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ABSTRACT: A major challenge accompanying the booming
next-generation soft electronics is providing correspondingly
soft and sustainable power sources for driving such devices.
Here, we report stretchable triboelectric nanogenerators
(TENG) with dual working modes based on the soft
hydrogel−elastomer hybrid as energy skins for harvesting
biomechanical energies. The tough interfacial bonding between
the hydrophilic hydrogel and hydrophobic elastomer, achieved
by the interface modification, ensures the stable mechanical and
electrical performances of the TENGs. Furthermore, the
dehydration of this toughly bonded hydrogel-elastomer hybrid
is significantly inhibited (the average dehydration decreases by
over 73%). With PDMS as the electrification layer and hydrogel
as the electrode, a stretchable, transparent (90% transmittance),
and ultrathin (380 μm) single-electrode TENG was fabricated to conformally attach on human skin and deform as the body
moves. The two-electrode mode TENG is capable of harvesting energy from arbitrary human motions (press, stretch, bend,
and twist) to drive the self-powered electronics. This work provides a feasible technology to design soft power sources,
which could potentially solve the energy issues of soft electronics.
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Next-generation electronics will be soft, deformable,
and biocompatible, enabling appealing applications
that are hardly achieved by today’s hard and brittle

electronics. State-of-art examples range from electronic skins
for smart sensing and healthcare,1−4 soft robotics,5 flexible/
stretchable optoelectronic devices,6−8 and smart textiles,9,10 to
soft biomedical devices.11,12 Their deformable and biocompat-
ible characteristics allow their intimate integration with the
human body, providing great potential in wearable and
biomedical applications.13−15 Nevertheless, an accompanying
big challenge is providing correspondingly stretchable and
sustainable power sources for such devices, especially soft/
stretchable energy-harvesting devices that can convert environ-
mental energies into electricity.16

Recently, triboelectric nanogenerators (TENGs) have been
developed as highly efficient and sustainable power sources by
transforming ambient mechanical energy into electrical out-

put.17−24 Considerable attempts have been made to develop
flexible TENGs to harvest various forms of mechanical
energies, especially the energies of human motions.25−27 In
particular, stretchable and transparent TENGs are highly
demanded since wearable TENGs are frequently required to
deform accordingly with human motions without deterioration
of device performance,28 and transparency helps potential
application in the visual transmission of information.29−31

Typically, thin dielectric polymer films and conductive films
(metal, graphene, indium tin oxide, etc.) are applied as the
triboelectrification layers and electrodes, respectively. Several
studies have also demonstrated stretchable TENGs by using
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rubbery elastomers as the electrification layer.32,33 Percolated
conductive networks,34 liquid phase conductors,35 or woven
entangled metal yarns36 have been employed as the stretchable
electrodes. Our last work achieved ultrahigh stretchability
(ultimate uniaxial strain of 1160%) for skin-like TENG based
on stacked hybrids of elastomers and ionic hydrogels.37

Furthermore, this material combination ensures the biocompat-
ibility, environmental friendliness, and low cost as well,38,39

making the resulting TENGs highly suitable as power sources
for electronics related to smart skins, soft robotics, or wearable/
biomedical applications. However, the weak adhesion between
the conductive hydrogel and electrification elastomer in the
TENG greatly reduces its mechanical reliability. The hydro-
philic hydrogel and the generally hydrophobic elastomers
naturally form a weakly bonded interface, which is still a fatal
drawback to the TENG-based energy harvesting skins.37

Here, we report stretchable TENGs with dual working
modes based on the soft hydrogel-elastomer hybrid as the
energy skin for biomechanical energy harvesting. The robust
bonding between the hydrogel and elastomer, achieved by the
interface modification with benzophenone (BP) upon ultra-
violet (UV) irradiation, was confirmed by the debonding tensile
test and cyclic tensile loading test. Contrary to the uncoated
hydrogel, the average dehydration rate of the hydrogel−
elastomer hybrid can decrease by 73.2%−78.6% in an
environment of an average relative humidity (RH) of ∼26%
at 30 °C, enabling its potential application in harsh environ-
ments. With polydimethylsiloxane Sylgard 184 (PDMS) as the
electrification layer and polyacrylamide−sodium alginate
(PAAm−alginate) hydrogel as the electrode, a stretchable,
transparent (90% transmittance) and ultrathin (380 μm) single-
electrode TENG was fabricated to conformally attach on
human skin for harvesting human motion energies. The two-
electrode contact-separation mode TENG is also developed to
drive the self-powered electronics with energies converted from

arbitrary human motions (press, stretch, bend, and twist). This
work provides a feasible technology to design soft power
sources, which could potentially solve the energy issues of the
next-generation soft electronics.

