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A Hyper-Stretchable Elastic-Composite Energy Harvester
Chang Kyu Jeong, Jinhwan Lee, Seungyong Han, Jungho Ryu, Geon-Tae Hwang,
Dae Yong Park, Jung Hwan Park, Seung Seob Lee, Myunghwan Byun, Seung Hwan Ko,*
and Keon Jae Lee*
Stretchable electronics that offer elastic characteristics in
response to large strain deformation have attracted signiﬁcant interest for use in a number of new applications, such as
artiﬁcial electronic skins (e-skins),[1–4] epidermal/biomedical
devices,[5,6] biomimetic lenses,[7] and body sensor networks
(BSNs).[8] Although diverse approaches have been attempted
to develop practical stretchable/wearable electronics and batteries,[9–11] a challenging problem is in power supplies, which
should have similar elastic properties to achieve their co-integration with stretchable devices. Consequently, the stretchability of high-output energy-conversion devices is a critical
hurdle to their direct and conformal assembly in stretchable
electronic systems for operating various consumer products.
In this regard, ﬂexible piezoelectric energy harvesters, called
nanogenerators, have attracted remarkable attention due to
the capability of generating/collecting energy in mechanical
strain-driven occasions of ambient surroundings and biological
bodies.[12–17] Recently, high-performance ﬂexible nanogenerators have been demonstrated using perovskite thin ﬁlms such as
BaTiO3,[18] PbZrxTi1−xO3 (PZT),[19,20] and (1−x){Pb(Mg1/3Nb2/3)
O3}–x{PbTiO3} (lead magnesio niobate–lead titanate) (PMNPT),[21] even for milliwatt-scale energy harvesting. It is
noteworthy that these novel piezoelectric generators can
be employed to realize self-powered ﬂexible electronic systems,[22,23] biomedical stimulators,[21] implantable devices,[19,24]
and biomimetic acoustic nanosensors.[25,26] Another approach
is the nanocomposite generator (NCG), which can provide
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cost-effective and large-area energy harvesting without any
vacuum process.[27–32] Although NCGs have been regarded as
a concept of stretchy piezoelectric systems, the authentically
operating stretchable NCG has not been yet realized due to the
absence of proper stretchable electrodes and robust composite
matrix.[33–35] While these bendable nanogenerators have been
intensively studied using diverse piezoelectric materials and
structures, the development of stretchable high-output energy
harvesters still requires further investigation to realize self-powered stretchable electronic systems.
Several researchers have explored buckling structures with
piezoelectric ribbons[36–38] or micropatterning-notched structures with polyvinylideneﬂoride (PVDF)/graphene.[39] They
reported producing output currents of tens of picoamperes to
nanoamperes with the elongating/releasing stretchable energy
harvesters. However, the generated output was insufﬁcient to
operate practical electronic devices, due to the narrow/conﬁned
piezoactive ribbons or the low piezoelectricity. In addition, the
stretchable energy harvesters suffer from deﬁcient stretchability
(below a few tens of percentage) and poor reversibility caused
by intrinsic material stiffness and structural dependency,
resulting in unstable output signals, incompatible integration,
and limited mechanical durability. To achieve ideal stretchable
nanogenerators, a new concept is needed for resolving critical
issues that incorporate highly elastic piezoelectric components
with high-output performance and co-assembly with ultrastretchable electrodes.
