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ABSTRACT: Despite the rapid advancements of soft
electronics, developing compatible energy devices will be
the next challenge for their viable applications. Here, we
report an energy-harnessing triboelectric nanogenerator
(TENG) as a soft electrical power source, which is
simultaneously self-healable, stretchable, and transparent.
The nanogenerator features a thin-ﬁlm conﬁguration with
buckled Ag nanowires/poly(3,4-ethylenedioxythiophene)
composite electrode sandwiched in room-temperature selfhealable poly(dimethylsiloxane) (PDMS) elastomers. Dynamic imine bonds are introduced in PDMS networks for
repairing mechanical damages (94% eﬃciency), while the mechanical recovery of the elastomer is imparted to the buckled
electrode for electrical healing. By adjusting the buckling wavelength of the electrode, the stretchability and transparency of
the soft TENG can be tuned. A TENG (∼50% stretchabitliy, ∼73% transmittance) can recover the electricity genearation
(100% healing eﬃciency) even after accidental cutting. Finally, the conversion of biomechanical energies into electricity
(∼100 V, 327 mW/m2) is demonstrated by a skin-like soft TENG. Considering all these merits, this work suggests a
potentially promising approach for next-generation soft power sources.
KEYWORDS: self-healable, stretchable, transparent, triboelectric nanogenerator, energy skin
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structures and the use of dielectric polymers as electriﬁcation
layers, making them highly promising for soft power
sources.4,24,25 Transparent26−28 or highly stretchable29,30
TENGs have been therefore reported. By hybridizing
elastomers and ionic conductive hydrogels, we previously
reported a soft TENG that achieved simultaneously high
transparency and strechability.31 Nevertheless, due to the
intrinsic energy-conversion mechanisms and materials/structure requirements, it is hard for TENGs and most other energy
devices to realize transparency, stretchability, and self-healing
ability simultaneously.12,32
During the operation of TENGs, they are constantly exposed
to external mechanical inputs (bending, twisting, pressing,

ext-generation electronics will be elastomeric, soft,
and biocompatible.1 For example, the booming
epidermal electronics2 or electronic skins,3 integrated
with multiple sensing4,5 and medical cure capabilities,6,7 are
reported to be ﬂexible, stretchable, or even self-healable.8,9
Nevertheless, one subsequent challenge is to provide
accordingly soft power sources to drive these devices.10
Motivated by this demand, extensive eﬀorts have been made
to develop soft/ﬂexible, transparent, or self-healable energyharvesting and storage devices.11−13 The triboelectric nanogenerator (TENG), based on the eﬀects of triboelectriﬁcation
and electrostatic induction, has been proven to be an eﬃcient
alternative to convert ubiquitous ambient mechanical energies
into electricity, especially for mechanical motions at low
frequencies.14,15 Previous works have demonstrated the viable
applications of TENGs in powering various small electronics or
in fabricating self-powered sensors/electronics.16−23 Furthermore, TENGs are naturally ﬂexible due to their simple
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Figure 1. Self-healing mechanism of healable PDMS (H-PDMS). Bis(amine)-terminated PDMS and 1,3,5-triformylbenzene form reversible
imine bonds through a Schiﬀ base reaction, which are cleaved upon damage and recovered after an autonomous healing process.

Figure 2. Self-healing properties of the H-PDMS. (a) The uniaxial tensile stress−strain proﬁles of pristine H-PDMS and H-PDMS healed for
diﬀerent periods of time at ambient conditions (21 °C) after cutting by a razor blade. (b) Optical photos of an H-PDMS in a stretched state.
(c) Optical microscopy images of a cut H-PDMS (i) before and (ii) after 12 h of healing. (d) Optical photos showing an H-PDMS being (i)
cut, (ii) 12 h healed, and (iii) stretched. Scale bar: 2 cm (b), 100 μm (c), and 1 cm (d).

