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Abstract
A simple-to-fabricate, high-performance, wearable all-fiber triboelectric nanogenerator (TENG)-
based insole composed of electrospun piezoelectric polyvinylidene fluoride (PVDF) nanofibers
sandwiched between a pair of conducting fabric electrodes that effectively harvests energy
during human walking is reported. The surface of the nanofibers is roughened with secondary
nanostructure to enhance insole performance. The maximum output voltage, instantaneous
power and output current from the insole reach 210 V, 2.1 mW and 45 μA, respectively. The role
of the piezoelectric effect in the electrospun PVDF nanofibers in this TENG-based insole is then
systematically investigated. This device is shown to be a reliable power source that can be used
to light up 214 serially connected light-emitting diodes directly. The soft fiber-based electric
power generator demonstrated in this paper is capable of meeting the requirements of wearable
devices because of its efficient energy-conversion performance, high durability, user comfort,
and low cost.
& 2015 Elsevier Ltd. All rights reserved.
015.01.038
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Introduction

The growing popularity of portable smart electronics and
wearable electronic systems has stimulated interest in
human motion-based energy-harvesting techniques because
of a large development lag in the battery industry [1–3].
Harvesting the energy from bodily motion and other human
activities offers strong potential to ensure the independent
and sustainable operation of such systems without the use
of a battery, or at least to extend the lifetimes of the
batteries used [4–6]. It is in principle feasible that the
energy harvested from bodily movements or the surrounding
environment may be sufficient to support the working
modes of nanoelectronic devices because of their extremely
low power consumption [7–10]. To scavenge energy from
mechanical movement, especially human activity, the study
of wearable, sustainable electrical power generators that
work at various frequencies and in various directions of
deformation, and that are based on soft and durable
materials, attracts considerable research. To realize this
concept, fiber-based electric power generators are highly
desirable because they are light and comfortable for users
to wear. Flexible, soft fiber-based generators can be
designed in such a manner that they are highly integrated
with textiles such as items of clothing, trousers, or shoe
insoles that people wear in daily life.

At present, two physical effects are being widely used to
fabricate nanogenerators for converting low-level mechan-
ical energy into electricity. Piezoelectric nanogenerators
(PENGs) rely on the piezoelectricity that is driven by
random mechanical motion [11–21]. For example, Lee
et al. [22] reported a hybrid-fiber piezoelectric generator
that converts low-frequency mechanical movements from
human/animal activity into electricity. Meanwhile, Hwang
et al. [23] demonstrated a flexible, highly efficient energy
harvester consisting of a single-crystalline piezoelectric
(1�x)Pb(Mg1/3Nb2/3)O3�xPbTiO3 thin film on a plastic sub-
strate to produce a self-powered artificial pacemaker with
sufficient electric output current. The other physical beha-
vior nanogenerators are often based on is the triboelectric
effect. Triboelectric nanogenerators (TENGs) have recently
been used to harvest mechanical energy from irregular
vibrations, triggering, sliding, rotations, and even acoustic
waves [16,19,24–29]. For PENGs, especially flexible ones,
their typically low output power is a critical problem for
wearable nanogenerators. Substrate materials such as poly-
ethylene terephthalate (PET) or polydimethylsiloxane
(PDMS) films have limited flexibility and breathability, which
decreases the comfort of wearing such devices. The output
powers of TENGs are much higher than those of most
flexible PENGs, and are thus a better choice for harvesting
mechanical energy where higher energies are needed.

