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Highly-stretchable piezoelectric hemispheres composed composite thin ﬁlm nanogenerators
are fabricated as a self-powered, exceptionally sensitive sensor for providing sensitive motion
information from a human body. The composite ﬁlms are based on the highly-ordered
piezoelectric hemispheres embedded in a soft matrix, polydimethylsiloxane (PDMS) and
generate large power output up to 6 V and 0.2 μA/cm2 under normal bending force. The
electrical outputs increase by stacking such hemispheres layer-by-layer. The strain sensitivity of
the ﬁlms differs according to the bending direction, and the high sensitivity is achieved by
convex bending for hemisphere composite due to the strong electric dipole alignment. The ﬁlms
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are attached on the surface of a wrist and its output voltage/current density provides the
information on the wrist motion.
& 2014 Elsevier Ltd. All rights reserved.

Introduction
Widespread energy harvesting, generating self-sufﬁcient
power from the surrounding environment, such as wind
[1], solar [2–6], and geothermal [7], have attracted
increased attention in the past decade due to the energy
crisis and global warming. Among many technologies,
energy harvesting technologies based on the piezoelectric effect, named as piezoelectric nanogenerators [8],
have been extensively investigated because of an
extended life time, no recharging procedures, and scalability. Over the years, many kinds of nanogenerators
have been demonstrated to effectively power commercial light-emitting diodes (LEDs) [9], liquid crystal displays (LCDs) [10], and wireless data transmission [11].
For a wide variety of such applications, most nanogenerators have been fabricated based on various piezoelectric nanostructures including nanowires [12–16],
nanotubes [17], and porous structures [18], in which
most works have been focused on the nanowires on
stretchable substrates such as polyethylene terephthalate (PET) [15]. The nanogenerators have been considered as not only promising energy harvesting devices of
effectively scavenging energy from the mechanical
source, but also sensitive sensors which can detect the
minute force [19] or movement such as breathing [20],
and a wide range of biological and chemical species
[21,22].
In terms of the nanogenerators, a high ﬂexibility or
stretchability is essential in generating high-power continuous electric output signals. The high ﬂexibility can provide
an opportunity applicable to a target object without any
limitation of its shape and movement. Several research
efforts have demonstrated the realization of nanogenerators with high ﬂexibility in which the polymer-moldsupporting nanogenerators [15] fabricated using various
nanostructured piezoelectric materials such as ZnO [15],
BaTiO3 [23], KNbO3 [24], ZnSnO3 [25], and NaNbO3 [26] have
been considered as one of promising platforms for the largescale and super-ﬂexible nanogenerators. However, they are
still difﬁcult to be utilized as an efﬁcient approach for
super-ﬂexible nanogenerators owing to the high-cost and
the low-throughput process. Actually, the most compositetype nanogenerators have been based on the nanowires [26]
and nanoparticles [25,26]. For the nanowires, the synthesis
methods are available only for a limited number of piezoelectric materials such as ZnO and GaN. Furthermore, it also
takes a long time (  several hours) to synthesis such
nanowires by a hydrothermal method, a well-known process
for the growth [23–27]. The power generation of
nanoparticles-embedded nanogenerators is critically dependent on the mode of the applied force and it is likely to be
mostly feasible only under large pushing force and/or after
an electrical poling treatment [23]. Thus, it is necessary to

develop innovative strategies applicable to any target
objects regardless of the mode and magnitude of the
applied force.
Here, we report on extremely stable and directional
anisotropic power generation in the composite-type piezoelectric nanogenerators without any treatment of electrical
poling. The key innovation of our material design consists of
the highly-ordered piezoelectric hemispheres and polydimethylsiloxane (PDMS). Under convex bending motion, the
nanogenerator with single hemisphere layer generates an
output voltage of up to 4 V and a current density of 0.13 μA/
cm2, which increases up to 6 V and 0.2 μA/cm2 by stacking
three layers of such hemispheres layer-by-layer. However,
the electrical signal is about 8 times smaller at concave
bending. This unique and high directional anisotropic power
generation is so desirable for the detection of human body
motion, which may offer signiﬁcant potentials to develop
directional sensing approaches for the postural instability
and gait disturbance, as well as to generate applicable
power from human body motion. The hemisphere structure
also enables the composite ﬁlm to elastically deform and
recover upon the application and release of external force,
thereby, generating stable output power.