been made to explore healable TENGs.34−37 Shape-memory
polymer polyurethane was applied as the electriﬁcation layer,
micropatterns of which can be recovered upon heat treatment,
but the whole device was not healable.34 A self-healable ionic
conductor was reported in a stretchable/transparent TENG,
but the used electriﬁcation elastomers (silicone rubber and

sliding, etc.), which may cause mechanical damage and lead to
malfunction. Meanwhile, accidental cutting or scratching is
possible for soft power devices. Hence, an artiﬁcial self-healing
capability, inspired by the inherent attribute of living organisms,
is desirable for soft TENGs, so that damage can be repaired and
functions can be recovered spontaneously.33 A few eﬀorts have
B
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Figure 3. Fabrication and optimization of a self-healable, stretchable, and transparent TENG. (a) Schematic illustration of fabrication
procedures of the Ag-PEDOT electrode by a prestrain−release−buckling process and the soft TENG by sealing an extra layer of H-PDMS. (b)
SEM images of buckled Ag-PEDOT ﬁlms with diﬀerent amounts of prestrain, (i) 50% and (ii, iii) 100%. (c) Resistance variation of diﬀerent
Ag-PEDOT electrodes upon uniaxial stretching. (d) Optical photos of (i) a transparent bare H-PDMS ﬁlm and (ii) an as-made soft TENG
with 50% prestrain. (e) Ultraviolet−visible (UV−vis) spectra and (f) optical photos of a bare H-PDMS ﬁlm, a H-PDMS/Ag-PEDOT ﬁlm
without prestrain, and prestrained H-PDMS/Ag-PEDOT ﬁlms with or without a top H-PDMS layer. The labeling numbers in (f) are in
accordance with that in (e). Scale bar: 50 μm (i, ii) and 5 μm (iii) of (b). The logo photos in (d) are used with permission from Beijing
Institute of Nanoenergy and Nanosystems.

∼100 V and maximum power density of 327 mW/m2. This
work provides a feasible approch for multifunctional soft power
sources, which are potentially viable for the next-generation soft
electronics.

VHB tape) are not healable.35 A fully healable TENG was
reported by using the self-healing polymer polydimethylsiloxane−polyurethane, but heating was also needed, and the use of
a magnetic electrode made the device rigid and unstretchable.36
Therefore, further eﬀorts are still required for developing roomtemperature autonomously healable TENGs.
Here, we report a soft energy-harvesting TENG that is fully
self-healable at ambient condition, stretchable, and transparent.
The single-electrode mode TENG features a thin-ﬁlm
conﬁguration with a buckled conductive thin electrode
sandwiched between two healable elastomer ﬁlms. The
autonomously healable elastomer was prepared by introducing
reversible dynamic imine bonds in the polymer networks of
poly(dimethylsiloxane) (PDMS). The healable PDMS (HPDMS) achieved 94% healing eﬃciency after curing at ambient
conditions (21 °C for 12 h). The stretchable and transparent
electrode was a composite ﬁlm composed of Ag nanowires and
poly(3,4-ethylenedioxythiophene) (Ag-PEDOT), which was
transferred to the H-PDMS through a prestrain−release−
buckling process. Although the electrode was not intrinsically
healable, the healing of the H-PDMS can bring the damaged
Ag-PEDOT ﬁlm back into contact to restore the electrical
conductivity. Therefore, the resulting TENG was strechable,
transparent, and able to recover its energy-generation function
even after accidental cutting (∼100% healing eﬃciency). The
TENG was demonstrated to scavenge mechanical motion
energies of human bodies, outputing an open-circuit voltage of

RESULTS AND DISCUSSION
To achieve a healable TENG, the electriﬁcation polymer should
be ﬁrst mechanically healable. Recently, an intensive endeavor
has been devoted to realizing an artiﬁcial healing ability through
the strategies of microencapsulated healing agents,38 dynamic
noncovalent supermolecular assembly (hydrogen bonding,39
metal−ligand coordination,40 etc.), or reversible covalent
bonding (Diels−Alder reaction,41 S−S bonds,42 imine,43,44
etc.).12 Nevertheless, most of the reported healable polymers
are not transparent or require external stimuli (heat, moisture,
light, etc.) to trigger the healing process. In this work, we
achieved an autonomously healable polymer that is stretchable
and transparent as well. Dynamic covalent imine bonds were
introduced into the PDMS networks as reversible healing sites.
As shown in Figure 1, bis(amine)-terminated PDMS (H2NPDMS-NH2) (Mn = 5000−7000 g mol−1) reacts with 1,3,5triformylbenzene (molar ratio is about 1:1) by a Schiﬀ base
reaction. The resulting reversible imine bonds function as both
polymer cross-linker and self-healing points. Upon damage,
imine bonds are cleaved and hydrolyzed back to aldehyde and
amine, which will then generate imine bonds again and cure the
damage in the healing process.45 As shown by the Fourier
C
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Figure 4. Mechanical and electrical self-healing properties of H-PDMS/Ag-PEDOT ﬁlms. (a) Tensile stress−strain proﬁles of pristine and 12
h healed H-PDMS/Ag-PEDOT ﬁlms. (b) Resistance variation ratios of diﬀerent Ag-PEDOT ﬁlms after multiple cutting and healing cycles.
Schematic illustration and microscopy images of the (i) freshly cut and (ii−iv) 12 h healed (c) H-PDMS/Ag-PEDOT ﬁlm without prestrain
and (d) H-PDMS/Ag-PEDOT ﬁlm with prestrain. Scale bar: 100 μm (i−iii) and 10 μm (iv).