Herein, we demonstrate a simple and facile route to a highperformance and hyper-stretchable elastic-composite generator
(SEG) realized by very long Ag nanowires (VAgNWs) stretchable electrodes. This stretchable energy harvester exhibits over
ten times larger stretchability (≈200%) and about seven times
higher power output (≈4 V and ≈500 nA), compared to the previous stretchable piezo-nanogenerator. The outstanding performance was achieved by employing a rubber-based piezoelectric
elastic composite (PEC) and the very long nanowire percolation (VLNP) electrodes, obviating device structural dependency. The remarkable elongation rate of the reinforced rubbery
matrix mechanically stimulates the imbedded piezoelectric
particles to efﬁciently induce piezopotential throughout the
entire PEC. To demonstrate the stable and conformal integration of the SEG with highly stretchable VLNP electrodes, the
VAgNWs were successfully transferred onto the surfaces of
PEC composed of PMN-PT particles and multiwalled carbon
nanotubes (MWCNTs) in a silicone elastomer matrix. The
principles of robust stretchability and well-distributed piezopotential generation were also simulated using ﬁnite element
analysis (FEA) to investigate the notable stress relaxation of
VLNP over short NWs. Our SEG can directly produce electrical
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physically dispersing, mechanically reinforcing, and electrically
bridging agents in the piezoelectric composite, as previously
reported.[27–29] Figure 1d shows an SEM image of uniformly
sized PMN-PT microparticles prepared by the columbite precursor method[41] (Supporting Information, Figure S2) with
the chemical composition of 0.65PMN-0.35PT, which is the
morphotropic phase boundary (MPB) stoichiometry exhibiting
exceedingly high piezoelectric coefﬁcient (d33) and electromechanical coupling factor (k33) even in polycrystalline structures
(d33 ≈ 690 pC N−1 and k33 ≈ 0.73) due to the excellent original
properties of the single crystalline state (d33 > 1200 pC N−1 and
k33 > 0.9).[42,43] X-ray diffraction (XRD) patterns of the PMN-PT
particles indicate the perovskite crystal structure without any
secondary byproduct crystal (inset of Figure 1d). To investigate
the crystalline phase of the PMN-PT microparticles, we also
performed Raman spectroscopy (Figure 1e). The Raman spectrum in a frequency range of 700–900 cm−1 (A1g mode) can be
deconvoluted into two envelopes at around 740 and 800 cm−1,
which indicate tetragonal symmetry (P4mm) and rhombohedral symmetry (R3m), respectively. This means the coexistence
of two different symmetrical phases, P4mm and R3m, in the
PMT-PT system with MPB composition. The dominant phase
in our PMN-PT microparticles is tetragonal rather than rhombohedral (i.e., peak intensity at 740 cm−1 is slightly higher than
that of 800 cm−1), which is in good agreement with the previous
reports for high piezoelectricity.[44] In addition, the aforementioned doublet bands manifest the presence of Ti–O bonds
added to PMN, thus proving the PMN-PT is a complete solid
solution without segregation of individual PMN and PT.[42]
The length of the AgNWs in the conductive NW percolation network is crucial for achieving robust electrical conductivity and mechanical stability.[40] Unfortunately, most of the
geometric features of the metallic NWs chemically synthesized
were restricted to 1–20 μm in length and displayed relatively
weak electrical/mechanical properties.[45,46] To boost the length
of AgNWs, we developed a novel SMG synthesis method (Supporting Information), which is beneﬁcial for synthesizing
VAgNWs with maximum length up to 500 μm (average length
of 150 μm), as shown in Figure 1f and Figure S3 in the Supporting Information.[40] Our VAgNWs are extraordinarily long
compared to typical AgNWs synthesized by the conventional
polyol process.[47] In the SMG process, the width of the AgNWs
remains about 100–150 nm (insets of Figure 1f,g), while the
length grows continuously up to sub-millimeter scale, as demonstrated in our previous reports.[40,48,49] The high-resolution
transmission electron microscopy (HRTEM) image in Figure 1g
presents that the lengthwise lattice distance of VAgNW is about
1.45 Å and the growth direction is [ 022 ] of the AgNW's facecentered-cubic (FCC) structure, which is in good accords with
the previous studies. As shown in the inset of Figure 1g, an
HRSEM describes the pentagonal multi-twinned shape of
the VAgNW, which is known to have high elasticity and yield
strength, caused by the improved stiffness even compared
to bulk Ag because of the internal twin boundaries of the
NWs.[50,51]
The VLNP electrode is suitable for stretchable devices due to
the effects of the long NW network and nanowelding.[40] A percolated network composed of long NWs can be more easily elongated and stretched than that of short NWs, as demonstrated
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energy by harnessing various mechanical stimuli (e.g., twisting,
folding, crumpling, pressing), and can operate commercial
electronic devices by stretching motions. Finally, wearable
energy-harvesting clothes for highly stretchable stockings using
the SEG were demonstrated in order to convert biomechanicalstretching energy to electricity.
