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ABSTRACT:High-performance stretchable triboelectric nanogenerators
(STENGs) based on hierarchical auxetic� lms consisting of polyurethane
(PU) foam and Ag electrode layers were fabricated. The high conformability
and stretchability of the STENGs enable the dual-mode operation in both
contact� separation and stretching� releasing modes. Compared with
STENG devices with a single operation mode, our dual-mode STENG
exhibits a high output voltage of 320 V and a current of 45� A with an
instantaneous output power density of 3 mW. The working principles of
dual-mode STENG and the relationships between its output performance
and the various types of mechanical motions were systematically studied,
providing a working mode of STENGs for various practical applications.
The high output power generation from dual-mode STENG can be used to
operate light-emitting diodes and charge a wearable electronic device. The
proposed energy harvester o� ers a promising way to provide power sources
for micropower systems, stretchable electronics, and self-powered biomechanical sensors.

Smart electronics are based on the development of
wearable and implantable devices that can be combined
with the human body, fabrics, and other accessories.1� 3

Because these devices require a steady power source for a
portable electronic system, the limited storage of current
batteries is a major issue. The periodic recharging or replacing
of the battery is inevitable for long-term operation, thereby
restricting the applicability of a portable wearable device. To
ensure a sustainable power source, numerous energy harvesters
based on various kinds of conversion mechanisms (piezo-
electric, triboelectric, electromagnetic, thermoelectric, photo-
voltaic) of electricity have been extensively developed.4� 12

Particularly, the triboelectric nanogenerator (TENG) that
converts external stimuli into electricity has been demonstrated
due to low fabrication cost and high performance.10,13� 18

TENGs based on the coupling e� ects between tribo-
electri� cation and electrostatic induction can e� ciently harvest
abundant mechanical energy in our normal living environment.
To date, four basic operation modes for the TENGs (i.e.,
vertical contact� separation mode, in-plane sliding mode,
single-electrode mode, and freestanding triboelectric layer
mode) have been developed to adapt to various mechanical
motions.15,19� 21 However, most TENGs were normally
operated by the periodic contact between two materials with

di� erent triboelectric polarities for the vertical contact�
separation mode.17,18,22� 24

The e� cient and continuous generation of energy from
conventional TENGs is limited within complex mechanical
operations. For wearable device applications, the TENG device
should operate under vertical and lateral motions because
various mechanical deformations occur in the human body.
Although previously reported TENG devices can work under
lateral motions, such as rotation, sliding, and vibration, there
are still hindrances to implementing this technology into
applications, which must harvest various vertical and lateral
energies simultaneously.14,21,25 Recently,� exible or stretchable
TENG devices have emerged as next-generation energy
harvesters, essentially requiring the TENGs themselves to be
deformable and stretchable in order to adapt to common
human motions.13,26� 30 Nevertheless, challenges still exist in
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enhancing the stretchability, optimization of the device
structure, improvement of the electrical output, and operation
of the various working modes.

Here, we report a novel stretchable TENG prepared by
using hierarchically patterned� lms composed of PU foam and
Ag electrode layers. By virtue of the exclusive structural design,
the stretchable TENG could be operated in both contact�
separation and stretching� releasing modes, producing an
output voltage reaching 320 V and current of 45� A with an
output power of 3 mW. In the dual mode, the TENG exhibits
excellent output performance, which is about 5-fold higher
than that of the single-mode TENG. On the basis of such a
high performance of dual-mode STENGs, we could success-
fully accomplish the operation of a commercial light-emitting
diode (LED). In addition, we could manufacture integrated
power management circuits with a dual-mode TENG device
for powering wearable electronics. Therefore, the TENG
utilizing a dual-mode operation system is a promising energy
harvester for self-powered electronics.