inorganic or brittle materials into stretchable “wavy” conductors.46 Here, a composite ﬁlm of spray-coated Ag nanowire
(NW) networks and spin-coated PEDOT ﬁlm was selected as
the electrical conductor, which was then transferred to a
prestrained H-PDMS. By releasing the strain of the elastomeric
substrate, the strongly adhered Ag-PEDOT ﬁlm buckled
spontaneously to form periodically wavy structures (Figure
3b). According to our experiences, the loosely stacked Ag NW
ﬁlm (Figure S2a) can hardly be attached onto the prestrained
H-PDMS. Meanwhile, the polymer matrix may fuse into the Ag
NW networks with time and block the conductive intercrossing
contacts, leading to a reduced conductivity.47 Hence, the
PEDOT was spin-coated as an adhesive agent to anchor the
networks for successful transfer (Figure S2b,c) and stable
electrical properties. The sheet resistance of the pristine AgPEDOT ﬁlm was measured to be about 11 Ω/square. Two
samples with diﬀerent prestrains were fabricated, i.e. ∼50%
(Figure 3b (i)) and ∼100% (Figure 3b (ii)), respectively. The
periodic wavy fringes can be observed to be perpendicular to
the lateral prestrain direction. By increasing the prestrain, the
buckling fringes become denser (i.e., smaller buckling wavelength). Even with a prestrain of ∼100%, the buckled
composite ﬁlm was not damaged and the Ag NWs adhere to
the substrate conformally without fracture (Figure 3b (iii)).
Upon stretching, the wavy Ag-PEDOT ﬁlm can accommodate
the strain by increasing the buckling wavelength and decreasing
the buckling amplitude, so the strain rendered on the AgPEDOT ﬁlm itself is signiﬁcantly reduced. As for a transferred

transform infrared spectroscopy (FTIR) of the healable PDMS
(H-PDMS) in Figure S1, peaks related to −CO− and −C
N− stretching modes were observed at 1707 and 1648 cm−1,
respectively, conﬁrming the excessive aldehyde groups and the
formation of imine bonds in H-PDMS.
The as-fabricated H-PDMS is highly stretchable. At a uniaxial
tensile speed of 40 mm min−1, the ultimate strain to fracture is
476% at a stress of 116 kPa (Figure 2a). Optical images of the
H-PDMS in the stretched state are shown in Figure 2b. The
self-healing property was evaluated by tensile tests of H-PDMS
which underwent an ambient healing process (21 °C) for
diﬀerent periods of time (1, 3, and 12 h) after being cut
completely with a razor blade. For all three samples, the
ultimate stress recovers back to about ∼100% of the pristine
value; the healing eﬃciency calculated based on the strain to
fracture is 36%, 75%, and 94% after 1, 3, and 12 h of healing,
respectively (Figure 2a). Figure 2c shows that a ∼200 μm wide
cleft was cured thoroughly after 12 h of ambient healing. For
demonstration, an H-PDMS elastomer was cut into two pieces
and attached back (Figure 2d). After 12 h of autonomous
healing, the mechanical elasticity of the sample was fully
recovered.
With the stretchable, transparent, and autonomously healable
elastomer, the next challenge is to fabricate a conductive
electrode with comparable properties. A prestrain−release−
buckling process was adopted for synthesizing the electrode, as
schematically illustrated in Figure 3a. This strategy, pioneered
by Whitesides et al., has been well studied recently to convert
D
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Figure 5. Characteristic electricity generation and human motion-energy havesting by the soft TENG. (a) Working mechanism of the singleelectrode TENG. (b) Output Voc and Qsc, (c) Isc, and (d) areal power density of the TENG with contact−separation motions with a latex ﬁlm.
(e) Voc of the TENG with relative motions of diﬀerent materials. (f) Capacitor charging proﬁles of the TENG tapped by a human hand. The
inset is a charging circuit. (g) Photos of a skin-like soft TENG deforming conformally on a wrist. (h) Photos of LEDs directly driven by
tapping a TENG. The logo photos in (h) are used with permission from Beijing Institute of Nanoenergy and Nanosystems.

