pressure/tactile sensing. a) Space diagram of the cross-shaped 
VTENG. b) Strategy for converting VTENG from 2D to 3D. c) The 2D in plane VTENG was folded into d) a cube through an origami method. After 
treating at 65 °C for 20 min. e) VTENG was competently accommodated to the surface of the cube. f) Voltage signal of five faces of the 3D VTENG. 
g–i) Fabrication method of developing sensing elements on existing VTENG surfaces. j) Voc comparison of VTENG with and without sensing elements. 
k) Self-powered badminton sensing court and scoring system and l) court division illustration. m) Real-time voltage signal when balls fall onto different 
courts. Scale bar: 3 cm.
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method, which imbues the VTENG with pressure-sensing 
capacity. A VTENG with the desired area for sensing elements 
was mounted on a reverse pyramid mold and supported with a 
glass sheet. After treating at 65°C for 20 min, pyramidal struc-
tural arrays were successfully developed on the VTENG surface 
(Figure 6i; Movie S8, Supporting Information). For the original 
VTENG with smooth surfaces, the Voc saturated quickly to 28 V 
when the pressure reached 40 kPa (Figure 6j). However, for 
the VTENG with sensing elements, the Voc gradually increased 
from 0 to 70 kPa, and an abrupt slope was observed from 80 
to 100 kPa. The difference in Voc for the two devices resulted 
from different effective contact areas under various pressures. 
For the original smooth-surfaced VTENG, the contact between 
the surface and objects was unhindered, and all force was 
directly applied to the corresponding area. In that case, as long 
as the object maintained full contact with the surface, the Voc 
could saturate to the maximum value rapidly. For the VTENG 
with patterned pyramidal structures on the surface, the force 
coming from an object would be hindered by the protrusions 
first. As the force increases, the pyramidal structures would be 
pressed so the effective contact area would be closer to the area 
of the contacting object, and the Voc would increase correspond-
ingly and present a step growth characteristic before becoming 
saturated. These uniquely structured VTENGs, if fabricated in 
larger scales, can act as an electronic skin (Figure S13, Sup-
porting Information) and self-powered sensing system. Finally, 
a self-powered badminton sensing court and scoring system 
was developed (Figure 6k). As shown in Figure 6l, VTENG was 
divided into six sections, and Courts A and B were the main 
playing fields of Players 1 and 2, respectively. Player 1 scored 
when the shuttlecock fell on Player 2’s main court field or 
when Player 2 made the shuttlecock go out of bounds, and 
Player 2 scored vice versa (Movie S9, Supporting Information). 
Figure 6m shows the voltage variations when the shuttlecock 
fell onto different courts. Real-time signals could be detected 
and analyzed from the court. If one signal goes beyond the 
threshold value, immediate analysis will be conducted by the 
system. By processing it through an analyzing system, an 
instantaneous judgment may be made and the results will be 
displayed on the screen simultaneously. What’s more, score 
controversies under dubious circumstances could be elimi-
nated. Accurate results are achieved by simply comparing the 
signals on both sides of the bound, and reviewing the playback 
footage or deploying expensive hawk-eye systems are no longer 
required. It is worth noting that such a sensing system does not 
require any powering supplies on the sensing end, and due to 
the self-healing feature of vitrimer elastomers, it can be easily 
maintained or repaired under a low budget as well.

In summary, a self-healable, flexible, and deformable 
mechanical energy harvester/sensor was achieved by combining 
a vitrimer elastomer with a silver nanowire conducting network 
based on the single electrode mode of triboelectric nanogen-
erator. Due to the dynamic disulfide exchange reaction in the 
vitrimer elastomer, the device possesses a series of fascinating 
features like excellent elasticity/stretchability, outstanding con-
formability/deformability, and fast scratch or break recovery 
under thermal or IPL stimulation. The electrical performance 
can be restored after repairing damage, even after suffering 
severe deformation. In combination with these features and a 

terrace structure, a jigsaw puzzle-like TENG was developed. We 
demonstrated that the VTENG could be deployed as an energy 
harvester and tactile/pressure sensor. The significance behind 
the VTENG is not only a newly developed mechanical energy 
harvester but also the provision of a facile approach for the fab-
rication of flexible electronic systems. Devices can be welded  
and scaled up like jigsaw puzzles and building blocks, while 
scaling up the electric output performance as well. We can 
design the shape and morphology by tailoring the body and 
reforming the surface on demand, and even fabrication of 3D 
structures can be simplified through an origami strategy. Only 
basic blocks with various shape and function need to be manu-
factured, and no molds are required on the user end. Various 
categories of electrical components like sensors, batteries, or 
even transistors can be integrated, and the VTENG’s function-
alities can be extended even more in the near future. The adop-
tion of smart polymers in electronic devices may provide a new 
route for flexible device fabrication and promote the prosperous 
development of smart wearable electronics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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