Experimental
Production of piezoelectric hemisphere shapes
An aqueous suspension of 0.5, 1, 3, and 10-μm-diameter
polystyrene (PS) beads (2.6 wt%, Polysciences, Warrington, USA) was used to prepare close-packed monolayer
beads template for the fabrication of crescent shape
periodic structures embedded in the polydimethylsiloxane (PDMS) layer. The SiO2 /Si substrate was treated with
UV/Ozone (AHTECH LTS, South Korea) to make the
surface of the substrate hydrophilic. Langmuir–Blodgett
deposition of the PS beads was done for single layer
ﬁlms, and then the samples were dried for 24 h in a dry
box at room temperature. We found that the slow drying
process was essential in obtaining monolayer beads
template without sphere-free regions or agglomeration.
A 100 nm-thick ZnO ﬁlm was deposited on the PS spheres
at room temperature by a RF sputtering. The base
pressure, working pressure, rf power, and gas ﬂow rate
were 1  10 6 Torr, 4 mTorr, 16/4 sccm (Ar/O2 ), respectively. A 100 nm-thick piezoelectric lead zirconate
titante (PZT) ﬁlm was also deposited at room temperature by the RF sputtering, in which the deposition power,
base pressure, working pressure, and Ar ﬂow rate were
maintained at 80 W, 2  10 6 Torr, 3 mTorr, and 30 sccm,
respectively. The samples were calcined in air at 300 1C
for 60 min to burn out the polymer beads and simultaneously crystallize the ﬁlms, resulting in embossed ﬁlms
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with hollow hemispheres on the substrate. The PZT ﬁlm
was then additionally annealed at 650 1C for 5 min in O 2
ambient (10 Torr) to enhance the crystallization of the
materials.
The schematic diagrams of the stretchable composites
fabrication process are shown in Fig. 1a and detailed information described in Methods. Scanning electron microscopy (SEM)
images in Fig. 1b shows that the 2D ZnO hollow hemisphere
arrays are hexagonally close-packed as a form of multidomains which ﬁll the entire substrate of 410 cm2 area in
the current study. After the piezoelectric-PDMS ﬁlm is
detached from the substrate, piezoelectric hemispheres are
clearly shown (Fig. 1c). The PDMS solution was then poured
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into the hemispheres and allowed to solidify into an amorphous free-standing ﬁlm by heating on a hot plate at 90 1C.
The parameters such as the lift force, speed, and precision are
carefully controlled and optimized not to get any space
between the hemispheres and the PDMS, as shown in
Fig. 1d. This fabrication method for such stretchable composites is broadly applicable to a range of piezoelectric or
ferroelectric materials such as lead zirconate titanate (PZT).
Actually, we will show the electrical output performance of
PZT hemispheres-embedded nanogenerators. The microstructure of the ZnO hemispheres was characterized by low- and
high-resolution transmission electron microscopy (TEM), as
shown in Figs. 1e, f, and g. The hemisphere clearly reveals

Fig. 1 (a) Schematic diagrams of the fabrication process for the piezoelectric hemispheres embedded stretchable composites.
SEM images of (b) hexagonally close-packed 2D ZnO hollow hemisphere arrays as a form of multi-domains of areas larger than
approximately410 cm2, (c) detached hemisphere array from the substrate, and (d) piezoelectric hemispheres embedded
composites. (e) A cross-sectional TEM image results of ZnO hemispheres, which reveal that the hemispheres are hollow. (f) The
HR-TEM images also show that the hemisphere has columnar structures with grain sizes in the range of 10–20 nm. (g) High
crystallinity of each grain, based on facts that the most part of the grains is bright in dark ﬁeld image and lattice fringes are well
ordered.
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fan-shaped columnar structures with grain sizes in the range of
10–20 nm. Each grain shows to be highly crystalline, based on
the facts that the most part of the domains is bright in dark
ﬁeld image, lattice fringes are well ordered.

Fabrication of hemisphere embedded composites
The PDMS solution was poured into the PS sphere template
and allowed to solidify into an amorphous free-standing ﬁlm
by heating on a hotplate at 90 1C. The PDMS ﬁlm was then
detached from the substrate and soaked in acetone for 24 h
to remove the PS spheres, producing free-standing PDMS ﬁlm
with crescent-shape structures. To fabricate composite-type
devices, the crescent shape structures were ﬁlled by another
PDMS layer without any voids between the piezoelectric
materials and PDMS. ITO/PET ﬁlms are then attached on the
top and bottom sides of the structures, which act as the top
and bottom electrodes. A nanogenerator was also made by
stacking two pieces of the structures.