To enhance the friction effect and enable production of a
high-output generator, the fabrication of micro/nanostruc-
tures on the surfaces of triboelectric materials is required
[30]. The methods that are currently used to design and
fabricate these micro/nanostructures are based on photo-
lithography [27,31–33] or reactive ion etching [28,34–36],
and are both complicated and expensive. Therefore, the
need for a simple, cost-effective, durable and readily
scalable fabrication method to manufacture the surface
structures of triboelectric materials should be addressed.
Electrospinning is a simple, low-cost and versatile
method to produce ultrathin fibers from a rich variety of
materials including polymers, composites, and ceramics
[37,38]. Electrospun nanofibers show a number of unique
properties, including one-dimensional morphology, extraor-
dinary length, high surface area, and hierarchically porous
structures. Modification of the solutions and processing
parameters [39,40] or set-up geometry [41] allows complex
nanostructures with controllable hierarchical features to be
prepared, such as nonwoven, aligned or patterned fibers,
nanoribbons, nanorods, random three-dimensional (3D)
structures, nanonets and convoluted fibers with controlled
diameters [42–46]. Furthermore, nanostructures can easily
be formed on the surface of a single nanofiber; further
increasing surface roughness, which is an important factor
in improving the performance of TENGs. Another remark-
able feature of electrospinning is that the structures can
easily be prepared as membranes that can be conveniently
handled and manipulated during application, which is
especially important for sensors, and energy-conversion or
storage devices [47–50]. Additionally, nanofiber membranes
are lightweight, soft and have high porosity, which makes
them suited for wearable devices when compared with the
recently reported properties of dense polymer films and
flexible rubbers [27,30,32,35]. Therefore, we believe that
the use of nanofiber structures to improve the performance
of TENGs may also lead to new design ideas for devices,
particularly self-powered wearable electronics, which are
both simple and cost-effective.

Here, we fabricate the first wearable insole-shaped
TENGs that are composed of all-fiber structures, substrate-
free and produce high output power by a simple electro-
spinning method. To achieve this objective, we explored
several approaches in this research, including: (1) replacing
the dense films that are traditionally used for such devices
with high-porosity nanofiber nonwoven fabrics that are air
permeable (average air permeability of 39.68 mm s�1; see
Supporting information, Figure S1), not only to meet the
requirements for wearer comfort, but also to take advan-
tage of the unique nanofiber structures of electrospun
nonwoven fabrics, which offer large contact areas to
enhance the friction effect to produce a high-output gen-
erator; (2) replacing the commonly used negative tribo-
electric materials PDMS and polytetrafluoroethylene, which
have poor processability and are unsuitable to wear, with
polyvinylidene fluoride (PVDF). PVDF was selected because
it is readily processed to form nanofibers and possesses
strong electronegativity according to the triboelectric series
[51] (see Supporting information, Figure S2). In addition,
secondary nanostructures could easily be fabricated on the
surfaces of the PVDF nanofibers to increase the output
performance of the TENG-based insole; (3) replacing the
positive side triboelectric material films such as PET and
polymethyl methacrylate, which easily lose electrons, with
nickel- and copper-coated PET-conducting fabrics [51].
Thus, the developed fabrics serve two roles: the first is to
act as the triboelectric material, which easily loses elec-
trons, and the other is to act as the electrode of the TENG
to collect signals. Therefore, the additional metal film
electrode that is currently used in TENGs, and which shows
a very short service lifespan under repeated mechanical
deformation as well as poor wearability, is not required in
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our device. The roughness of the fabric electrode also
enlarges the friction effect, which further enhances the
output power of the TENG-based insole.
Experimental

Materials

PVDF (FR904) was obtained from Shanghai 3F New Material
Co., Ltd. N,N-Dimethylformamide (DMF, AR grade) and
acetone (AR grade) were purchased from the Shanghai
Chemical Reagent Plant. The conducting fabric (NF35D-C)
used for the garment was purchased from Zhejiang Saint-
year Electronic Technologies Co., Ltd. All materials were
used without any further purification.
Electrospinning

PVDF was dissolved in a mixture of DMF and acetone (mass
ratio of 6:4) at 80 1C to prepare a PVDF solution (10%, w/w).
The homogeneous solution was then transferred into a
plastic syringe for electrospinning. The electrospinning
process was conducted in a custom-made setup, as shown
in Figure 1, where the DC power supply was a JG50-1 Model
HV power supply (Shanghai Shengfa Detection Instrument,
China). In this experiment, the applied voltage was �20 kV.
The spinning solution was drawn into a hypodermic syringe
and delivered to the blunt needle tip at a flow rate of
1 mL h�1 using a microsyringe pump (KDS101, USA) at a
fixed collection distance between the syringe tip and roller
collector of 15 cm. Considering both the durability and
wearability of the device, the roller collector was covered
with a piece of wearable nickel- and copper-coated PET-
conducting fabric rather than the alumina foil that is
traditionally used. To enlarge the friction area and further
enhance the output performance, secondary nanostructures
were formed on the PVDF nanofiber surfaces carefully
controlling the relative humidity between 40% and 50%
during electrospinning. For comparison, PVDF nanofibers
with smooth surfaces, i.e., without secondary nanostruc-
tures, were also prepared by controlling the relative
humidity below 30%. Both samples were prepared at a
temperature of 2373 1C.
Figure 1 Schematic diagram of the custom-made electrospin-
ning apparatus used in this experiment. The PVDF nanofibers
were collected on the surface of a roller collector covered with
conducting fabric.
Fabrication of the insole-based nanogenerator