RESULTS AND DISCUSSION

The interfacial bonding strength between the PAAm-alginate
hydrogel and the elastomer films is naturally weak, because the
hydrogel is hydrophilic and elastomers are typically hydro-
phobic. One of the effective approaches to improve such a
problem is modifying polymers’ surfaces through BP.40−42 The
process begins with treating elastomer by BP in ethanol
solution, and then adding hydrogel presolution to the elastomer
followed by UV irradiation (Figure 1a). When excited by UV
irradiation, the photochemically produced triplet state of BP
can abstract hydrogen atoms from superficial elastomer
polymers and then generate methyl radicals.40,41 Thus, the
radical can act as an initiator for polymerization of the hydrogel
polymer onto the reactive sites on the elastomer surface, leaving
benzopinacol as a final reaction product (Supporting
Information Figure S1).43 As a result, the robust bonding
interface forms due to the covalently cross-linking hydrogel
polymers on elastomer surfaces. As confirmed by the optical
images in Figure 1b, the hydrogel can be easily detached from
elastomers (both Ecoflex and PDMS); while elastomer−
hydrogel hybrid with the BP interface treatment can hardly
be debonded by hand (Figure 1c).
To quantitatively demonstrate the robust toughness between

the hydrogel and the elastomer, multiple kinds of tensile tests
were carried out. As shown in Figure 1d, one end of a hydrogel
film (4 cm × 1.8 cm × 1 mm) was bonded on an Ecoflex film
(4 cm × 1.8 cm × 1 mm) with the interface treatment, and the
free ends of the two films were fixed on the two holders of a
tensile tester, respectively. When the tensile stress reaches the

Figure 1. Fabrication of toughly bonded elastomer/hydrogel hybrids. (a) Schematics of a practical fabrication approach for robust hydrogel-
elastomer hybrid. Photographs showing (b) the easily debonded elastomer/hydrogel interfaces without BP treatment and (c) tough bonding
interfaces after BP treatment. Photographs and stress−strain curves of tensile tests of the (d) hydrogel−Ecoflex and (e) hydrogel−PDMS
hybrid. Photographs and stress−strain curves of cyclic tensile tests of the (f) hydrogel−Ecoflex and (g) hydrogel−PDMS hybrid. Scale bars are
1 cm.
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limit load (strain up to 740% at 0.88 N, strain velocity is 70
mm/min), the free hydrogel film fractures but the bonding
interface of the hybrid still remains intact. Similarly, the PDMS-

hydrogel interface bonding is also intact even after the fracture
of the free hydrogel film (Figure 1e). In addition, the
robustness of hydrogel-elastomer hybrids can also be validated

Figure 2. Antidehydration performances of toughly bonded hydrogel/elastomer hybrids. (a) Schematic diagram of the antidehydration of
stacked elastomer/hydrogel. (b) Normalized weight retention of the uncoated hydrogel, Ecoflex−hydrogel−Ecoflex (E-h-E), and PDMS−
hydrogel−PDMS (P-h-P) kept at a dry environment with a RH of 26% at 30 °C. (c) Optical images of the hydrogel−elastomer hybrids and
bare hydrogel during the dehydration experiments. Scale bars are 1 cm.