Measurement of electrical performance
We measured the output voltage and current density of the
embossed thin ﬁlm generators under bending condition, which
are detected by a Keithley 6485 picoammeter and Keithley
2182A nanovoltmeter of 10 GΩ resistances were used. The
effective piezoelectric coefﬁcient (d33) of the hemisphere PZT
thin ﬁlms was measured using a piezoelectric force microscopy
(PFM, Dimension 3100, Veeco Instruments, USA) with a lock-in
ampliﬁer (SR830, Stanford Research). The piezoelectric
responses were collected with a conductive Pt/Ir coated Si
tip cantilever (PPP-NCHPt, Nanosensors) with the spring
constant 43 N/m and resonance frequency 263 kHz. Piezoelectric response curves were obtained in contact mode, with
a typical modulation AC signal frequency with 17 kHz and
amplitude with 0.5 V under applied DC bias from 8 V to 8 V.

Microstructural analysis
The morphologies of the composite ﬁlms with crescent shape
structures were characterized by a Nano 230 ﬁeld emission
scanning electron microscope (FEI, USA). Transmission electron
microscopy was performed using a transmission electron
microscope (JEOL, Japan). A dual-beam focus ion beam (FEI,
USA) was used to prepare the TEM samples. High-resolution
XRD using synchrotron radiation was carried out to characterize
the microstructures of the ﬁlms at the 3D beamline at Pohang
Accelerator Laboratory. Piezoelectric hysteresis properties
were measured by a commercial atomic force microscope
(XE-100, Park systems, South Korea) with lock-in ampliﬁer
(SR830, Stanford Research System) under ambient conditions.
For in-situ tension test, a force applied when the crescentshape composite was stretched was measured by using the
tensile tester (AGS-100N, Shimadzu, Japan) under conditions of
a speed of 5 mm/min at a distance of 5 mm.

Results and discussion
Figs. 2a and b show the output voltage and current density,
generated by the ZnO hemispheres embedded composites as
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a function of the diameter of the hemispheres from 0.5 to
10 μm under the normal bending direction of 0.425% strain,
as shown in the inset of the Fig. 2. The size of active area in
nanogenerator is approximately 1.5  1.5 cm2 and the thickness of the composites is ﬁxed to approximately 100 μm. For
ZnO ﬁlm embedded composites, there is no signiﬁcant
change in both voltage and current density although there
is a little change (o 0.15 V ando0.001 mA/cm2) by the
bending direction. The composite containing the 0.5 mmdiameter ZnO hemispheres in the PDMS matrix generated
0.4 V and 0.13 μA/cm2 in the output voltage and the current
density, respectively, showing almost 4 times improvement
in the power generation compared to that of ZnO ﬁlmembedded composite. As the diameter of the hemispheres
increases, it is clearly seen that the power signiﬁcantly
increases and the composite with 10 mm-diameter hemispheres produces an almost 27 times improvement (4 V and
0.13 μA/cm2) in the power generation, compared with the
ZnO ﬁlm embedded composite.
The above measurement was repeated with PZT hemispheres (see the Supplementary materials Fig. S1a)
embedded composites and we observed similar results, also
plotted in Figs. 2a and b. The composite containing 10 mmdiameter PZT hemispheres generated the 3 V and 0.05 μA/
cm2 in the output voltage and the current density, respectively although it showed the output performance lower
than that of the ZnO hemispheres embedded composite.
Interestingly, the electrical signals are obtained without any
treatment of electrical poling. In general, the composite
materials, in which piezoelectric materials such as ZnSnO3,
BaTiO3, and PZT are embedded, require a high applied force
or the treatment of electrical poling to generate high
electrical outputs [23,25,27,28]. This may imply that it is
more likely to deform elastically under small external force,
leading to the stress-induced poling effect [29,30]. The
microstructure and piezoelectric characteristics of the PZT
hemispheres were also evaluated. In XRD spectra (Fig. S1b),
there are two peaks corresponding to the (110) and (200)
planes of PZT, but the intensity are not high, meaning that
the crystallinity of the materials need to be improved.
The piezoelectric response phase and strain amplitude were
obtained on the top of the PZT hemispheres. The phase and
amplitude signal exhibit typical 1801 domain switching
behavior under changing polarity of DC bias as shown in
the Supplementary materials Fig. S2a. The effective piezoelectric coefﬁcient (d33) is extracted from the phase and
amplitude signal (see the Supplementary materials Fig.
S2b). The d33-V curve shows clear hysteresis loop because
the ferroelectric domain of the PZT thin ﬁlms are switched
under DC bias and the piezoelectric deﬂection of the ﬁlms
are changed along the polarization alignment with disturbance of remnant polarization. Thus, the optimization
process where several factors such as the crystallinity of
the materials, the poling process to align the electric
dipoles along vertical direction are involved, will increase
the electrical output signals generated by the composites.
The detail power generation mechanism of the hemispheres embedded composites is described in Fig. 2c. We
calculated the piezopotential distributions inside the composites along the vertical direction by using a simple
rectangular model composed of 10 mm-diameter hemispheres with 100 nm-thick ZnO ﬁlm in a PDMS matrix of
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Fig. 2 (a) Output voltage and (b) current density, generated by the ZnO hemispheres embedded composites as a function of the
diameter of the hemispheres from 0.5 to 10 μm and PZT hemispheres under the convex bending strain. (c) Piezopotential and
(d) strain distributions of hemispheres in PDMS matrix. (e) Piezopotentials and displacement increase with the hemisphere diameter
from 0.5 to 10 μm. (f) Enhancement in the piezopotential and displacement as increase of external force from 160 to 640 μN.