Figure 1a presents a schematic of the device structure of
dual-mode STENGs. PU foam (with a highly positive
triboelectric potential) coated on a Ag stretchable electrode
was utilized as the top triboelectric layer in the STENGs. PFA
(with a highly negative triboelectric potential) attached to an
Al electrode was utilized as the bottom triboelectric layer in the
STENGs. The PU foam layer was spin-coated on the
hierarchical patterned Ag-PDMS electrode consisting of Ag
� akes and PDMS. The cross-sectional SEM image of the top
triboelectric layer composed of PDMS/Ag-PDMS/PU foam
materials is shown inFigure 1b; the top one is a pure PDMS
layer, the middle is a Ag-PDMS composite electrode layer, and
the bottom is a pure PU foam layer. The three di� erent layers

were distinct without debonding or interferences between
them. Atomic force microscopy (AFM) images obtained
before and after PU foam coating are presented inFigure S1
(Supporting Information). Particularly, the surface of the Ag
electrode was smooth, whereas the surface roughness of PU
foam increased, which provides a greater contact area for the
transport of electrostatic charges through the physical contact.
On the other hand, the hierarchical auxetic metamaterials
enable the top triboelectric layer to be exceptionally
stretchable.31,32 Hierarchical auxetic metamaterials including
three orthogonal line cuts in a thin square� lm were adopted
for the top triboelectric layer. The experimental procedure for
fabricating the stretchable electrode based on hierarchical
patterns using highly conductive composite paste is presented
in Figure S2(Supporting Information). The exquisitely
designed grips were adopted on the edges of the hierarchical
structures without su� ering from out-of-buckling. Under
uniaxial stretching, the square unit rotation leads to a biaxial
expansion and a continuous pattern transformation owing to
the auxetic behavior. The visual images of the hierarchical
structured electrodes under various strains are presented in
Figure 1c. We investigated the electrical resistance of a
hierarchical patterned Ag-PDMS electrode under external
strain. The hierarchical cut-based electrodes exhibited highly
stable electrical resistance under external strain (Figure 1d). In
particular, even after 50% stretching of the Ag-PDMS
electrode, its electrical resistance shows an insigni� cant change
below 0.5� . However, the resistance of the electrode was
drastically increased at 55% strain, and a few hinges started to
break apart at 50% strain. Therefore, 45% is the optimal strain
for sustainable energy harvesting. We also con� rmed that this

Figure 1. (a) Schematic of a dual-mode STENG device with hierarchically structured layers. (b) Cross-sectional SEM image of the top
triboelectric layer composed of PDMS/Ag-PDMS/PU foam materials. (c) Visual images of the stretched electrodes under di� erent applied
strains. (d) Variation of resistance of the stretchable electrode as a function of tensile strain under uniaxial stretching. The inset shows the
resistance change during a long-term cycling test.
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electrical resistance was maintained during 500 stretching/
releasing cycles, as shown in the inset ofFigure 1d.

The generated voltage and current of the STENG were
investigated in the stretching� releasing (denoted as S in this
study), contact� separation (denoted as C in this study), and
dual modes (denoted as SC in this study), as shown inFigure
2a and 2b. Because of the exclusive structural design, the

STENG can be operated in both S and C modes. Each
STENG had a contact area of 4 cm× 4 cm, and the output
performance was measured under a periodic stretching or
contact of the hierarchically structured� lm at a frequency of
0.5 Hz. When the hierarchically structured� lm was stretched
outward and released inward (S mode), the output voltage and
current of 61 V and 3.5� A were measured, respectively. The
working principle of the STENG is illustrated inFigure S3a
(Supporting Information). Since the PU foam and the PFA
� lm have di� erent abilities to attract electrons, a transfer of
surface charge occurs when the two� lms are brought into
contact. The electrons get transferred from the PU surface to
the PFA surface due to the higher surface electron a� nity of
PFA than that of the PU foam, resulting in negative charges on
the PFA and net positive charges on the PU foam. In the initial
state, the PU foam completely overlaps the PFA surface. Once
the PU foam with the positive charge was stretched, the in-
plane charge separation took place because of the reduction in
contact surface area. The overall in-plane charge separation
raises the electrical potential of the top electrode in the open-
circuit condition, which drives the electrons from the bottom
to the top electrode. The transfer of charges between the Ag
and Al electrodes continues until the top electrode stops
stretching, resulting in maximum electrical potential. Sub-
sequently, when the PU foam is released, the electrons on the
Ag electrode transfer to the Al electrode, due to which the
electrical potential of the top electrode drops. Once the two
surfaces move to the initial position, there are no transporting
charges between the two electrodes. In the repetitive working
process, the electrical energy is generated as the electrons
move back and forth.