Figure 3. Fabrication of single-electrode stretchable and transparent TENG. (a) Scheme of the single-electrode TENG with sandwich
structure. (b) Optical images of an ultrathin energy skin conformally attached on (i) a bended finger and (ii) an arm. (c) Optical image of the
highly transparent single-electrode TENG. (d) Transmittance of the single-electrode TENG in the visible range. (e) Uniaxial tensile test of the
hydrogel-PDMS single-electrode TENG. Scale bar is 1 cm.
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in other modes of deformation. An Ecoflex sheet (3 cm × 1.5
cm × 2 mm), with a hydrogel film (2 cm × 1 cm × 1 mm)
coated at the central deforming area, still shows stable cyclic
mechanical tensile performances with tensile strain up to 500%
(Figure 1f). No delamination of the hydrogel film is observed
throughout the course of the cyclic tensile test (the optical
image in Figure 1f). Besides, the hydrogel−Ecoflex laminate
fractures at an ultimate tensile strain of 792%, but the cross-
section interface remains intact without observable damage
(Figure S2a). Similar results of the hydrogel−PDMS hybrid are
presented in Figure 1g and Figure S2b.
With rapid developments of hydrogel-based electronics, the

dehydration of hydrogels becomes a critical issue in this field
since the ionic conductivity and mechanical elasticity of the
hydrogel will decrease along with time.44 We carried out
dehydration tests for the uncoated hydrogel, sandwiched
Ecoflex−hydrogel−Ecoflex (E-h-E) hybrid and PDMS−hydro-
gel−PDMS (P-h-P) hybrid with the same dimensions (2.3 cm
× 2.3 cm × 1.25 mm) under the constant ambient conditions
(30 °C and 26% relative humidity (RH)) for 72 h. The
schematic structure diagrams of these three samples are shown
in Figure 2a. As shown in Figure 2b, the weight of uncoated
hydrogel decreases rapidly in the first ∼20 h, and maintains
only 14.5% of its initial weight after 72 h, suggesting the
depletion of the water content. The average dehydration rate
reaches 11.2 mg/h. In contrast, the weight retention ratio of the
E-h-E hybrid is finally 70.5%, corresponding to an average
dehydration rate of 3.0 mg/h. The P-h-P hybrid retains 72.4%
of its initial weight with an average dehydration rate of 2.4 mg/
h. As compared with that of the bare hydrogel, the average
dehydration rate has been reduced by 73.2% and 78.6% due to
the coating of Ecoflex and PDMS, respectively. From the
optical images (Figure 2c), it is clear that the size of the
uncoated hydrogel has shrunken significantly and it even
become curled, whereas, the appearance of the two hybrids has
not changed evidently during the test. Thus, it is reasonable to

believe that this excellent antidehydration performance ensures
the proper function of the hydrogel−elastomer-based TENG in
harsh environments.
The stretchable single-electrode TENG has a three-layer

structure that the conductive hydrogel electrode is sandwiched
by two PDMS thin films. Detailed fabrication methods are
described in the Methods section. As shown in Figure 3a, the
presence of high concentrations of positive and negative ions
contributes to the high ionic conductivity (1.25 × 10−5 S/cm)
of the hydrogel based on the electrochemical impedance
spectroscopy (EIS) measurement (Figure S3a). Although the
resistance of the electrode increases with the elongation strain
(Figure S3b), this increase is acceptable and will have little
negative impact on the TENG’s performance, because the
inherent impedance of TENG is much larger and at the scale of
MΩ.45 The highly transparent device (Figure 3c) has an
ultrathin film structure with a thickness of only 380 μm,
enabling it to be attached conformally onto a bended finger and
wrinkled skin (Figure 3b). A 1 mm-thick hydrogel film achieves
an average transmittance of 94% in the visible range from 400
to 800 nm. The single-electrode TENG shows an average
transmittance of 90%, much higher than those of previously
reported transparent TENG using graphene or indium tin oxide
(ITO) (Figure 3d).46−48 Uniaxial tensile tests are performed to
evaluate the mechanical properties of the TENGs (Figure 3e).
The single-electrode TENG starts to rupture at a stress of 344
kPa and the tensile strain of 397% (strain rate 70 mm/min).
Figure 4a schematically illustrates the working mechanism of

the single-electrode TENG. Tribo-electrification together with
the electrostatic induction effect contributes to the energy
generation of the TENG.23,49−51 According to the triboelectric
series, PDMS and human skin can be considered as
triboelectrically negative and positive materials, respectively,
due to their different electronegativity.52 Initially, the human
skin keeps in contact with the PDMS layer, charges transfer
from the human skin to the PDMS, making the PDMS layer