Ag-PEDOT ﬁlm without prestrain, the resistance increases
dramatically upon stretching, suggesting accumulated damages
in the Ag-PEDOT ﬁlm (Figure 3c). At a strain of about ∼17%,
the resistance becomes inﬁnity due to the fracture of the AgPEDOT ﬁlm. In contrast, the wavy conductors show an almost
stable resistance when the applied strain is smaller than the
prestrain, in which only a slight increase in the resistance was
observed (less than 50% increment). These ﬁndings are in
accordance with previous buckled conductors.48
In order to fabricate the single-electrode TENG, another HPDMS layer was placed on top of the wavy Ag-PEDOT ﬁlm.
Given enough time (∼12 h), the H-PDMS can fuse into the
interstices between the buckled fringes and the sandwiched
stacks bind tightly, as conﬁrmed by a cross-sectional image
(Figure S3a). But, it should be noted that the wavy structures
are not damaged by this process and can still be observed by an
optical microscope (Figure S3b,c). Therefore, a sandwiched
wavy Ag-PEDOT ﬁlm (∼100% prestrain) still showed stable
resistance within the prestrain range (Figure 3c).
The H-PDMS is highly transparent (Figure 3d (i)). A 200
μm thick H-PDMS shows a transmittance of about ∼96% in
the range of visible light (Figure 3e). With a smooth AgPEDOT conductor transferred on top, the transmittance drops
to ∼90%. For the wavy H-PDMS/Ag-PEDOT ﬁlms with 50%
and 100% prestrain, the transmittances decrease largely to
∼77% and ∼70%, respectively, due to the increased light
reﬂected by the rough surfaces. After placing a top layer of HPDMS, the transmittances of the two samples further drop to
∼73% and ∼67%, respectively. The optical images of all these
samples are shown accordingly in Figure 3f. Interestingly, the

underneath letters cannot be distinguished for the wavy HPDMS/Ag-PEDOT ﬁlms with 100% prestrain, whereas, with an
extra top H-PDMS layer, letters can be observed for the
sandwiched ﬁlm. This phenomenon is due to the diﬀuse
reﬂection of rough surfaces.49 After ﬁlling the fringe gaps by the
top smooth H-PDMS, the underneath letters can be better
resolved. Considering the trade-oﬀ between the stretchability
and transparency, the soft TENG was fabricated with ∼50%
prestrain, as shown by Figure 3d (ii).
The composite H-PDMS/Ag-PEDOT ﬁlm shows higher
strength but worse elasticity than the bare H-PDMS (Figure
S4), because the Ag-PEDOT ﬁlm is stronger but more brittle
compared to the elastomer substrate. An autonomous healing
capability was still observed for the composite ﬁlm, achieving a
mechanical healing eﬃciency of about 86% (calculated based
on fracture strain) at ambient conditions for 12 h after cutting
by a razor blade (Figure 4a). Furthermore, the composite ﬁlms
are also electrically self-healable. To examine the electrical
healing properties, we repeatedly cut the samples (about 4 mm
× 15 mm strips, original resistances are all around 100 Ω)
thoroughly multiple times, and resistances were measured
before and after 12 h of ambient healing each time. For each
cutting, the cutting location is not the same but about ∼3 mm
away from the previous cutting site. The resistance of an HPDMS/Ag-PEDOT ﬁlm without prestrain was in the range
10−100 MΩ after cutting and recovered to ∼3.8 times its initial
value after 12 h of autonomous healing (Figure 4b). But, after
the second cutting and healing, the electrical resistance was not
recovered. As for the composite ﬁlm and sandwiched ﬁlm (with
a top H-PDMS layer) with prestrain, stable electrical healing
E
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Figure 6. Strechability and device healing properties of the soft TENG. (a) Photos of a TENG at pristine and 60% stretched states. (b) Output
Voc of the TENG after being stretched for diﬀerent amounts of strain. (c) Photos and (d) Voc of a soft TENG at pristine, cut, attached, and
healed states. The labeling numbers in (d) are in accordance with the ﬁlms in (c). Scale bar: 1 cm (a). The logo photos in (c) are used with
permission from Beijing Institute of Nanoenergy and Nanosystems.