In the contact� separation mode (C mode), the arch-shaped
STENG is capable of working upon a vertical force onto the
whole area of the device, so that the top layer is periodically
pressed to� atten and come into close contact with the bottom
layer. Once the top layer is bent, the PU foam and PFA
surfaces separate due to the low Young’s modulus of the top
layer. In the operating C mode of STENG, the working
mechanism is relatively similar to that of the S mode, although
the direction of the pressing force is perpendicular to that of
the STENG. As presented inFigure S3b(Supporting
Information), initially, there is no electricity generation as
the top and bottom layers are separated. A vertical force makes
the PU foam fully contact the PFA� lm, thereby resulting in a
contact electri� cation between them. Due to their di� erent
surface a� nities, net positive charges on the PU surface and
net negative charges on the PFA surface are induced. After the
applied force is released, two triboelectric layers get separated
and the potential variation in the two electrodes is caused,
thereby resulting in the transfer of electrons from the bottom
to the top electrode. When the applied force is fully released
and the top electrode gets back its initial shape, the potential
di� erence reaches a maximum. Subsequently, once the PU
surface is in contact with the PFA surface again, the potential
di� erence starts to drop and the electrons� ow back to the
bottom electrode until fully in contact. Finally, with a vertical
force applied onto the STENG, an alternating output signal is
generated across the two electrodes. In the typical designs of
the TENGs operated by the vertical contact� separation
working mode, a vertical gap between the two triboelectric
layers was typically necessary for the electric charge separation.
However, the hierarchically patterned thin� lm in this study
can play a critical role in both the triboelectric layer for charge
generation and the vertical gap for electric charge separation,
which signi� cantly makes the device structure simpler and
enhances its� exibility. When the electricity generation of
STENG was measured under compressive force, the nano-
generator could generate an output voltage and current of up
to 225 V and 21� A, respectively. Additionally, when STENG
operated in the S mode was combined with that operated in
the C mode, the electrical output of the SC mode STENG
device signi� cantly increased up to 320 V and 45� A, which
outperformed previous state-of-art STENGs with single
operation mode (Table S1, Supporting Information).8,33� 37

The enhanced output performance of dual-mode STENG can
be attributed to the high surface charges induced by more
physical contacts in one cycle. Because the PU foam has
surface roughness, more contact between the PU foam and the
PFA results in more surface charges. The corresponding short-
circuit charge of STENG under dual-mode operation with a
tensile strain of 45% is shown inFigure S4in the Supporting
Information. The basic working principle of dual-mode
STENG can be divided into several stages, as shown inFigure
S3c(Supporting Information). First, the top and bottom layers
are separated. By applying a vertical compressive force on the
STENG, a physical contact between the PU foam and the PFA
results in a charge transfer. When the PU foam with the
positive charge is stretched, the in-plane charge separation
occurs, which drives the electrons from the bottom to the top
electrode. Next, once the PU foam moves backward, the
transferred electrons on the Ag electrode move to the Al
electrode. Finally, when the applied force is released and the
top electrode retrieves its original shape, the potential
di� erence reaches a maximum, which drives the electrons

Figure 2. (a) Output voltages and (b) currents generated from the
STENG device with stretching/releasing mode (S mode), contact�
separation mode (C mode), and dual mode (SC mode). (c)
Output voltages and (d) currents of a dual-mode STENG device
under periodic stretching motions with various tensile strains.
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from the Al electrode to the Ag electrode. Therefore, we
achieve the dual-mode operation of STENG within one cycle.
The output voltage and current under dual mode combined
the voltages and currents under the stretching and contact
modes, respectively, which is presented in an enlarged view of
the output signals (Figure S5, Supporting Information).
Operating mechanisms corresponding to both S and C
modes occur simultaneously in one cycle and are capable of
enhancing the output power as will be discussed later.