First, a piece of the as-spun PVDF nanofiber (with the
conducting fabric electrode) was sewn on the front of a
piece of normal insole-shaped cloth. Then, an insole-shaped
elastic sponge of the same size with hollowed-out regions at
its front was sewn on the cloth above the PVDF nanofibers.
Finally, another piece of conducting fabric, which was
already sewn on a piece of cloth, was used to cover the
elastic sponge to form a triboelectric material and also the
fabric electrode.

Characterization

The air permeability of the TENG-based insole was tested
using an automatic air permeability instrument (YG461H,
China) according to a Chinese national standard (GB/T5453-
1997). The morphology of the electrospun fibers was
examined by field-emission scanning electron microscopy
(FESEM, S-4800, Hitachi, Japan). A thin platinum layer was
sputtered on the electrospun fiber surface before FESEM
examination. The sheet resistance of the fabric electrode
was measured by the four-point probe technique (Mitsubishi
Chemical Holdings, MCP-T360). An oscilloscope (LeCroy,
Wavesurfer 104MXs-B) was used to detect the output
voltage of the insole while the human user was walking.
The maximum current was measured under an external load
of 500 kΩ. A Keithley 2000 m was used to measure the
voltage across the capacitor during the charging process.

Results and discussion

Figure 2a shows a schematic diagram of the fabricated TENG-
based insole. The PVDF nanofiber nonwoven fabric (bottom
layer) and conducting fabric (top layer) were used to induce
the triboelectric charge. To sustain these two layers and
perform the charge generation and separation processes
effectively, but without affecting the comfort of the wearer,
a piece of insole-shaped elastic sponge of the same size with
hollowed-out areas that acted as a spacer was inserted
between the PVDF nanofibers and top layer of the conducting
fabric. The working area of the TENG was approximately
6� 5 cm2. Figure 2b (1) and (2) are digital photographs of the
as-spun PVDF nanofibers, which were firmly integrated with
the conducting fabrics. The flexibility of the fabricated
TENG-based insole is demonstrated in Figure 2b (3) and (4),
which ensured its durability and wearability.

Operation of the insole-based TENG is realized by step-
ping on the top of the fabricated device so that the top
layer of the conducting fabric is pressed periodically to
make full contact with the PVDF nanofibers. When released,
the two layers will separate and revert instantaneously back
to their original shapes because of the highly resilient
nature of the sponge layer. The working principle of the
TENG is depicted schematically in Figure 2. In the original
state, no electrical potential exists between the top layer of
the conducting fabric and PVDF nanofibers, as shown in
Figure 2c. By stepping on the insole, the insole is pressed
such that the surfaces of the conducting fabric and PVDF
nanofibers are charged with the same surface density [32],
as illustrated in Figure 2d. When the force is removed, the



Figure 2 (a) Schematic diagram of the structure of the TENG-based insole; (b) digital photographs of the as-spun PVDF nanofibers on the
conducting fabric (1) front side and (2) back side, (3) and (4) are photographs of the fabricated TENG-based insole demonstrating its
flexibility. Working mechanism of the TENG when the device is in the states of (c) origin; (d) equilibrium; (e) step off; (f) equilibrium;
(g) step on and (h) the corresponding voltage-time curve.
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potential difference between the conducting fabric and
PVDF nanofibers will drive the electrons in the bottom
electrode to flow through the external circuit, which
produces the observed current (Figure 2e), until the device
reaches electrical equilibrium (Figure 2f). When the gen-
erator is pressed again, the redistributed charges will form a
reversed potential, and thus drive the electrons to flow in
the opposite direction (Figure 2g). The typical voltages
generated by the insole that correspond to the step on/off
states are presented in Figure 2h.