the reference/grounding electrode at open-circuit conditions,
due to the accumulated static charges in the H-PDMS. When
the external load is connected, positive charges will be induced
in the Ag-PEDOT electrode to screen the static charges and
electrons ﬂow from the Ag-PEDOT to the reference/grounding
electrode. If the alien surface moves back, the electrons will
ﬂow in the opposite direction. By repeating the relative
contact−separation motions, an alternative current will be
generated. As discussed in Figure S5 and Note 1, the opencircuit voltage (Voc) and transferred short-circuit charge
quantity (Qsc) are both 0 when two surfaces are in contact.
When the two surfaces are far away, Voc and Qsc reach the
maximum value and can be given as52

properties were observed even after cutting three times. For
each cutting/healing, the resistance increment ratio (ΔR/Ro) is
in the range of about 60−170%, which is comparable with
several previous reports.47,50,51
Although the Ag-PEDOT ﬁlm is not intrinsically healable,
the healing process of the polymer substrate involves the fusing
of H-PDMS back to repair the wound, which imparts a
dragging force to the Ag-PEDOT ﬁlm to bring them back into
electrical contact, as schematically illustrated in Figure 4c and d.
For the composite ﬁlm without prestrain, a number of small
cracks can be observed around the cutting area (Figure 4c (i)).
After the healing, both small cracks and cutting cleft are healed
(Figure 4c (ii)). Even under higher magniﬁcation by SEM,
cracks are not noticeable (Figure 4c (iii)), and the recovered
contact of Ag NWs can be observed (Figure 4c (iv)). As for the
composite ﬁlm with prestrain, no small crack is observed
around the cutting area (Figure 4d (i)). After healing, the
wound was cured, and the buckled Ag-PEDOT ﬁlms at the two
sides of the initial cleft are clearly observed to be back in
contact (Figure 4d (ii−iv)). But, a tiny unhealed site is also
observed (Figure 4d (ii)), which explains the increment in the
resistance after the healing process. Since the buckled AgPEDOT ﬁlm has better stretchability/ﬂexibility, the cutting
process cannot initiate damages to the ﬁlm. This also explains
why the composite or sandwiched ﬁlms with prestrain have
more stable multiple healing properties than that without
prestrain.
With the above optimizations, the single-electrode soft
TENG, which is stretchable, transparent, and both mechanically
and electrically self-healable, has been successfully fabricated.
The wavy Ag-PEDOT ﬁlm is connected to the ground or
reference electrode through an external load (Figure 5a). The
contact of the top H-PDMS with an alien surface (materials
diﬀerent from H-PDMS) can naturally cause the electriﬁcation
at the interface, generating electrostatic charges with opposite
signs at the two surfaces. When the alien surface is moving
away, a potential will be built up between the Ag-PEDOT and

Voc = −σA 2Co

(1)

Q sc = −σA 2

(2)

where σ is the electrostatic charge density in H-PDMS, A is the
contact interface area, and Co is the capacitance of the TENG.
To examine the output characteristics of the TENG, a
commercial latex ﬁlm was employed to have contact−
separation motion with a TENG (2 × 3 cm2 area). The
frequency and speed of the motion were controlled by a
stepping motor to be about 2 Hz and 0.2 m/s, respectively. The
quantity of Voc and Qsc reached a maximum of about 94 V and
34 nC, respectively, when the two contacting surfaces are far
away (Figure 5b). The peak short-circuit alternative current was
measured to be about 1 μA (Figure 5c). By varying the
resistance of the external loading, the maximum output areal
power density was measured to be 327 mW/m2 at a matched
resistance of 400 MΩ (Figure 5d).
In practical applications, the soft TENG can have relative
motions with many diﬀerent materials as long as they are far
from the H-PDMS in the tribo-negativity table.53 The larger the
diﬀerence they have in the tribo-series, the higher the amount
of electriﬁed static charges generated at the contacting
F
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MΩ, so the electrical output can be largely recovered despite
the increase in the electrode resistance. After the autonomous
healing for 12 h, the electrical generation by the healed TENG
ﬁlm 5 can be almost 100% recovered, suggesting the recovery
of both the Ag-PEDOT electrode and the dielectric H-PDMS
layers. This self-healing ability of the TENG device was also
demonstrated by Supplementary Movie 2.

