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H
arvesting biomechanical energy
from human motion has attracted
increasing attention in the past dec-

ade for potential applications in charging
portable electronic device batteries and self-
powered sensor systems.1�3 Renewable bio-
mechanical energy harvesting techniques
based on electromagnetic, electrostatic,
and piezoelectric mechanisms have been
developed to address these problems.4�7

Recently, the triboelectric effect has been
utilized to scavenge mechanical energy
from irregular vibrations, sliding, and rota-
tions, leading to the invention of triboelec-
tric nanogenerators (TENGs).8�11 Based on
the triboelectric effect coupled with elec-
trostatic induction, TENGs have been used
to harvest biomechanical energy from

human-driven shaking and squeezing.12�14

All the previously reported biomechanical
energy harvesting techniques are based on
external devices attached to the human
body. An interesting question is what if
the human body itself can be used as a
power-generating material so that energy
can be generated in the touching process.
According to the triboelectric series,15 hu-
man skin as one of the triboelectric materi-
als can be used to fabricate this kind of
device by utilizing TENG techniques. How-
ever, TENGs usually need metal electrodes
deposited on the triboelectric materials
for effective electrical output, which cannot
be realized on human skin. Developing
single-electrode-based TENGs can solve
this problem and enable us to harvest
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ABSTRACT We report human skin based triboelectric nanogenerators (TENG) that

can either harvest biomechanical energy or be utilized as a self-powered tactile sensor

system for touch pad technology. We constructed a TENG utilizing the contact/

separation between an area of human skin and a polydimethylsiloxane (PDMS) film

with a surface of micropyramid structures, which was attached to an ITO electrode

that was grounded across a loading resistor. The fabricated TENG delivers an open-

circuit voltage up to�1000 V, a short-circuit current density of 8 mA/m2, and a power

density of 500 mW/m2 on a load of 100 MΩ, which can be used to directly drive tens

of green light-emitting diodes. The working mechanism of the TENG is based on the

charge transfer between the ITO electrode and ground viamodulating the separation

distance between the tribo-charged skin patch and PDMS film. Furthermore, the TENG

has been used in designing an independently addressed matrix for tracking the location and pressure of human touch. The fabricated matrix has

demonstrated its self-powered and high-resolution tactile sensing capabilities by recording the output voltage signals as a mapping figure, where the

detection sensitivity of the pressure is about 0.29( 0.02 V/kPa and each pixel can have a size of 3 mm� 3 mm. The TENGs may have potential applications

in human�machine interfacing, micro/nano-electromechanical systems, and touch pad technology.
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biomechanical energy from human skin as well as
building new touch pad technology.
Usually, a tactile sensor refers to a transducer that is

sensitive to touch, force, or pressure.16 This type of
sensor has a wide variety of applications for robotics,
human�machine interfacing, and security systems.
Based on the piezoresistive effect, an organic transistor
array, as an artificial electronic skin, was successful in
the tactile sensing of human fingers.17�19 Moreover,
the piezotronic effect has been used to fabricate a two-
terminal transistor array matrix for detecting strain
distribution with a density of 8464 devices per 1 cm
square.20 An external power source is required to drive
these tactile sensors. Self-powered nanotechnology
utilizes energy harvesters instead of external power
sources or conventional batteries to drive the sen-
sors.21,22 TENGs have been utilized as self-powered
sensors for sensingmercury ions, catechin, and change
of magnetic field.23�25

In this paper, we present a human skin based TENG
that is based on periodic contact/separation between a
human skin patch and a polydimethylsiloxane (PDMS)
film with a surface of micropyramid structures on an
ITO electrode. Due to the coupling between the tribo-
electric effect and the electrostatic effect, the periodic
change of distance between two surfaces results in
charge transfer between the ITO electrode and the
ground, thus driving the flow of electrons across an
external load. The fabricated TENG can produce an
open-circuit voltage up to �1000 V and a short-circuit
current density of 8mA/m2, which can be used to drive
tens of green light-emitting diodes (LEDs) instanta-
neously. Moreover, a matrix of the independently
addressable TENGs has been utilized in self-powered
and high-resolution tactile sensing by recording
the output voltage signals as a mapping figure. The
touched location and pressure can be determined by
analysis of the mapping figures. This work is important
progress toward the practical applications of skin-
based biomechanical energy harvesting techniques
and self-powered sensor systems.