Thus, the operating frequency is an essential factor that can
considerably in� uence the TENG’s output performance. The
open-circuit voltage and short-circuit current of STENG under
dual-mode operation with di� erent speeds were measured, as
shown in Figure S6a(Supporting Information). As the
operation speed increases from 80 to 120 mm s� 1, the output
voltage and current increase owing to the faster transport of
surface charges and thus higher transferred charge density.
Furthermore, the strain-dependent output performance of
dual-mode STENG was estimated under periodic stretching
motions at several tensile strains (Figure 2c and 2d). The
open-circuit voltage and short-circuit current of STENG are
seen to monotonically increase with the tensile strain of up to
45% (at a maximum operation speed of 100 mm s� 1). Thus, it
revealed that the hierarchically patterned� lm serves as both
the triboelectric material and the top electrode to achieve the
high-performance of the STENG under high tensile strains.

To investigate the e� ect of electron a� nity of the PU foam
on the triboelectric energy generation, we characterized the
electric outputs of STENG with Ag or Al� lms as a positive
triboelectric layer. The open-circuit voltages and short-circuit
currents of the STENG devices were measured under dual-
mode operation. The generated open-circuit voltage and short-
circuit current of PU-based STENG were as high as 320 V and
45 � A, respectively, which were greater than those of Ag- and
Al-based STENG (Figure 3a). This result indicates that the PU
foam is more electron donating than Ag and Al. Meanwhile, to
determine the negative friction layer for high-performance
energy harvesters, dual-mode STENGs with various negative
triboelectric materials were fabricated. The thickness of all

negative triboelectric materials in this study was� xed at 50� m.
As shown inFigure 3b, the lowest values for the voltage and
current in the dual-mode operation were observed when the
PU foam and the poly(ethylene terephthalate) (PET) were in
contact. However, the measured output performance of the
STENG device composed of� uoropolymer materials such as
polytetra� uoroethylene (PTFE), per� uoroalkoxy alkane
(PFA), and � uorinated ethylene propylene (FEP) is
remarkable in comparison with that of others. The output
voltage and current of 177 V and 26� A, respectively, are
generated from the PTFE-based STENG, while those of 132 V
and 16� A, respectively, are recorded from the FEP-based
STENG. The open-circuit voltage of PFA-based STENG
achieved 1.8-fold and 2.4-fold enhancements compared to
those of the PTFE- and FEP-based STENG, respectively.

To estimate the practical capability of dual-mode STENG,
we performed a mechanical durability test. The measured
output voltages over more than 5000 cycles at a tensile strain
of 45% at a strain rate of 100 mm s� 1 are shown inFigure S6b
(Supporting Information). The generated voltage of approx-
imately 300 V from the STENG device shows no obvious
change, indicating that STENGs exhibit excellent electro-
mechanical stability against repeated stretching cycles. We
further investigated the instantaneous power generation of
dual-mode STENG by altering the load resistors in the range
from 200 k� to 3 G� , as presented inFigure 3c. The output
voltage increased gradually with an increase in the external
resistance, whereas an opposite trend was obtained in output
current signals. The instantaneous power of dual-mode
STENG reached its maximum value of� 3.0 mW at an
external resistance of� 10 M� (Figure 3d).