Figure 4. Electricity generation of the single-electrode soft TENG. (a) Scheme of the working mechanism of the single-electrode PDMS-
hydrogel TENG. (b) VOC, (c) QSC, and (d) ISC of a hydrogel−PDMS single-electrode TENG. (e) Optical images of the TENG at the initial
state and 75% strain state. (f) Comparison of the output QSC of the TENG before and after being 75% strain for 600 cycles. Scale bars are 1
cm.
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negatively charged, and the human skin positively charged.32

When the skin is moved away from the PDMS, an electrical
potential difference is built between the two separated
oppositely charged surfaces.53 The unscreened negative charges
on the PDMS surface causes the accumulation of positive ions
at the upper PDMS/hydrogel interface and negative ions at the
bottom PDMS/hydrogel interface.54 Then a transient charge
flows from the Cu connecting wire to the ground, generating a
current pulse. An electrostatic equilibrium is achieved when the
human skin and the PDMS layer reach the maximum
separation distance. As the skin moves back again, the process
is reversed and a charge flow along the opposite direction
occurs.55,56 Thus, the continual contact−separation motion
described above produces an alternative current. When the
moving dielectric film remains in contact with the elastomer,
both open-circuit voltage (Voc) and short-circuit charge
quantity (Qsc) are 0. When the dielectric film is moving far
away from the elastomer, Voc and Qsc can be derived as57−59

σ= −V A C/2oc o (1)

σ= −Q A/2sc (2)

where σ is the density of electrostatic charges generated at the
surface of the elastomer film, Co is the capacitance of the
TENG, and A is the contacting area between the dielectric film
and the elastomer film.
The energy-harvesting performance of the single-electrode

TENG was evaluated by applying a cycling contact−separation
motion. The frequency (1.5 Hz) and speed (0.2 m/s) of the
compression cycle and the pressure (∼100 kPa) between the
two contacting films are controlled to be stable by a stepping
motor for all following tests. The single-electrode TENG
generated the approximate Voc of 70 V (Figure 4b), Qsc of 23.4
nC (Figure 4c), and Isc of 0.46 μA (Figure 4d). To investigate
the actual output power of the soft TENG, we obtained load
matching curves by using an external load resistor varying from
100 Ω to 1000 MΩ. As the resistance increases, the current
density amplitude decreases while the output power density of
the device reaches the peak value of 135 mW/m2 at the

optimum load resistance of 800 MΩ (Figure S4a). Besides, the
single-electrode TENG with ionic hydrogel as the electrode
shows no mechanical fatigue or degradation in electrical output
under a 75% strain for 600 cycles (Figure 4e,f). In addition, the
stability of the single-electrode TENG was also characterized by
the long-term motion cycles as shown in Figure S4b. It is
clearly seen that the output voltage of the TENG does not
exhibit obvious change after ∼5000 cycles (for 60 min) of
repeated contact−separation motion. The excellent mechanical
stability satisfies the needs of reliability for a practical
nanogenerator.46

A two-electrode soft TENG working at contact−separation
mode has also been developed for the application where the
grounding is inconvenient. The structure of the contact−
separation mode TENG is schematically depicted in Figure 5a.
Two PAAm−alginate hydrogel films both sealed inside two
elastomer layers are employed as the top and bottom
electrodes. The middle Ecoflex and PDMS films serve as
tribo-positive and tribo-negative layers in the triboelectrification
process, respectively. The PDMS film was patterned with a
series of spacers, which separate and support the two
electrification layers to realize the contact−separation motions
of the top/bottom parts and thereby the generation of electrical
outputs. All of the hydrogel/elastomer interfaces were treated
with BP for tough bonding. The detailed preparation process
and photographs of the TENG are shown in Figure S5 and
Figure S6, respectively. It is obvious that the highly flexible
TENG is able to be attached conformly to various curvy
surfaces of the human body (Figure 5b), which provides
possibility to be integrated with wearable and flexible
electronics.35,60−62

As shown schematically in Figure 5c, the middle PDMS and
Ecoflex layers will be electrified upon their contact due to the
applied external pressure, generating static surface negative and
positive charges, respectively.53 Once the pressure is removed,
the upper/lower parts will bounce back and the two electrified
surfaces will be separated, due to the existence of elastic
spacers. Meantime, ions in the two hydrogel electrodes will
move to screen the static charges, and induced electrons will