RESULTS AND DISCUSSION

The fabricated TENG consists of a human skin patch
and a PDMS film on an ITO electrode. Figure 1a illus-
trates a photograph of the PDMS film, where the
microstructured surface was fabricated using a Si
micropyramid template. Figure 1b shows a scanning
electron microscope (SEM) image of the fabricated
PDMS film. The surface is uniformly covered by micro-
pyramid structures with sizes less than 5 μm. The
micropyramid structures were further confirmed by
the cross-sectional SEM image of the PDMS film,
as shown in Figure 1c. The corresponding thickness
of the flexible PDMS film is about 400 μm, as shown in
Figure S1. The micropyramid structure of the PDMS
film can be used to induce a larger triboelectric charge

density to enhance the output performance of TENG.
Additionally this micropyramid structure can also
change some other physical properties such as the
wettability of the polymer surface. Figure 1d shows
that the contact angle between the PDMS polymer of
the microstructured surface and water (131�) is ob-
viously larger than that (113�) of the PDMS polymer
without microstructure, as illustrated in Figure S2. The
increase of the contact angles is beneficial since water
droplets can easily roll off the surfaces of the device to
take with them dirt and contaminants, realizing a self-
cleaning function.26

Figure 1d shows themeasured open-circuit voltages
of the fabricated TENG by utilizing an electrometer
with very large input resistance, where the voltage can
reach�1000 V during fast contact/separation between
the skin and PDMS film. The obtained negative vol-
tages are associated with the negative triboelectric
charges on the surface of the PDMS film. The corre-
sponding short-circuit current density of the device
reached 8mA/m2, as shown in Figure 1e. Figure 1g and
h present the corresponding output voltage and the
current density when a load resistor of 100 MΩ was
connected between the ITO electrode and ground,
respectively. The device produced an output voltage
peak of 180 Vwith a current density peak of 2.8mA/m2,
resulting in an output power density of 500 mW/m2.
The obtained output performance of the device with
a micropyramid-structured surface is much larger
than that without the microstructures, as illustrated
in Figures S3 and S4. To demonstrate that the pro-
duced energy can be used as an effective power
source, the PDMS film on the ITO electrode was
attached to the back of a human hand, which was
then connected to tens of green LEDs. Upon a fast
swing of the hand, these green LEDs can be lighted up
by the produced energy, as shown in movie file-1 (see
the Supporting Information).
The working principle of the fabricated TENG is

schematically depicted in Figure 2 by the coupling of
contact electrification and electrostatic induction. In
the original position, the surfaces of the skin and PDMS
fully contact each other, resulting in charge transfer
between them. According to the triboelectric series,15

electrons were injected from the skin to the PDMS
since PDMS ismore triboelectrically negative than skin,
which is the contact electrification process. The pro-
duced triboelectric chargeswith opposite polarities are
fully balanced/screened, leading to no electron flow in
the external circuit, as shown in Figure 2a. Once a
relative separation between PDMS and skin occurs,
these triboelectric charges cannot be compensated.
The negative charges on the surface of the PDMS can
induce positive charges on the ITO electrode, driving
free electrons to flow from the ITO electrode to the
ground, as depicted in Figure 2b. This electrostatic
induction process can give an output voltage/current
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signal.Whennegative triboelectric charges on thePDMS
are fully screened from the induced positive charges on
the ITO electrode by increasing the separation distance
between the PDMS and skin, no output signals can be
observed, as illustrated in Figure 2c.Moreover, when the
skin was reverted to approach the PDMS, the induced
positive charges on the ITO electrode decrease and
the electrons flow from the ground to the ITO elec-
trode until the skin and PDMS fully contact each other
again, resulting in a reversed output voltage/current
signal, as shown in Figure 2d. This is a full cycle of the
electricity generation process for the TENG.

To obtain a more quantitative understanding of the
proposed working principle of the TENG, we employed
finite element simulations to calculate the electric
potential distribution in the TENG and the charge
transfer between the ITO electrode and ground using
COMSOL. The constructed model is based on a skin
patch and a PDMS film on the ITO electrode with the
dimensions 45mm� 65mmand thickness of 1mm for
skin, 0.5mm for PDMS film, and 1mm for ITO electrode,
as depicted in Figure 3a. The ITO electrode was con-
nected with the ground. The triboelectric charge den-
sities on the skin and PDMS film were assumed to