Since the important feature of our STENG in this study is
the ability to harvest energy e� ciently from a dual-mode
operation, the working modes of our STENG were evaluated
by operating green LEDs without energy storage. Twenty
LEDs representing the letter“K” are successfully operated four
times in dual-mode operation of our STENG device, indicating
that the operating mechanisms corresponding to both S and C
modes occur simultaneously in one cycle (Figure 4a� e). As

Figure 3. (a) Output performances of STENG devices with various positive triboelectric layers. (b) Comparison of the output voltages and
currents from dual-mode STENG with various negative triboelectric materials. (c) The output open-circuit voltage and short-circuit current
under variable external resistances in the range from 200 k� to 3 G� . (d) Instantaneous output power with respect to load resistances.
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mentioned previously, the dual-mode operation of our STENG
device can enhance the output power. To con� rm the extent to
which the output power can be enhanced due to the dual-
mode operation, we charged electrolytic capacitors by the
electrical energy from the STENG under S, C, and SC
operation modes with frequency of 2 Hz. The inset ofFigure 4f
shows the schematic circuit diagram, where four diodes and
electrolytic capacitors were used for a bridge recti� er and
storage of the electrical energy, respectively. It is clearly seen
that SC mode-based STENG shows a higher charged voltage
than those of the S and C mode STENGs. As expected, we
e� ciently charged a 22� F capacitor to 3 V in approximately

100 s using a dual-mode STENG. On the basis of such a high
performance, the SC mode-based STENG with an enhanced
output performance could turn on 300 commercial LEDs
(Figure S7).

To demonstrate the potential application of the dual-mode
STENG device in energy harvesting technologies, we modi� ed
a power management integrated circuit (PMIC; EH-301
module, Advanced Linear Devices, Inc.) for converting the
STENG output into a DC output. The PMIC consisting of a
330 � F capacitor and a power switch controls the capacitor
voltage by charging from 3.1 to 5.2 V and discharging the
capacitor from 5.2 to 3.1 V. The STENG with the dual mode

Figure 4. (a� e) Photograph of 20 LEDs operated by dual-mode STENGs at each step of dual-mode operation. (f) Charged voltage in
electrolytic capacitors from the STENG under S, C, and SC operation modes.

Figure 5. (a) Charged voltage in electrolytic capacitors from the STENG under dual-mode operation, demonstrating periodic charging of the
wearable electronic device. (b,c) Photograph of 20 LEDs operated by the on-elbow (b) and on-wrist electricity generation of dual-mode
STENG.
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was operated at a frequency of 2 Hz to charge a 330� F
capacitor and then used to power a commercial wearable wrist
band (Mi Band-3). First, the capacitor voltage rises gradually
to 5.2 V in 350 s. After transferring energy to the wearable
wrist band, the voltage of the capacitor drops rapidly to 3.1 V
(Figure 5a). Consequently, we could accomplish the charging
of the wearable electronic device by using STENG integrated
with a PMIC system.

To harvest body motion energy, we placed STENGs on a
human body as a demonstration of energy harvesting. By
wearing the STENG (4 cm× 4 cm) on an elbow or wrist, the
electrical outputs of the STENG under dual-mode operation
can su� ciently light up 20 LEDs (Figure 5b and c), where the
corresponding strain was evaluated to be in the range of 5�
10% from the measured output voltage of STENG attached to
the wrist (Figure S8, Supporting Information). This demon-
stration indicates that the STENG device not only acts as a
fully self-powered and sustainable electronic system but also
maintains outstanding� exibility and stretchability, with great
potential for use in deformable, portable, and wearable
electronics.

In summary, we demonstrated a high-performance STENG
device operated in both contact� separation mode and
stretching� releasing mode for energy harvesting from various
types of mechanical motions. The dual-mode operation of the
STENG was achieved by hierarchically structured� lms with
high conformability and excellent stretchability. The generated
output voltage and current reached 320 V and 45� A,
respectively, corresponding to an instantaneous output power
density of 3 mW. The dual-mode STENG showed outstanding
durability without obvious deterioration of output voltage over
5000 cycles. On the basis of the high performance of the
STENG system, we could charge a 22� F capacitor to 3 V for
only 100 s using a bridge recti� er and subsequently power a
wearable wrist band. More importantly, the dual-mode
STENG is able to avoid the single-mode-related limitations
of previous TENGs. Furthermore, our dual-mode TENG o� ers
a promising approach in the development of stretchable
TENGs for the potential applications including micropower
systems, stretchable electronics, and wearable devices.
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