100 μm on the substrate of 300 μm under the load of 640 mN.
The material parameters of the ZnO and PDMS, taken from
the COMSOL simulation software, are used for the ﬁnite
element analysis. The dielectric constant is 8.5446 and
the conductivity is not included because of assuming ZnO
materials as insulator. When the composites are under
convex bending, Fig. 2c shows the piezopotential distribution in PDMS materials. That is, the tensile stress is built-up
over the entire PDMS matrix along the transverse direction,
causing the tensile strain to the ZnO hemispheres along the
direction. The compressive stress on the hemispheres along
the vertical direction is also induced and promotes the
strain distribution along the vertical direction, causing a
gradient in the piezoelectric potential. If the tensile strain
in the transverse direction under convex bending is deﬁned
as ε =Δx/x, the compressive strain (εz) in the vertical
direction can be calculated to be
0.4εx by using the
Poisson ratio (ν = εtransverse/εvertical = εy/εx = εz/εx = 0.4)
of the PDMS material [31], as shown in Fig. 2d. The

simulation in Fig. 2e supports that as the hemisphere
diameter increases, the displacement of the hemisphere
along the vertical direction also increases, resulted in a
larger piezoelectric potential. This increase in the displacement may ascribe to the enhancement of the strain
conﬁnement effect in larger hemisphere, thereby, strain
is likely to be concentrated in larger hemisphere [18].
Furthermore, it was reported that randomly distributed
nanoparticles or nanowires in the PDMS matrix might not
generate large output power due to the random orientation
in the electric dipoles without any treatment of electrical
poling and high applied force [32]. Actually, it may be a
challenging task to disperse them uniformly inside the
matrix. Here, the hemispheres are well-ordered in the PDMS
matrix, generating high electrical outputs without any
poling treatment. In Fig. 2f, hemisphere composite has
the 2 times higher piezopotential and displacement than
that of ﬂat ﬁlm under the load from 160 to 640 mN.
Hemisphere composite can generate higher piezopotential,
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because hemisphere structure causes more displacement
than the ﬂat ﬁlm structure.
Fig. 3a shows the stability and durability test of 10 mmdiameter ZnO hemispheres embedded composite. It is
clearly seen that the output voltage, quite stable, does
not appear to change signiﬁcantly after 500 bending
cycles. This result reveals the robustness and mechanical
durability of the composite. For further evaluation of the
resistance to deformation of the composite by external
force, micro-scale uniaxial tensile tests were conducted.
Figs. 3b and c show micro-scale uniaxial tensile sample
and engineering stress-strain curves for PMDS ﬁlm, hemisphere composite, and PET ﬁlm. Dog-bone shaped tensile
samples with gage width of 1 mm and gage length of
5 mm were prepared, and uniaxial tensile testing was
carried out at a rate of 0.5 mm/min using microuniversal testing machine (AGS-100N, Shimadzu Ltd.,
Japan). PET ﬁlm shows signiﬁcant transition from elastic
to elasto-plastic deformation at  7% engineering strain
during tensile loading, as shown in inset of Fig. 3c. On
the contrary, the PDMS ﬁlm and the composite ﬁlm show
linear elastic behavior up to 40% engineering strain that
is the maximum strain we tested. By linear ﬁtting to
loading curve up to 40% engineering strain, elastic
modulus of the PDMS ﬁlm and the composite ﬁlm are
calculated to be 1.13 MPa and 0.91 MPa, respectively.
Although the fracture strain of ZnO hemisphere layer in
the composite ﬁlm is much smaller than that of the PDMS
ﬁlms, the adhesion strength between the ZnO hemispheres and PDMS matrix inside the composite ﬁlm is
quite high. In this case, elastic modulus of composite
materials can be calculated by the rule-of-mixture.
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Elastic modulus of ZnO on the order of 100 GPa is ﬁve
orders of magnitude greater than that of PDMS on the
order of 1 MPa. However, by considering the extremely
low volume fraction of the hemisphere layer in composite, the enhancement in elastic modulus is calculated as