interfaces, and therefore the higher the measured peak value of
Voc. The peak values of Voc when using commercial silk, Al,
polyester (PET), and Kapton ﬁlms as the alien contacting
surfaces are 91, 62, 27, and 9 V, respectively, consistent with the
established tribo-series table.53 When two H-PDMS ﬁlms are in
contact−separation motion, almost no electrical signal is
output, since their abilities in losing/gaining electrons are
about the same. The TENG can also generate electricity when
being touched by human skin. The peak values of the opencircuit voltage (Figure S6a) and short-circuit current (Figure
S6b) were measured to be ∼105 V and ∼3 μA when tapping
the TENG with a human palm, respectively. The materials’
universality of triboelectriﬁcation eﬀect is important for the
single-electrode TENG, which ensures electricity generation for
diﬀerent applications.
The applicability of the TENG as a soft energy skin to
harvest human motion energies was demonstrated (Figure 5f).
A TENG skin was attached on a wrist, which can accommodate
itself to the deformation of the wrist and remain attached
conformally (Figure 5g). By tapping the TENG with the other
hand, the rectiﬁed electricity (Figure S6c) can charge
commercial capacitors of 2.2 and 4.7 μF to 4 V in 35 and 58
s, respectively. The charging rate is 250 and 320 nC/s when
charging a 2.2 and 4.7 μF capacitor, respectively. The
equivalent rectifying circuit is shown in the inset in Figure
5g. With this circuit, the pulsed alternative current can be
converted into direct current and stored in capacitors for a
stable power supply of small electronics.54,55 Meantime, the
electricity generated by the TENG can directly light up 20
green light-emitting diodes (LEDs) connected in series, as
shown in Figure 5h and Supplementary Movie 1.
The stretchability of the TENG was further examined. As
discussed above, the ultimate stretchability of the buckled AgPEDOT electrode was determined by the prestrain of the HPDMS. Our TENG was fabricated with 50% prestrained HPDMS, in order to balance the stretchability and transparency.
The output Voc of a soft TENG ﬁlm was measured after being
stretched uniaxially for 10 cycles by a linear motor (Figure 6a).
Compared with the pristine TENG, the Voc shows no
noticeable diﬀerence after being stretched to 20% and 40%,
but a signiﬁcant decrease of the Voc was observed after being
stretched to 60% (Figure 6b). By stretching the TENG beyond
the prestrain, cracks and damage will quickly initiate in the AgPEDOT electrode, resulting in the loss of electrical contact of
the Ag-PEDOT ﬁlm. Therefore, the induced charges in the
electrode and the output electrical signals will decrease
dramatically. However, the TENG can work appropriately
when the applied strain is lower than the prestrain.
To evaluate the self-healing ability, a soft TENG was cut in
the middle by a razor blade, attached back, and then healed at
ambient conditions for 12 h, as shown in Figure 6c. The
pristine complete TENG ﬁlm (ﬁlm 1) can output Voc with a
peak value of about ∼100 V (Figure 6d). After being cut into
two pieces, ﬁlm 2 without electrical connection shows no
electrical signal, while the other half-piece (ﬁlm 3) with
electrical connection still outputs a Voc of about half of the
pristine value, because that the contacting area and therefore
the electrostatic charges of the H-PDMS are about half (eq 2).
After attaching the two pieces back, the output of TENG ﬁlm 4
increases immediately close to the pristine value. According to
our measurement, the attached ﬁlm 4 shows a resistance in the
range of 10−100 MΩ across the cleft. But, as demonstrated by
Figure 5d, the internal resistance of the TENG is about 400