Figure 5. Fabrication and output characteristics of the two-electrode soft TENG. (a) Schematic diagrams of the two-electrode TENG with the
PDMS spacers. (b) Photographs showing the shape-adaptive TENG conformly attached to various curvy surfaces of the human body. (c)
Schematics of the working mechanism of the contact−separation TENG. (d) VOC, (e) QSC, and (f) ISC of the contact−separation TENG.
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flow through the external circuit. Repeated deformation of the
TENG will then lead to the generation of continuous
alternative currents. When the moving dielectric film is in
contact with another dielectric film, both Voc and Qsc are 0.
When the top electrode is moving far away, Voc and Qsc can be
derived as57

σ= −V A C/oc o (3)

σ= −Q Asc (4)

The contact−separation mode TENG generated the peak Voc
of 100 V (Figure 5d), peak Qsc of 32 nC (Figure 5e), and peak
Isc of 0.36 μA (Figure 5f). As the external loading resistance
increases, the current density amplitude decreases; while the
output power density of the device reaches the peak value of 44
mW/m2 at an optimum load resistance of 600 MΩ (Figure
S7a). It is clearly seen that the output voltage of the TENG
does not exhibit obvious change after ∼5000 cycles (for 60
min) of repeated contact−separation motion (Figure S7b).
After storage at an RH of ∼26% at 30 °C for 3 days and 21

days, the electrical output performances of the hydrogel−
elastomer hybrid based TENG show no noticeable degradation,
as shown in Figure S7c. This stable long-term performance and
antidehydration performance are attributed to the excellent
elastic properties of the whole systems and toughly bonded
hydrogel/elastomer interfaces.
The soft TENG can be used for harvesting mechanical

energy, especially the energy of human motions. Thanks to the
flexibility and stretchability, the hydrogel−elastomer based
TENG can operate under multiple deformations without any
mechanical damage (Figure 6a−k). Twenty green light-emitting
diodes (LEDs) connected in series can be easily lit by pressing
(Figure 6d, Supporting Movie S1), stretching (Figure 6e,
Supporting Movie S2), bending (Figure 6f, Supporting Movie
S3), or twisting (Figure 6g, Supporting Movie S4) the TENG.
The corresponding Qsc based on the motions are presented in
Figure 6h,i,j,k, respectively. When the TENG works under the
pressing motion, it has a higher electrical output than the other
three situations. According to the schematic illustration of the
working mechanisms under diverse motions (Figure 5c and

Figure 6. Harvesting multiple types of motion/deformation energies by the two-electrode TENG. Schematic diagrams showing the working
mechanism of the contact−separation TENG when it is under (a) stretching, (b) bending, and (c) twisting motions. Photographs and QSC
when the TENG is working under (d and h) pressing, (e and i) stretching, (f and j) bending, and (g and k) twisting motions. (l) The
equivalent circuit and (m) image of a self-charging system that uses the energy harvested from TENG to power electronics. (n) Voltage profile
of a 2.2-μF capacitor being charged by the TENG and powering the electronic watch.
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Figure 6a,b,c), the high electrical outputs mainly depend on the
much larger relative displacement between the two electrodes,
along with the much more effective contact area.63

Furthermore, the electrical output of the hydrogel−
elastomer-based TENG can be stored in energy storage devices
(such as capacitors) to power up portable electronics. The
hydrogel−elastomer based TENG is pressed with a frequency
of 1 to 2 Hz to charge a 2.2-μF capacitor and then power an
electronic watch through the equivalent circuit in Figure 6l.
Initially, the voltage of the capacitor increases linearly to 5 V in
150 s, and then it is capable of powering an electronic watch for
about 15 s while the voltage of the capacitor drops rapidly
(Figure 6m). As the TENG is continuously pressed, the
capacitor can be charged back to 5 V, suggesting that the
harvested energy can not only drive the watch but also
sufficiently charge the capacitor. This demonstration indicates
that the device can act as a fully self-powered and sustainable
electronic system, with great potential in deformable, portable
and wearable electronics.