Figure 1a illustrates the representative schematics of the
SEG structure, composed of the hyper-stretchable PEC and
VLNP electrodes. Ecoﬂex silicone rubber, selected as a starting
material for the matrix of the PEC, is known as an ultrastretchable elastomer which can be theoretically elongated up
to ≈900% in elastic deformation without mechanical breakage,
which is overwhelmingly superior to polydimethylsiloxane
(PDMS) matrix (<100% in plastic deformation). A well-granulated mixture of PMN-PT particles and MWCNTs was blended
and dispersed in the silicone rubber prepolymer. The weight
composition of the piezoelectric mixture was optimized to be
20% in the rubbery matrix because this weight percentage of
composite was the maximum amount for good molding. After
curing and demolding the PEC, the VAgNWs synthesized by
the successive multistep growth (SMG) method were ﬁltered
by a suction pressure process, and stably transferred onto
both sides of the PEC (Figure 1a(i)). The VAgNWs can achieve
a highly percolated network nanostructure, which serves as a
stretchable electrode with high conductivity and stability.[40]
Subsequent thermal annealing at 200 °C was performed to
allow nanowelding between the VAgNWs to ensure low electrical resistance; note that the polyvinylpyrrolidone (PVP) surfactant was also removed during this thermal treatment. To
align ferroelectric dipoles in the PMN-PT particles, a poling
process was conducted with an external voltage of 50 kV cm−1
at 110 °C, followed by metal cable or plate wiring. The polarization ensures that the dipoles in the PMN-PT microparticles
are arranged along the electric ﬁeld direction, which is normal
to the two parallel VLNP electrodes. Finally, a hyper-stretchable
and elastic energy harvester was fabricated to produce electricity
(Figure 1a(ii)). The bottom panels in Figure 1a are magniﬁed
illustrations of the VLNP electrode on the PEC. When the PEC
is stretched by external force, the piezoelectric particles in the
matrix can be stressed by the mechanical strain which causes
a variation of piezoelectric dipoles (ΔP) in the PEC. The change
of dipole moments causes the VLNP electrodes accumulate or
push electrons through an outer load, generating output electricity (the bottom of Figure 1a(ii)). The detailed fabrication,
optimization, and circuital mechanism are described in Figure
S1 in the Supporting Information.
As shown in Figure 1b, the SEG, consisting of both a highly
elastic silicone-rubbery matrix and long NW percolated network
electrodes, showed excellent stretchability above 200% without
any mechanical cracking or delamination of the VLNP electrodes. The stretchable VLNP electrode (below 10 Ω sq−1) was
formed as a uniform, conformal, and dense ﬁlm of percolated
AgNWs, which guarantees a large portion of piezoactive area
on the PEC, similar to conventional metal electrodes. Figure 1c
presents a scanning electron microscopy (SEM) image of the
PMN-PT microparticles and MWCNTs well dispersed in the
PEC. During the granulating and mixing process, the ≈1 μm
PMN-PT particles were closely entangled with MWCNTs (diameter of ≈20 nm and length of ≈10 μm). The MWCNTs act as
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Figure 1. a) Schematic illustration of the hyper-stretchable and deformable nanocomposite generator. i) To fabricate stretchable VLNP electrodes,
VAgNWs are transferred onto both sides of PEC composed of PMN-PT particles, MWCNTs, and silicone rubber matrix. ii) The SEG can generate
electricity when it is stretched or deformed. The bottom panels illustrate the magniﬁed schematics of stretchable VLNP electrode. The stretching
motion of PEC can induce the change of piezoelectric dipoles (ΔP, denoted by the color-gradient arrow) in PMN-PT particles, which makes electric
potential and electron ﬂows through the VAgNWs of VLNP electrodes. b) The ﬁnal SEG device stretched by human hands. The inset shows the SEG is
released again without damage. c) An SEM image of the well-dispersed nanomaterials consisting of PMN-PT microparticles and MWCNTs. d) An SEM
micrograph showing the uniform-sized PMN-PT microparticles synthesized by the columbite precursor method. The inset is the XRD patterns of the
PMN-PT particles. e) A high-resolution dispersive Raman spectrum of the PMN-PT particles, which presents perovskite crystalline structure with the
MPB composition has two crystal symmetry, P4mm and R3m. f) Overall and magniﬁed (inset) SEM pictures of VAgNWs synthesized by the successive
multistep growth (SMG) method. g) An HRTEM image of VAgNW with the growth direction of [022 ]. Inset: An HRSEM image of VAgNW indicating
the pentagonal multi-twinned structure (red dashed line).