only 24%. Besides, the composite ﬁlm stretched up to
40% engineering strain returns back to origin point in
stress-strain curve as the pristine PDMS ﬁlms, indicating
the reversible deformation. Thus, the composite ﬁlm
seems to be quite stretchable.
For the high-output performance of the piezoelectric
composites, nanogenerators were also made by stacking two
and three layers of such hemispheres layer-by-layer. It was
also done by Langmuir–Blodgett deposition of the PS on the
hemispheres, followed by the deposition of ZnO ﬁlm.
As the number of the hemisphere layers increase, the output
voltage and the output current density are enhanced up to
6.0 V and 0.2 μA/cm2, respectively, at three-layer stacked
nanogenerator, as shown in Figs. 4a and b. This means that this
stacking process will make high-output nanogenerator possible. The simulation result in Fig. 4c which shows the increase
in the piezopotential as the number of stacking layers increase
supports the increase of the electrical outputs with the
number of the layers. Also it is worth mentioning that when
the overturned hemispheres are stacked on the hemispheres,
the output voltage and the output current density decrease up
to 1.8 V and 0.04 μA/cm2, respectively. These values are much
smaller than those obtained in single layered composite
ﬁlm.
To investigate the decrease in the electrical outputs, the
same electrical measurement was done with the direction
of the bending, convex and concave. Figs. 5a and b show the

Fig. 3 (a) The stability and durability test of 10 mm-diameter ZnO hemispheres embedded composites. (b) Optical image
of micro-scale uniaxial tensile sample and (c) engineering stress-strain curves for PMDS ﬁlm, hemisphere composite, and
PET ﬁlm.
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Fig. 4 (a) Output voltage and (b) current density of integrated hemisphere composite by stacking two and three layers of
hemispheres layer-by-layer. (c) Enhancement in the piezopotential as the number of stacking layers increase.

Fig. 5 (a) Output voltages of 10 mm-hemispheres embedded composite ﬁlm under (a) convex and (b) concave bending with strains
from 0.125% to 0.425% with the optical microscope images of the bending direction in the inset. (c) Hemisphere radius (R) change
and (d) piezopotential distributions under concave and convex bending.

output voltages of 10 mm-hemispheres embedded composite
ﬁlm measured by varying the bending direction under same
condition with strains from 0.125 to 0.425%, as shown in the
inset of Fig. 5. When the ﬁlm is under convex bending, the
voltage increases from 0.8 V to 4 V with the strains, while
when the ﬁlm is under concave bending, and the voltage is
only generated from 0.17 V to 0.52 V. That is, the output
voltage is about 8 times higher at convex bending. We found
that the data was quite reproducible after doing several
same experiments. This result may be understood by
considering two factors. The composite is located at the
upper part (see the Fig. 2c) of the entire nanogeneator, so
that compressive strain is induced along the vertical direction in composite at the convex bending (see the Fig. 2d), as

shown in Fig. 5c, and promotes the strain distribution along
the direction, resulted in a larger piezoelectric potential at
convex bending. According to the neutral axis theory [33],
the stress distributions signiﬁcantly depend on the position
of the neutral axis, which is determined from the condition
that the resultant axial force acting on the cross section is
zero, as shown in Fig. 2c. Therefore, the position of the
hemispheres plays an important role in the enhancement of
the output power. The more the distance from the neutral
axis to the hemispheres increases, the more the corresponding stress in the hemispheres increases.
In the TEM images, the hemisphere reveals fan-shaped
columnar structures, meaning that the piezopotential direction is also fan-shaped when it is strained. When the
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Fig. 6 (a) Bending strain response of the composites for bending direction as the strain increases from 0% to 0.425%. (b) Output voltages
of hemisphere composites attached on the top and bottom side of the wrist with a sticking plaster under the bending direction.