Figure 1. (a) Photograph of the fabricated PDMS film on the ITO electrode. (b) SEM image of the PDMS surface with
micropyramid structures. (c) Tilted SEM image of the PDMS surface. (d) Photograph of the contact angle between the PDMS
and water. (e) Measured open-circuit voltage of the device up to �1000 V. (f) Measured short-circuit current density of the
TENG. (g, h) Measured output voltage (g) and current density (h) of the TENG with the used loading resistance of 100 MΩ.
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be þ10 and �10 μC/m2, respectively. Figure 3b shows
the calculated results of the electric potential distri-
bution in the TENG under the different separation

distances of 0.5, 10, 30, and 60mm, respectively. When
the skin and PDMS fully contact with each other, the
electric potentials on both the skin and PDMS ap-
proach zero. The electric potential difference was
found to increase dramatically with increasing the
separation distance. When they are separated by
60 mm, the electric potential on the skin surface
reaches 1.2 � 104 V, while the electric potential on
the PDMS is still close to zero, which is associated with
contact with the ITO electrode/ground. As illustrated in
Figure 3c, the amount of total charges on the ITO
electrode was plotted as a function of separation
distance between the skin and PDMS. It increases
with increasing the separation distance, revealing
that charge transfer decreases with increasing dis-
tance. These results are consistent with the mea-
sured change in charge quantity when the contacted
skin was removed from the PDMS film, as shown in
Figure 3d.
To demonstrate the capability of the TENG to scav-

enge the biomechanical energy in daily life, we
fabricated the TENG on a commercial cell phone,

Figure 2. Electricity generation process in a full cycle. (a)
Full contact between human skin and the PDMS film. (b) The
two surfaces are separated by a small distance. (c) The two
surfaces are separated by a large distance. (d) The separated
surfaces are approaching each other.

Figure 3. (a) Schematic diagram of themodel for the calculation. (b) Finite element simulation of the potential distribution in
the TENG for the different separation distances between the skin and PDMSfilm. (c) The total charges on the ITO electrode as a
function of the separation distance between the skin and PDMS film. The increase in total charges is a result of the electron
flow from ITO to the ground. (d) Measured charge quantity when the applied pressure on the PDMS film was released.
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where each ITO electrode has a size of about 1 cm �
1 cm, and the PDMS film without the micropyramid
structures was then overlaid on the ITO electrode
surface, as shown in Figure 4a. Figure 4b presents the
obtained output voltage of about 60 V with the
corresponding output current of about 3.5 μA when
the screen of the TENG-based cell phone was touched
by a human hand, resulting in an output power of
about 0.2 mW. The designed TENG-based cell phone
can have both the functionality of the commercial cell
phone and the biomechanical energy harvesting abil-
ity, as shown in movie file-2 (see the Supporting
Information). In addition, this demonstration shows
the potential of adding another sensor system on top
of the existing sensor network for detecting different
signals.

Another demonstration is where the TENG was
attached to a commercial keyboard, as displayed in
Figure 4c. When each key was touched by a human
finger, the TENG can produce an output voltage of
about 8 V, an output current of about 0.5 μA, and an
output power of 4 μW on a load of 100 MΩ. This TENG
technique can be applied to all commercial keyboards
without affecting the functionality of the devices for
harvesting wasted typing-induced biomechanical en-
ergy, as illustrated in movie file-3 (see the Supporting
Information).
To illustrate the potential applications of the TENG,

we demonstrated that the TENG can be utilized as
a self-powered tactile sensor for monitoring the
local touching actions of human fingers or hands.
Figure 5a displays a photograph of a 4 � 4 matrix of

Figure 4. (a) Photograph of the PDMS film without the micropyramid structures and the ITO electrodes attached on a
commercial cell phone. (b) Measured output voltage and current of the TENG (a) upon the touch of a human hand with the
used loading resistance of 100 MΩ. (c) Photograph of the PDMS film without the micropyramid structures and the ITO
electrodes attached on a commercial keyboard. (d) Measured output voltage and current of the TENG (c) upon the touch of a
human finger with the used loading resistance of 100 MΩ.
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the fabricated ITO electrode array, where each elec-
trode with a size of 1 cm� 1 cm was connected with a
load resistor of 10 MΩ and then with a ground. The
fabricated matrix was completely covered by a PDMS
film as the sensitive unit to be touched. The device
exhibits both transparent and flexible features, as
illustrated in Figure 5a and b, respectively. When the
PDMS film was touched by a human finger with a
representative pressure of less than 10 kPa,27 the
corresponding output voltage signals were observed,
as illustrated in Figure 5c. Themagnitude of the output
voltage is proportional to the applied pressures in the
experiments, where the corresponding pressure was
measured by a commercial pressure sensor based on
the piezoresistive effect. When a pressure of about
7.3 kPa induced by a finger was applied on the PDMS
film, a positive output voltage peak of about 3 V can be
observed, as displayed in Figure S5. When the applied