in the numerical FEA simulation (Figure 2a(i)). The simulation result also shows that the percolation network of longer
NWs undergoes smaller maximum stress, compared to that of
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shorter NWs under the same strain condition (Figure 2a(ii)).
In other words, the more junctions of the shorter NW mesh
make the percolation network stiffer and denser, which cannot
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Figure 2. a) COMSOL simulations of structural mechanics about deformed NW networks according to the length of NWs. i) The degree of strain in
short and long NW networks under same stress. ii) The stress distribution in short and long NW networks under same strain. The highly stressed left
and right edges are just for establishment of ﬁnite element modeling, not for network structures. b) TEM image of the two crossing VAgNWs at the
junction as shown in the inset SEM image. The nanowelded NW pair was processed by focused ion beam (FIB) for the analysis. c) The relative resistance change of short NW (purple), medium NW (orange), and very long NW (turquoise) percolation network electrodes during stretching motions. The
right panels are SEM images of each NW. The magniﬁed SEM of VAgNWs is shown in Figure S3 in the Supporting Information. d) Under increasing
strain, the sheet resistance changes of stretchable VLNP electrodes with (i) and without (ii) annealing which can induce nanowelding of VAgNWs. The
insets show digital photographs of SEG devices after stretching tests.

accommodate non-destructive stress relaxation. In contrast,
the longer NW network can endure the larger strain due to the
remarkable stress relaxation resulting from the high degree of
freedom for deformation and the minimal mechanical deterioration of sparse junctions. Figure 2b is a cross-sectional TEM
image of the junction of two AgNWs which were well-welded
and fused like a single body by the thermal annealing process.
During the nanowelding phenomenon, the width of AgNWs
can be slightly spread and enlarged by the heat-induced fusing
effect, as shown in Figure 2b and the inset. The long-shaped
and well-connected nanostructure of the VLNP network efﬁciently accommodates mechanical deformation with no signiﬁcant mechanical breakage or electrical degradation, compared
to conventional metal thin ﬁlms which can be easily ruptured
into fragments under equivalent stretching deformation.
Figure 2c shows the relative resistance changes during
stretching deformation depending on the AgNW length: a
short AgNW (top panel, average length of 3 μm and maximum
length of 5 μm) electrode, a medium AgNW (middle panel,
average length of 20 μm and maximum length of 50 μm) electrode, and the very long AgNW percolated electrode. The VLNP
electrode on the PEC exhibited highly stable electrical and
mechanical properties under large strain, compared to short
AgNW and medium AgNW electrodes, as predicted by the
FEA simulations. The short AgNW network electrode showed a
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drastic resistance upsurge due to deformation-induced fracture.
Additionally, the short AgNWs did not transfer well onto the
PEC (Supporting Information, Figure S4) mainly because they
easily got stuck into the Teﬂon ﬁlter during the suction pressure process. The medium AgNW network electrode had somewhat better properties than the short NW electrode, but still not
enough for super-stretchability. This result proved the advantages of VAgNWs for ultra-stretchable electronic and energy
devices, including stable reversibility as well as outstanding
elasticity. In addition, the sheet resistance of the annealed electrode was evaluated at various elongation strains of PEC, compared to the non-annealed one, as plotted in Figure 2d. The low
resistance of thermally nanowelded VLNP electrode on the PEC
was retained at highly stretching strain without mechanical
damage, whereas the non-annealed sample showed high initial resistance and rapid conductivity degradation with serious
delamination even upon mild elongation. The aforementioned
property of VLNP on the PEC is ascribed to the fact that the
nanowelding preserves the entire percolation network structure
under high strain, because the well-fused junctions between
the VAgNWs are able to endure the mechanical stress without
signiﬁcant junction disconnection, as shown in the inset of
Figure 2d. Moreover, the percolated NW network can be partially sunken down into the silicone-rubber substrate during
the thermal annealing process due to the reptation behavior of
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Figure 3. a) Photographs of the SEG device in original, stretching, and releasing states for energy harvesting. b) Microscopic behavior of the VLNP
electrodes with: i) releasing (0% stretching) state and ii) 200% stretching state, which are shown by SEM and OM (inset) images. c) 3D FEA simulation using COMSOL multiphysics software to investigate the mechanical energy harvesting of SEG in stretching motions. Piezopotential and strain
(inset) are depicted by color codes, when released (i) and stretched (ii). d) During the periodical stretching/releasing deformations, the generated
output open-circuit voltage (i) and short-circuit current (ii) from the SEG device in the forward and reverse connections with measuring equipment
(switching polarity).