The electrical performance (Figure 3a) of the TENG-based
insole with smooth PVDF nanofibers (Figure 3b) and Al flat
electrode (Figure 3c) under the compressive force of human
walking was investigated. The maximum output voltage
generated by this device was 60 V at a frequency of 1 Hz.
Compared with the performance of the cast dense PVDF films
(Figure 3d and e) and Al flat electrode, the output voltage of
the TENG-based insole with smooth PVDF nanofibers
increased about tenfold. This is because the nanofiber
structures increased the effective roughness to a greater
degree than a flat PVDF film, and the friction surface area of
the nanofibers was much larger than that of the bulk film.

To further enhance the electrical performance of the TENG-
based insole, four groups of TENGs were fabricated, with (1) a
fabric electrode and PVDF nanofibers with secondary nanos-
tructure, (2) a flat Al electrode and PVDF nanofibers with
secondary nanostructure, (3) a fabric electrode with smooth
PVDF nanofibers, and (4) a flat Al electrode with smooth PVDF
nanofibers, which are referred to hereafter as sample (1), (2),
(3) and (4), respectively. These variations were then used to
investigate the effects of PVDF nanofiber nanostructure and
fabric electrodes on the output performance of the TENG-
based insole, as shown in Figure 4a and b. (The measured
output voltage and current curves under frequencies of 1 and
1.8 Hz are presented in Figures S3 and S4.) It is obvious that
both the output voltage and current of these devices were
enhanced by increasing the interface roughness of the friction
surfaces. The use of nanofibers and a fabric electrode
increased the effective roughness to a greater degree than a
flat PVDF film and flat electrode. In addition, secondary
nanostructures on the surfaces of the PVDF nanofibers were
also fabricated to improve the performance of the TENG-
based insole. The FESEM and 3D atomic force microscopy
(AFM) images shown in Figure 4e and g, respectively, reveal
that irregular ravine-like secondary nanostructures were
formed on the nanofibers at a suitable solution evaporation
rate, which was controlled through the humidity during
electrospinning. Figure 4a indicates that the output voltage
of sample (1) was increased by 66.7% and 75.0% at frequencies
of 1 Hz (Figure S3a) and 1.8 Hz (Figure S3b), respectively,
when compared with that of the corresponding values for
sample (3) (shown in Figure S3e and S3f). Here, we must also
note that the conducting fabric electrode, which also acted as
one of the triboelectric materials, not only makes a major



Figure 3 (a) Voltage generated by smooth PVDF nanofibers and Al flat electrode; (b) FESEM images of PVDF nanofibers. The inset
shows a high-magnification image. (c) Al flat electrode; (d) voltage generated by the TENG-based insole with dense PVDF films and Al
flat electrode and (e) SEM images of PVDF dense films.
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contribution to the wearability and durability of the insole
(the durability data for the output voltage of the TENGs are
presented in Figure S5), but also played an important role in
increasing the output voltage of the device because of its
fiber structure. (We discuss the effect of the difference
in triboelectric polarity between Al and Cu/Ni on the
performance of the TENGs in the Supporting information,
Figure S6.) Figure 4j shows the rough surfaces of the fabric
electrode coated with Cu/Ni, which ensured its high
conductivity. The sheet resistance of this electrode was
0.45070.05 Ω sq�1 (high-magnification FESEM images and
energy-dispersive X-ray spectroscopy data are provided in
the Supporting information, Figure S7). The output voltage of
sample (1) was increased by 15.4% and 16.7% at frequencies
of 1 and 1.8 Hz, respectively, compared with the correspond-
ing values for sample (2). Interestingly, the effects are more
obvious when the PVDF nanofibers have smooth surfaces
(i.e., sample (3) and (4)), for which the output voltages
increased by 60.0% at both 1 and 1.8 Hz for sample (3) com-
pared with those for sample (4) (see Figure 4a). The variation
of the currents is similar to that of voltages for the TENGs
(Figure 4b).