pressure on the PDMSwas released, a negative voltage
peak appears. As compared with the data in Figure 1g,
the smaller output voltage is associated with a smaller
loading resistance. The reset time (defined as the time
needed to recover to the original value before applying
pressure) of the tensile senor is about 0.1 s, which is
much smaller than that (0.7 s) of the commercial
pressure sensor. The detection limit of the pressure is
about 0.4 kPa, producing an output voltage of 0.77 V, as
depicted in Figure S6. As shown in Figure 4d, the
output voltage of the fabricated sensor exhibits a linear
relationship with the applied pressure by fitting the
data in Figures 5c, S6, and S7, where the detection
sensitivity of the pressure is about 0.29 ( 0.02 V/kPa.
The increase of the output voltage with an increase in
pressure is due to the increase of the effective contact
area between the two triboelectric materials, resulting
in a larger amount of triboelectric charges.14

Figure 5. (a) Photograph of the device on the red LED array, exhibiting the transparent feature. (b) Photograph of the bent
device. (c) Output voltages of one device in the matrix under different pressures. (d) Output voltage as a function of the
applied pressure. The red line corresponds to the linear fitting function. (e) Photograph of the matrix touched by a human
finger. (f) Measured positive output voltage mapping figure for the touching in e.
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The output voltage signals of 16 devices were
recorded in real time as a mapping figure. By addres-
sing and monitoring the positive output voltage sig-
nals in 16 channels of the tactile sensor system, the
touch information of a human finger including the
position andpressure can be attained by analysis of the
measured mapping figures. As displayed in Figure 5e,
when the sixth device in the matrix was touched,
a positive voltage signal of 1.4 V was observed in
the obtained mapping figure, as shown in Figure 5f.

According to the data in Figure 5d, the applied pres-
sure on the device can be calculated to be about
2.2 kPa. If a larger pressure is applied on the device,
larger output voltage signals can be observed in the
mapping figures (Figure 6a�c). Figure 6d presents a
photograph of the device when the 6th and 11th
devices in the matrix were simultaneously touched.
Two almost equal pressures of about 4.9 kPa can be
confirmed by the analysis of the same obtained output
voltage signals in the corresponding mapping image,

Figure 6. (a�c) Measured mapping figures under the different pressures. (d) Photograph of the matrix touched by two
human fingers. (e) Measured mapping figure when the two devices in the matrix were touched in (d). (f�h) Measured
mapping figures when two (f), three (g), and all devices (h) in thematrix were touched. (j) Photograph of the fabricatedmatrix
attached to an acrylic tube. (k) Measured mapping figure when the device in (j) was touched by a human hand.
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as shown in Figure 6e. Figure 6f displays the response
of the device to the localized pressure induced by two
fingers when the matrix was rotated by 90 degrees.
The obtained mapping figure clearly reveals that
the 7th and 10th devices were touched, where the
produced pressures of about 7.0 kPa are larger than
those in Figure 6e. When the pressures were applied
along the diagonal line of the matrix by using the side
surface of the human hand, distinctive changes in the
output voltage signals can be observed, revealing an
increase of the pressure from 3.2 to 6.0 kPa along the
diagonal line, as illustrated in Figure 6g. When the
pressures were applied on all 16 devices by using the
human hand, the recorded mapping figure (Figure 6h)
shows that all the devices are functional and the
pressures on the 1st�8th devices are obviously larger
than those on the 9th�16th devices. The real-time
detection of the touching actions on the flexible
devices is a desirable feature for sensors embedded
in robots or prosthetic devices. Figure 6j shows a
photograph of the flexible matrix attached to a

transparent acrylic tube. When the pressures were
applied on the tube surface by using the human hand,
the largest pressure of about 7.3 kPa occurs at the
marked area (the white dashed line in Figure 6j), which
is consistent with the measured mapping figure, as
shown in Figure 6k.
The resolution of the present device is limited by the

size of the ITO electrode unit on the polyester sub-
strate. To enhance the detection resolution, an 8 � 8
matrix with a pixel size of 3mm� 3mmwas fabricated,
where the PDMS film covered the surface of the
polyester substrate. Figure 7a shows a photograph of
the matrix, where 64 pixels were created in the total
area of 3 cm � 3 cm and the fabricated device ex-
hibits a flexible character, as illustrated in Figure 7b.
By monitoring the positive output voltage of each
independently functioning pixel in the matrix, a spatial
profile of the touching actions can be readily shown by
addressing all the pixels. The output voltage mapping
test was then performed on the self-powered sen-
sor system without applying pressure, demonstrating