the elastomer (Supporting Information, Figure S5), which can
help ﬁx the VLNP shape under stretching conditions. On the
contrary, the non-annealed NW patch on the PEC was easily
delaminated and deteriorated under tensile force, owing to the
absence of the welding and sinking effect, as demonstrated in
Figure 2d.
Periodic stretching/releasing tests of the SEG were performed using a linear motor with acyclic motion to apply a strain
of 200% at strain rate of 1300% s−1 and frequency of 0.5 Hz
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to measure electrical output from the stretchable energy harvester. Figure 3a displays three states of the SEG with the linear
motor machine, i.e., initial, stretching, and releasing states. To
further conﬁrm the mechanical stability of stretchable VLNP
electrodes, we investigated the morphologies of the percolated
VAgNWs at both releasing and stretching states using SEM
and optical microscopy (OM), as shown in Figure 3b. The set
of images (left-hand side at 0% stretch, right-hand side at 200%
stretch) strongly validates that the morphological features of the
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the SEG would be capable of scavenging energy from irregular stretching agitations.
In addition, it was found that the piezoelectric components
were readily stimulated and activated by diverse kinds of
mechanical stresses such as twisting, folding, and crumpling.
To the best of our knowledge, this unusual harnessing is the
ﬁrst demonstration of direct electricity generation beyond
simple stretchability for a highly elastic deformable piezoelectric energy harvester. Figure 4a–c shows twisting, folding, and
crumpling of the SEG without any mechanical failure, respectively. Under the diverse deformations, the VLNP electrodes
were neither destroyed nor scarred, as shown in Figure S10a
in the Supporting Information. The SEG can generate voltage
(Figure 4d) and current (Figure 4e) with the manifold mechanical stimuli. Note that the produced electricity was measured to be smaller than that of the stretching case because
the degree of ferroelectric dipole rearrangement may vary
with the kind of deformation (e.g., real applied strain, multidirectional stress, etc.). The capability of energy harvesting by
alternative stretching motions between the deformations also
remained, as presented in Figure 4d,e. The changes of resistance of VLNP under these deformations were also measured
to evaluate the robustness of VLNP, as shown in Figure S12
in the Supporting Information. The VLNP is relatively stable
during and after various mechanical stimuli. The lowest peaks
of folding case are presumably due to the increasing resistance of convexly folded VLNP and the narrowly deformed
region compared to other deformations. Electrical signals also
appeared when the SEG was pressed, as shown in Video S1 in
the Supporting Information. The outstanding elasticity, stretchability, and deformability of the SEG is mainly attributed to the
monolithic assembly between the PEC and VLNP electrodes,
in contrast to previous nanocomposite generators including
two stiff plastic/metal substrates. Furthermore, the enhanced
bendability or pressability afforded by the silicone rubbery PEC
can lead to improved output performance, compared to conventional PDMS or PVDF-based composite piezo-generators. This
stretchy-mechanical compliance of the SEG would also allow
energy harvesting from transportation systems pertaining to
automobile spring-based suspensions of seats and frames (Supporting Information, Figure S13).