CONCLUSIONS

In summary, soft, flexible and stretchable TENGs with toughly
bonded hydrogel−elastomer hybrids were developed for
potential applications as energy-harvesting skin. The robust
bonding interface between the hydrogel electrode and the
elastomer electrification layer, achieved by the surface
modification by BP, ensured the stable electrical output of
the hybrid-based TENG. Meantime, the dehydration rate of the
sandwiched hydrogel can decrease by 73.2%−78.6% as
compared to that of the uncoated one. The single-electrode
TENG energy skin has a high transparency (90%) and an
ultrathin thickness (380 μm), enabling it to conformally attach
to human skin and deform with the body’s movement. The
contact−separation mode TENG is capable of harvesting
energy from an arbitrary mechanical movement (press, stretch,
bend, and twist) to drive the self-powered electronics. But,
because of the use of Ecoflex film, the two-electrode TENG in
this work is not transparent. A new transparent tribo-positive
elastomer will be needed in the future. The applicability of the
designed TENG as a sustainable energy source for self-powered
electronics has been demonstrated by powering commercial
electronic devices. Therefore, the practically viable energy
harvesting skin exhibited in this work is highly promising for
powering next-generation soft electronics.

METHODS
Fabrication of Pregel Solution (Ionic Conductor). The

PAAm−alginate hydrogel was prepared according to the method
reported previously: 12.05 wt % AAm, 1.95 wt % sodium alginate,
0.017 wt % MBAA, and 0.2 wt % Irgacure 2959 were mixed to prepare
the PAAm−alginate pregel solution. The mixture was stirred fully, and
air bubbles were removed through vacuum pumping.
Bonding Hydrogels on Elastomers. The surfaces of elastomers

were treated by BP in ethanol solution according to the method
reported previously. First, the elastomer surfaces were cleaned with
methanol and deionized water thoroughly, followed by soaking the
elastomer fully in BP solution (10 wt % in ethanol) for 2 min at room
temperature. Thereafter, the elastomer was washed with methanol for
three times and dried completely with nitrogen gas. The acrylic mold
was placed on the treated elastomer film. The pregel solution was
poured into the acrylic mold, and then an ionic cross-linkers solution
(mixing 0.172 g of calcium sulfate with 8 mL of deionized water) was
injected into the pregel solution. Then another treated elastomer was
added to the incomplete cured hydrogel followed by UV irradiation of

the hydrogel in the UV chamber (350 nm ultraviolet) for 40 min,
during which time the PAAm network was covalently cross-linked and
bonded onto the elastomer surface.

Fabrication of the Single-Electrode TENG. The PDMS film (20
μm thick) was prepared by spin-coating the mixture of Sylgard 184
base and curing agents (10:1 by weight) followed with 80 °C
treatment for 2 h. Then the TENG was assembled by sandwiching the
PAAm−alginate hydrogel with the two PDMS films. Cu wire was
attached to the hydrogel for electrical connection.

Fabrication of the Contact-Separation TENG. The PDMS
spacer (2 mm thick) was prepared by pouring the mixture of Sylgard
184 base and curing agents (10:1 by weight) into the arclic mold
followed by an 80 °C treatment for 2 h. The Ecoflex film (90 μm
thick) was prepared by spin-coating the mixture of Ecoflex oo-2o A
and Ecoflex oo-2o B (1:1 by weight) followed with 60 °C treatment
for 2 h. The top electrode was fabricated by sandwiching the PAAm−
alginate hydrogel with the elastomer film and the PDMS spacer. The
bottom electrode was fabricated by sandwiching the PAAm−alginate
hydrogel with elastomer films. The final device was fabricated by
sandwiching the upper part and the bottom part. Cu wire was attached
to the hydrogel for an electrical connection.

Characterization and Measurements. A step motor (LinMot
E1100) was used to provide the input of mechanical motions. For all
the tests of energy generation of the TENG, the pressure (100 kPa),
speed (0.2 m/s), and frequency (∼1.5 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 mechanical tensile test and stretch
cycling test of the hydrogel−elastomer hybrid were conducted by an
ESM301/Mark-10 system. For the antidehydration test, the dry
environment was created by storing dehydrated desiccants in an oven
at 30 °C, RH 26%. The RH was monitored with a hygrometer, and the
weights of the samples were recorded every 12 h. The electrochemical
impedance spectroscopy of the hydrogel was measured using a
potentiostat (Metrohm PGSTAT302N), by sandwiching the hydrogel
layer (area = 2.5 cm × 2.5 cm, thickness = 2 mm) between two indium
tin oxide (ITO) glass pieces.
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