CONCLUSIONS
Soft transparent conductors, which can withstand certain
degrees of deformation and can recover from damage
spontaneously, are essential for many electronic and energy
devices.13 This work presents a methodology for fabricating a
self-healable, stretchable, and transparent electrical conductor.
Self-healable polymers are of vital importance for developing
various healable materials and devices. Our healable PDMS
elastomer, based on reversible imine bonds, achieved a high
healing eﬃciency (94%) at ambient conditions without external
stimuli. From our above results, it was found that the trade-oﬀ
between the stretchability and transparency should be
considered for the design of soft transparent conductors,
while the ﬂexibility/stretchability is beneﬁcial for reliable
healing ability, since less mechanical damage is initiated upon
mechanical stimuli. The top sealing H-PDMS layer was found
to be able to not only protect the buckled Ag-PEDOT ﬁlm but
also avoid the diﬀuse reﬂection by the wavy ﬁlm.
This work also suggests a feasible approach for soft power
sources. Despite the rapid advancements in next-generation soft
electronics, compatible energy devices will be the next
challenge for their progress and viable applications. With the
required high ﬂexibility/stretchability, transparency, and healing
ability, the choice of energy-conversion strategy is rare. Our
TENG achieves ∼100% healing eﬃciency, ∼50% stretchability,
and ∼73% transmittance. The stretchability and transmittance
can further be tuned by the prestrain of the H-PDMS substrate.
The high output of our TENG-based energy skin, especially the
high voltage (∼100 V), makes it highly promising for powering
many soft devices.
METHODS
Fabrication of the Healable Elastomer. Healable PDMS was
synthesized by mixing 2 g of bis(amine)-terminated poly(dimethylsiloxane) (Mn = 5000−7000 g mol−1, Gelest DMS-A21)
and a 1 mL solution of 0.4 M 1,3,5-triformylbenzene (Ark Pharm,
Inc.) in dimethylformamide (DMF). The mixture was dried in a
polyvinylidene ﬂuoride (PVDF) container at room temperature for 12
h and then heated to 80 °C for 5 h. Imine bonds were formed, and the
PDMS chains were linked to generate the transparent and healable
elastomer.44
Fabrication of the Buckled Ag-PEDOT Electrode and Soft
TENG. The Ag NW ﬁlm was prepared by spray coating a 2 mg/mL
solution of Ag NWs (Nanjing XFNANO Materials Tech Co., Ltd.) in
2-propanol onto a heated (∼50 °C) PVDF substrate. The PEDOT
solution (Clevios PH1000) was ﬁrst treated with 8 wt % dimethyl
sulfoxide (DMSO) in air at ∼80 °C for 1 h for better conductivity.
Then, the treated PEDOT was spin coated on the Ag NW ﬁlm at a
rotating speed of 2000 rpm for 30 s. The Ag-PEDOT ﬁlm was
obtained by drying at 100 °C in air for 1 h.
The buckled Ag-PEDOT ﬁlm was prepared through a prestrain−
release−buckling process. The H-PDMS was ﬁrst stretched uniaxially
to certain degrees of strain and was then attached onto the AgPEDOT ﬁlm. Then, the Ag-PEDOT ﬁlm was transferred onto the
surface of strained H-PDMS when detaching it from the substrate. By
releasing the stress applied on the H-PDMS, the Ag-PEDOT ﬁlm will
naturally form a buckled morphology. The soft TENG was then
G
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fabricated by sealing the buckled Ag-PEDOT electrode with an extra
top layer of H-PDMS. Given enough time, the interstices between the
buckling fringes can be ﬁlled by the top H-PDMS.
Measurements and Characterizations. The mechanical tensile
tests were conducted by an ESM301/Mark-10 system. The gauge
dimensions of tested samples are about 10 mm × 4 mm × 0.4 mm. For
the tensile test, the train rate was ﬁxed at 40 mm/min. For mechanical
healing tests, the samples were cut completely by a commercial razor
blade, followed by healing at ambient conditions for diﬀerent periods
of time. After cutting the samples, the cut two pieces were always not
moved before the measurements of mechanical and electrical
properties. Otherwise, the two cut Ag-PEDOT ﬁlms may not contact
accurately after healing. The resistances were measured by a two-probe
method. For the measurement of electricity generation, a step motor
(Linmot E1100) was used to provide the input of mechanical motions.
For all the tests of energy generation by the TENG, the speed (0.2 m/
s) and frequency (∼2 Hz) of the step motor were ﬁxed. The voltage
and charge quantity were recorded by a Keithley electrometer 6514,
and the current was recorded with a Stanford low-noise preampliﬁer
SR570.
The UV−vis spectra were obtained by a Shimadzu UV-3600
spectrometer. FTIR spectra were taken by a Bruker/VERTEX80v. The
SEM images were taken with a Hitachi SU8200, and the optical
microscopy images were taken by an Axio Imager.M2m.
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