The deformation frequency could also influence the out-
put of the TENG. The maximum output voltage and current
generated by the TENG-based insole with surface-
nanostructured PVDF nanofibers under the compressive
force of walking were 150 V and 22.5 μA at a frequency of
1 Hz, respectively. When the external frequency was
increased to 1.8 Hz, which is equivalent to a common
walking speed of 4 km h�1, the output voltage and current
increased to 210 V and 45 μA, respectively. This is because
the external electrons flow to reach an equilibrium in a
shorter time at faster walking speeds [32,52].
The energy generated by our TENG-based insole can be
stored by connecting the device to a capacitor (2.2 μF)
through a bridge circuit (see the inset of Figure 4c). The
charging abilities of the four aforementioned TENGs are
shown in Figure 4c, and reflect their output voltages. The
cumulative charge can reach 1.9 μC in 10 steps by stepping on
the insoles that are made of a fabric electrode and
secondary-nanostructured PVDF nanofibers (sample (1)).
The ladder-shaped charging curves clearly show the instan-
taneous generated charges that correspond to each individual
step. The average instantaneous charges and direct current in
a single step for charging the capacitor using sample (1) are
0.139 μC and 0.979 μA, respectively, which represent
increases of 143.9% and 167.5%, respectively, when compared
with the corresponding values for sample (4). (Detailed data
are provided in the Supporting information, Table S8.)

PVDF nanofibers fabricated by electrospinning form a β
phase with strong piezoelectricity (see the Supporting
information, Figure S9) [52–54]. Compared with the reported
PENGs containing electrospun PVDF nanofibers, the only
difference between them and our TENGs is that for PENGs,
the top electrode is firmly and directly attached to the PVDF
nanofibers without any spacer so there is no relative shift
between the fabric electrode and PVDF nanofibers. In PENGs,
the role of the fabric electrode is only to collect the piezo-
charges. Mechanical strain (the compression force as the
insole is stepped on) can induce piezoelectric bound charges,
which results in a built-in potential between the top and
bottom surfaces of the nanogenerator. In response, the
generated electrons can flow from the top electrode to
the bottom electrode to neutralize this potential. When
the strain is released as the foot is lifted off the insole, the
built-in piezoelectric potential decreases and the electrons



Figure 4 Characterization of the (a) output voltage; (b) current and (c) charging ability of the TENG-based insole with different
structures, including (1) fabric electrode with secondary-nanostructured PVDF nanofibers, (2) Al flat electrode with secondary-
nanostructured PVDF nanofibers, (3) fabric electrode with smooth PVDF nanofibers, (4) Al flat electrode with smooth PVDF
nanofibers. Microstructures of (d) and(h) PVDF nanofibers with smooth surfaces; (e) and(i) secondary-nanostructured PVDF
nanofibers. 3D AFM images of the (f) smooth and (g) rough surface of PVDF nanofibers. Microstructures of (j) fabric electrode
and (k) Al flat electrode.
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that have accumulated at the bottom electrode of the
nanogenerator move back to the top side and then build up
an electric pulse in the opposite direction (see the Supporting
information, Figure S10) [19,55].

In contrast, the TENGs contain an elastic sponge with
hollowed-out areas between the top electrode and nanofi-
bers as a spacer. When the TENG-based insole was subjected
to a compression force as it was stepped on, piezoelectric
bound charges originating from piezoelectric PVDF were
generated, as well as triboelectric charges that originated
from PVDF and the fabric electrode because of the con-
siderable difference of electronegativity between these two
tribological materials (the conducting fabric is positively
charged, while PVDF is negatively charged). Thus, the
output voltage generated by the TENG containing piezo-
electric PVDF nanofibers is probably a combination of
piezoelectricity and triboelectricity. Therefore, an impor-
tant question arises as to whether the piezoelectricity of
the PVDF played a positive or negative role in the TENG-
based insole. To answer this, we reversed the orientations of
the dipoles of the PVDF nanofibers by changing the polarity of
the spinning voltage from negative to positive. As depicted in
Figure 5a and c, the direction of CF2 dipoles is determined by
the direction of the applied electric field during electrospin-
ning, which was oriented perpendicular to the surface of the
electrospun mats. As a result, when the direction of the
applied electric field was reversed (from negative to posi-
tive), the direction of the dipoles would also be reversed, as
well as the direction of the voltage generated by piezo-
electricity, as illustrated in Figure 5d and e. In contrast, the
direction of the voltage generated by triboelectricity would
remain the same (see Figure 5b). Therefore, the overall
output would be increased when the directions of piezo-
electric and triboelectric output are the same; otherwise, it
would be decreased. To detect the piezoelectric signal from
the nanofiber membranes, a PENG was fabricated by sand-
wiching an as-spun PVDF nanofiber membrane between two
conducting fabric electrodes. Finally, the whole sandwich
structure was encapsulated with transparent one-sided adhe-
sive tape to ensure there was no relative movement between