composite is under convex bending, the radius of hemisphere (Rconvex) will increase and the piezopotential each
column will be vertically well-aligned. However, at concave
bending, the radius of hemisphere decreases (Rconcave) and
the piezopotential of each column becomes dispersive,
decreasing the net piezopotential to the vertical direction.
Fig. 5d shows the piezopotentials of hemisphere composites
under convex and concave bending. At convex bending, the
piezopotentials is about 2 times higher, consistent with the
experimental results. For the simpliﬁed numerical calculation, we assumed that ZnO hemisphere is an insulator and is
epitaxially grown along the c axis, as shown in Fig. 5d, so
that the free charge carriers in the volume can be ignored.
A dielectric constant of 10.2 and a piezoelectric coefﬁcient
(d33) of 11.7 pC/N are taken from COMSOL software. The
simulation shows about 1.5 times higher value under convex
bending than that under concave bending. Reduced magnitude of the experimental results in Figs. 2 and 5 in
comparison to the simulated value is due to the screening
effect of the free carriers within hemisphere [34].
Fig. 6a shows the bending strain response of the composites
for two bending directions as the strain increases from 0% to
0.425%. The strain sensitivity S can be deﬁned to be S=(Vb –
Vo)/Vo, where Vb and Vo denote the output voltage with and
without applied force, respectively. Here, in our instrument, Vo
is usually measured as approximately 0.01 V. The sensitivity of
the composites at the convex bending was substantially larger
than those at concave bending. In the o0.14% strain (Region I),
it seems that the output voltages of both cases are not
signiﬁcant, however, at very small strain (even smaller strain
than 0.01%), it is obvious that the output voltages of the
composites at the convex bending (S=13 at 0.09%) are larger
than those (S=5 at 0.09%) at the concave bending, in which the
0.09% is the lowest value of the instrument, by considering the
bending angle limitation. This result shows the ultrasensitive
strain sensors providing the information regarding to the
bending direction. In the 40.14% strain (Region II), the output
voltage of the composites at the convex bending was substantially 4 times larger than that of the composites at the concave
bending. The composites with a size of 15 mm  15 mm were
ﬁrmly attached on the top side of the wrist with a sticking
plaster and the output voltages were measured with the
bending directions, plotted in Fig. 6b. The composites produced
the output voltage of 1.1 V when the wrist is under convex
bending, while at the concave bending, the composites produced only 0.25 V. The composites (see the Fig. 6b) were also

attached on the bottom side of the wrist and the measurement
was repeated, and we observed similar results. These merits
provide great potential for an ultrasensitive electronic platform
such as self-powered smart skin and the directional bending
sensor with an enhanced sensitivity.

Conclusions
In summary, we report highly-stretchable composite-type
nanogenerators with the highly-ordered piezoelectric hemispheres in a soft matrix, PDMS. The hemispheres are produced
by a Langmuir–Blodgett deposition of 2D PS spheres on planar
substrates, followed by the deposition of piezoelectric ﬁlm by
a radio-frequency magnetron sputtering method at room
temperature and post-annealing to remove spheres. This
fabrication method is broadly applicable to a range of piezoelectric or ferroelectric materials. The composites have a high
mechanical durability with good stretchable properties, comparable to the PDMS ﬁlm. The nanogenerators with single
hemisphere layer generated an output voltage of up to 4 V at a
current density of 0.13 μA/cm2, which increased up to 6 V and
0.2 μA/cm2 by stacking three layers of such hemispheres layerby-layer. The strain sensitivity of the ﬁlms differs according to
the bending direction and high sensitivity is achieved by convex
bending due to the strong electric dipole alignment. The ﬁlms
are also attached on the surface of a wrist and its output
voltage/current provides information on the wrist direction.
The very high sensitivity, small workable strain range, and
simple fabrication of the sensors, based on highly-stretchable
piezoelectric composite ﬁlms, make them promising candidates for electronic-skin application, especially, to develop
directional sensing approaches for the instability and gait
disturbance occurred commonly in patients with Alzheimer's
disease, Parkinson's disease, and related disorders.
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