The poling process is basically derived from the principle
that most of the piezoelectric dipoles are aligned parallel to the
direction of the external electric ﬁeld and stabilized as remnant polarization to intensify the piezoelectric effect. Figure 5a
shows the range of voltage and current signals produced from
the SEG when polarized at varied levels of applied poling
voltage from 0 to 50 kV cm−1. The electrical output of a nonpoled SEG gradually increased up to about 4 V and 500 nA as
the poling electric ﬁeld increased by 50 kV cm−1. The inset of
Figure 5a shows that the output voltage of the SEG was measured to be consistent, without signiﬁcant degradation, during
about 15 000 repeated stretching motions. This means that
our stretchable VLNP electrodes and rubber-based SEG exhibited proper reversible mechanical and electrical characteristics
under reciprocating 200% deformation. This result is the best
reported performance amid currently developed stretchable
nanogenerators. Since the output response of a piezoelectric
generator is affected by strain rate, the faster rate caused higher
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percolated VAgNWs were robustly maintained before and after
stretching motions. When the stretching strain was applied,
the VLNP network structures simultaneously began to be
deformed by aligning to the strain direction.[40,52] The high electrical conductivity of the VLNP electrodes did not signiﬁcantly
decline after stretching, indicating notable stability under the
large elongation of 200%. An FEA simulation was conducted
to examine the generated piezoelectric potential distribution in
the stretched SEG, as shown in Figure 3c. When the stretchable
PEC is exposed to stretching deformation, tensile stress arises
along the strain direction, which concurrently provokes compressive stress in the perpendicular directions because of Poisson's effect (insets of Figure 3c). Figure 3c(ii) shows the colorcoded piezopotential differences inside the PEC between the
top and bottom VLNP electrodes. The calculated piezoelectric
potential for a tensile stress of 200% in the silicone elastomer
is built up across the elastic composite by the piezoelectric
particles. In contrast, poorly dispersed PEC without MWCNT
dispersing agents cannot provide the well-distributed piezoelectric potential, as simulated in Figure S6 in the Supporting
Information.
To measure the output open-circuit voltage and short-circuit current from the SEG, we used a source-meter (Keithley
2612A), a linear motor controller, a bespoke motion platform, and a voltage follower circuit with high impedance in
a grounded Faraday cage to exclude extraneous noise effects.
Figure 3d presents the typical electrical output of the stretchable piezoelectric energy harvester under forward and reverse
connection with the measurement equipment. The generated voltage (Figure 3d(i)) and current (Figure 3d(ii)) of the
SEG when harnessing 200% stretching motion reached up to
≈4 V and ≈500 nA, which are about ten and seven times
higher stretchability and output power signals, compared to
the previously reported stretchable nanogenerator. It is well
known that applying high stretching strain to mechanically
robust piezoelectric components can result in outstanding
piezoelectric responses due to the enhanced variation of
dipole moments, thus improving the generated output power.
A polarity switching test using the opposite connections was
conducted to demonstrate the reversal of signal peaks, to
prove that the generated output by the SEG was purely introduced by piezoelectricity. The deviation of experimental data
from the simulated output value is probably due to discrepancies in the actual VLNP coverage, circuital/instrumental
impedance, and dynamic mechanics. The amplitude of the
output signals produced from the SEG depends upon the
composition of the PEC and the presence of CNTs (Supporting Information, Figure S7 and S8), as well as the degree
of stretching strain (Supporting Information, Figure S9). The
stretching strain of the VLNP electrode itself was not limited
at 200%, but the glide of ﬁxture clamps and the mechanical
failure of rigid wiring solder (Supporting Information, Figure
S10b) caused measurement breakdown.[40] We suggest that
using newly designed clamps and soft solders[53] to endure
more strain than 200% will be more effective in scrutinizing
the relationship between ultra-stretchability (>200%) and corresponding electric output. The generated voltage and current
were almost the same under different stretching frequencies
(Supporting Information, Figure S11), which indicates that
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Figure 4. a–c) Photographs of the SEG when subjected to various deformations, such as twisting, folding, and crumpling, which can be converted
into corresponding electricity: d) voltage and e) current. These energy-harvesting properties are also shown in Video S1 in the Supporting Information.

output signals from the SEG at the constant stretching strain,
as shown in Figure 5b.
The output electric power generated by the stretched SEG
was sufﬁcient to operate commercial electronic units. Figure 5c
presents a liquid-crystal display (LCD) screen directly driven
by the generated output electricity while the SEG was being
stretched. The LCD screen was continuously powered by the
stretching and releasing deformation of the SEG (Supporting
Information, Video S1). Furthermore, three 1 mF capacitors in
parallel were utilized to store the electrical potential from the
stretched SEG with a bridge rectiﬁer (right inset of Figure 5d).