Figure 5 Schematic diagrams of (a) a PENG fabricated with negative spinning voltage; (b) a TENG fabricated by either negative or
positive spinning voltage and (c) a PENG fabricated by positive spinning voltage. Voltage generated by piezoelectricity of PVDF
nanofibers fabricated under (d) negative and (e) positive spinning voltage. Voltage generated by triboelectricity of PVDF nanofibers
fabricated under (f) negative and (g) positive spinning voltage.
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the fabric electrodes and nanofibers, so no triboelectric
charges were generated in this case (this structure is similar
to that reported by Zeng et al. [56]). Figure 5d and e shows
the voltages generated by the piezoelectricity of the PVDF
nanofibers fabricated under negative and positive spinning
voltages, respectively. We can see that opposite voltages
were generated under the same force direction because of
the reversed orientations of the dipoles and the maximum
output voltages are only 4 V. Figure 5f and g demonstrate the
voltages generated by triboelectricity in the TENGs. Inter-
estingly, the maximum voltage is increased from 200 to 210 V
when the voltage direction is the same as that of the voltage
generated by piezoelectricity. This indicates that the overall
voltage is the sum of the voltages generated by piezo-
electricity and triboelectricity. A positive contribution from
piezoelectricity can be achieved by tuning its voltage direc-
tion in accordance with that of the triboelectricity by
reversing the dipole direction.

In practice, there are generally two situations where
energy-conversion devices such as PENGs or TENGs are used
as power sources. The first is when the device is used to
continuously provide energy for an energy-storage unit in a
system, such as a lithium battery [57] or capacitor [58] as
described above, where the energy can be stored for later
use. The second case is where the energy is used instan-
taneously to directly drive small electronic devices such
as light-emitting diodes [33] or medical devices [15]. In
practical use, the output power for the load depends on the
resistance of the load itself. Therefore, we determined the
variations in output current and voltage of a working TENG-
based insole (sample (1)) at a frequency of 1.8 Hz under
different external loads from 500–1000 MΩ (Figure 6a). With
an increase in load resistance, the current decreases, while
the voltage exhibits the opposite behavior and saturates at
a value of approximately 210 V, which is consistent with the
output voltage of this device. The instantaneous power on
the load reaches a maximum value of 2.1 mW at a load
resistance of 8 MΩ (Figure 6b).

As a demonstration of the conversion of human walking-
based energy into electricity to power an electronic device,
our TENG-based insole was successfully used as a direct power
source without any energy-storage system to instantaneously



Figure 6 The dependence of the (a) output voltage, current, and (b) instantaneous power on load resistance. (c) Schematic diagram
of the prototype energy-harvesting circuit and (d) a snapshot of flashing LEDs while directly stepping on the TENG-based insole.
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power 214 commercial LEDs connected in series to form a
character sequence of “DHU-MSE-SKL-PFM” by walking.
Figure 6c and d shows a schematic diagram of the prototype
energy-harvesting circuit and a photograph of the flashing
LEDs when the TENG-based insole is being stepped on directly.
A bridge rectifier is used to convert the AC output signals into
DC signals (see the Supporting information, S11 Video 1).

Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.nanoen.2015.
01.038.
Conclusions

In summary, a wearable all-fiber structured TENG-based
insole consisting of PVDF electrospun nanofibers and two
conducting fabric electrodes that operates based on the
triboelectric effect was developed. Nanofibers with rough
surfaces were introduced to increase the friction areas and
enhance the output performance of the device. The meth-
ods used here are much simpler and more cost-effective
than those previously reported. The flexible conducting
fabric electrode not only improves the wearability and
durability of the insole, but also plays an important role in
increasing the output voltage and current. The piezoelec-
tricity generated by the PVDF nanofibers only increases the
overall performance when the voltage direction of the
piezoelectricity is the same as that of the triboelectricity.
The TENG-based insoles were soft, flexible and lightweight;
thus ensuring maximum comfort for the wearer, and were
used to convert mechanical energy to light 214 LEDs
connected in series simply by stepping force. We believe
that the innovative approach demonstrated here could form
a basis for new self-powered nanodevices that convert the
low-frequency mechanical energy of human activity into
electricity for applications such as implantable biomedical
devices, wireless sensors, and wearable electronics.
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