Figure 7. (a) Photographof the fabricated 8� 8matrixwith eachpixel being 3mm� 3mm. (b) Photographof the bent sensor
system. (c) Mapping figure of the sensor system without touching, showing that no output voltage signals can be observed.
(d�f) Measured mapping figures when the bottom (d), middle (e), and top (f) areas were touched by the side surface of a
human hand. (g, h) Measured mapping figures when the applied forces were increased at the top area of the matrix.
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that no output signals were observed, as shown in
Figure 7c. To demonstrate the tactile sensing capability
of the sensor system, the bottom, middle, and top
areas of the matrix were touched by utilizing the side
surface of the human hand, as shown in Figure 7d�f,
respectively. The recorded output voltage signals ap-
pear in the corresponding areas, indicating that all
of the devices on the 64 pixels are functional. As de-
picted in Figure 7f�h, presenting the difference of the
measured mapping figures under different pressures,
the output voltage signals increase with increasing the
pressure, which is consistent with the results in
Figure 5e�h. In this study, we have demonstrated
the methodology of fabricating a flexible and trans-
parent matrix for self-powered touch pad technology.
Miniaturization of the device for a higher resolution
is possible by utilizing other techniques to obtain a
micro/nanoscale electrode array. As compared with
the sensors used for touch pads today, the advantages
of this technology include the simple structure, low
cost, and self-powered capability.

CONCLUSION

In summary, we have demonstrated a human skin
based TENG, consisting of a skin patch, a PDMS film
with a micropyramid-structured surface, and an ITO

electrode connected with a ground across an external
load. The mechanism of TENG is based on the charge
transfer between the ITO electrode and the ground by
utilizing the contact/separation between the skin
patch and the PDMS film. By converting the biomecha-
nical energy into electricity, the TENG produces an
open-circuit voltage up to �1000 V, a short-circuit
current density of 8 mA/m2, and a power density of
500 mW/m2 on a load resistance of 100 MΩ, which can
be used to directly light up tens of green LEDs. More-
over, the fabricated TENGs have been used to design
an independently addressable matrix for monitoring
the localized touching actions of human skin. The
matrix exhibits both transparent and flexible charac-
teristics, where each pixel can have a size of 3 mm �
3 mm. The tactile information including the position
and pressure can be determined by analysis of the real-
time recording of positive output voltage signals in the
matrix as amapping figure. The detection sensitivity of
the pressure is about 0.29 ( 0.02 V/kPa. The size of
each sensor unit can be significantly reduced so that
the spatial resolution can be largely improved. This
work pushes forward a significant step toward the
practical applications of skin-based biomechanical en-
ergy harvesting techniques and self-powered touch
pad technology.

EXPERIMENTAL SECTION
Fabrication of the Skin-Based TENG and the Self-Powered Tactile Sensor

System. The fabricated TENG is based on the contact/separation
between a human skin patch, a PDMS film with a surface of
micropyramid structures, and an ITO electrode, which was
connected to a ground across an external load resistor. The
micropyramid structures, with an average size of several micro-
meters, were fabricated by using an etched Si micropyramid
template. For the self-powered tactile sensor system, a trans-
parent and flexible ITO electrode array was fabricated using
laser-cutting techniques. Then the fabricated PDMS film was
overlaid on the ITO electrodes. Each ITO electrode was con-
nected with a load resistor of 10 MΩ, and the other end of the
loading resistor was connected with the ground.

Measurement of the Fabricated Devices. In the current measure-
ment process, the TENGwas connectedwith a low-noise current
preamplifier (Stanford Research SR570). The output voltage of
the device with a loading resistance was measured by using a
low-noise voltage preamplifier (>3 V, Keithley 6514 System
electrometer; <3 V, Stanford Research SR560). A homemade
data acquisition system was used to record the output voltage
signals of the fabricated matrix in real time. The levels of
wettability of the PDMS surface were characterized by the
contact angle of water. The contact angles were measured by
using a Rame-Hart goniometer that has a CCD camera equipped
for image capture.
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