The charged voltage of ≈1.6 V was made available at each
capacitor by the continual stretching/releasing deformation
of the SEG for ≈2 h (2 Hz). As displayed in the left inset of
Figure 5d, the total stored potential of the three capacitors
in series reached up to about 4.7 V. Consequently, an amber
light-emitting diode (LED) bulb was successfully turned on
by the stored electrical energy (Figure 5d and Video S1 in the
Supporting Information). These results conﬁrm the ability to
operate commercial electronic devices using the stretchable
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piezoelectric energy harvester. The SEG was then sewn onto
the knee of a nylon stocking to emphasize the stretchability
and feasibility of our stretchable energy harvester for wearable
systems (Figure 5e). Although biological motions are typically
expected to be elongated with about 5–30% strain, real stretchable energy systems in wearable/biomedical electronics are
required to stretch over hundreds percent for protection against
active device failure with strain-compatible integration and prolonged stable operation with mechanical margin.[8–10,54–56] The
upper panel of Figure 5e shows the intentionally stretched SEG
stitched onto the stocking with a strain of ≈80% diagonally. The
attached SEG was also worn over a human thigh, inducing an
elongation of about 40% (lower panel of Figure 5e). Moreover,
when sewn over a human knee, the SEG could be stretched up
to approximately 50%, and produced voltage/current (0.7 V and
50 nA) as a result of the biomechanical stretching motions of
kneeling and releasing movement, as presented in Figure 5f.
In conclusion, we have realized a hyper-stretchable elasticcomposite generator (SEG) comprised of VLNP network electrodes and PEC. The SEG, consisting of well-dispersed PMN-PT
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Figure 5. a) Output voltage and current produced by the stretched SEG device as a function of poling electric ﬁeld. Inset is the durability test of the
SEG. b) Voltage signals generated by the SEG in accordance with different strain rates (0.4 vs 0.13 m s−1). c) The commercial LCD screen operated by
electrical energy provided from stretching/releasing deformation of the SEG. d) A captured photograph showing a commercial amber LED bulb lighted
by the stored potential in capacitors (bottom inset) which are charged by the electrical energy generated from the SEG device. The top inset depicts the
rectifying and capacitor charging circuit with the stretchable and deformable energy harvester. This commercial feasibility is also presented in Video
S1 in the Supporting Information. e) Photographs of the SEG stitched on a nylon stocking. It can be intentionally stretched (upper right panel) and
ﬁtted on a lady's thigh (lower right panel). f) The generated voltage and current from the SEG on the stocking by bending and straightening the knee.

microparticles and MWCNTs with a silicone-rubber matrix, generated outstanding electrical output (≈4 V and ≈500 nA) with a
stretchability of 200%. The remarkable elastic responses of the
PEC to the large strain guaranteed a high degree of piezoelectricity, induced by the effective rearrangement of dipoles, thus
resulting in high-performance energy harvesting. Moreover, the
hyper-stretchability of the VLNP-based device was established
by VAgNWs which enabled a large degree of freedom to deformation and non-destructive stress relaxation without electrical
degradation. The potential generating capability of PEC and the
strain capacity of VLNP were conﬁrmed by numerical FEA simulations, subject to the above sophisticated phenomenological
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mechanisms. Various mechanical deformations (e.g., twisting,
folding, and crumpling) as well as stretching motion of the
SEG could directly lead to the output voltage and current with
mechanical and electrical robustness. The developed SEG also
showed practical feasibility for driving commercial electronic
units and mounting on the wearable clothes, in contrast with
previous reports. This highly elastic piezoelectric generator
with stretchability up to 300% and robust energy conversion
could open an avenue to the new platform for extensible microelectromechanical systems (MEMS),[57] triboelectric applications,[58,59] universal wearable devices,[60] and self-powered
stretchable electronics. We are currently making efforts for
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energy-harvesting systems in automobile suspensions, shock
absorbers, and tires using this technology to achieve the critical
requirements of practical consumer applications.
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