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ABSTRACT: Moravec’s paradox shows that low-level sensor-
imotor skills are more difficult than high-level reasoning in
artificial intelligence and robotics. So simplifying every sensing
unit on electronic skin is critical for endowing intelligent robots
with tactile and temperature sense. The human nervous system is
characterized by efficient single-electrode signal transmission,
ensuring the efficiency and reliability of information transmission
under big data conditions. In this work, we report a sensor based
on a single-electrode piezoelectric nanogenerator (SPENG) by
electrospun polyvinylidene fluoride (PVDF) nanofibers that can
realize steady-state sensing of pressure integrating cold/heat
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sensing on a single unit. Piezoelectric signals appear as square wave signals, and the thermal-sensing signals appear as
pulse signals. Therefore, the two signals can be acquired by a single unit simultaneously. The SPENG overcomes the
shortcoming of electronic skins based on a single-electrode triboelectric nanogenerator (STENG), which can sense only
dynamic movement and cannot sense temperature variations. The new sensor configuration uses a capacitor instead of the
STENG’s ground wire as a potential reference, allowing it to be used for truly autonomous robots. At the same time, the
traditional advantages of polymer piezoelectric materials, such as flexibility, transparency, and self-powered advantages,

have also been preserved.
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oravec’s paradox shows that low-level sensorimotor
l\ /I skills such as vision or tactile sense are more

complex than high-level reasoning skills in the
artificial intelligence and robotics area.' The vision problem
has been solved by current artificial intelligence,” but the tactile
sense will rely more on senor performance in this early stage,
which should be simplified as much as possible to reduce
information processing complexity. Typically, there are five
types of flexible sensing electronic units that can perform as
input devices for electronic skin (e-skin), including piezor-
esistive, piezoelectrical,s_7 calpacitive,8 field effect transis-
tor,”'” and triboelectric nanogenerator (TENG)"' ™" based
devices, which can perform as input units on bionic skin.
Recently, a triboelectric sensor based on a single-electrode
TENG (STENG) has reduced the two electrodes to one,'*"*
reducing the complexity of the electronic skin, which possesses
thousands of units in a small area. However, TENG-based
electronic skin is more applicable for dynamic tracing, and it
cannot give information about temperature. Actually, the
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single-electrode sensor relies on charge transfer, which can be
achieved by most nanogenerators. So a sensor based on a
piezoelectric nanogenerator (PENG) will also realize a single-
electrode configuration.

As an excellent polymer piezoelectric material, polyvinyli-
dene fluoride (PVDF) has flexibility, low density, low thermal
conductivity, and high chemical stability, which is in coherence
with human skin.'®'” With its piezoelectricity, PVDF can be
used for tactile sensor arrays, inexpensive strain gauges, and
lightweight audio transducers.'®"? Electrospun PVDF ultrathin
fibers can be used directly for power generation and sensing
without routine polarization.”” High pressure, solvent volati-
lization, and stretching of PVDF during the electrospinning
process lead to the formation of a f-phase, which favors the
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Figure 1. Fabricating single-electrode e-skin. (a) Fabrication process flow. (b) Changes in PVDF molecular structure during electrospinning.
(c) Photograph of the process of fabricating the e-skin by using a hand-held electrospinning device.
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Figure 2. Structure and some properties of the e-skin in two different forms. (a) Photograph of the e-skin on a gold electrode. Inset shows
the demonstration of its analog to a neuron cell. (b) Representative SEM images and nanofiber distribution graphs of the PVDF film. (c)
Transparency form of the e-skin using ITO electrodes. (d) UV—vis absorption spectra of the e-skin with ITO electrodes.
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Figure 3. Working mechanism of the single-electrode e-skin. (a) Structure and principle of the e-skin. (b, c) Electric signal due to the
piezoelectric effect from the device when impact and release strain is applied. (d, e) Electric signal due to the piezoelectric effect from the
device when bending and unbending is applied. (f, g) Electric signal due to the pyroelectric effect from the device when heating and cooling
is applied. (h, i) Calculated electric potential distribution before and after change of the electric dipole. From top to bottom are the
piezoelectric layer, the primary electrode, and the reference electrode. The lower scale bar below shows the variation of electric potential

from 3.6 V.
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generation of piezoelectric and pyroelectric effects.
addition, the high-voltage electrostatics of the spinning process
make the electrical dipole moment in the deposited PVDF lean
toward the vertical film plane.”® Electrospinning facilitates the
preparation of large-scale fiber membranes, leading to the scale
production of such an electronic skin.

In this work, we report a single-electrode piezoelectric
nanogenerator (SPENG) based on electrospun PVDF nano-
fibers that can realize steady-state sensing of pressure-
integrating cold/heat sensing on a single unit. The single-
electrode configuration introduces steady-state sensing, so that
when the pressure is maintained, there will be a voltage output,
and when the pressure is removed, the voltage disappears; this
piezoelectric voltage depends only on the pressure and does
not change as the sensor area changes. Moreover, cold and hot
sensing shows a pulse signal, so it can be easily separated from
the pressure signal. Transparent sensor performance can be
achieved with indium tin oxide (ITO) glass and can be easily
applied to transparent interfaces. We tested the electronic skin
pressure, temperature-sensing performance, and mapping. Due
to the use of cost-efficient PVDF and electrospinning, the
preparation method is extremely simple. Therefore, this
method can be manufactured on a large scale and at a low
cost. The SPENG may be used in future functional systems
such as robots.
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RESULTS AND DISCUSSION

Basic Characterization of the E-Skin. The photographs,
scanning electron microscopy (SEM) images, transparency,
and UV—vis absorption spectra of the self-powered e-skin
based on PVDF nanofibers are shown in Figure 2. The e-skin is
synthesized by a high-voltage electrospinning method, as
shown in Figure 2a. It can be seen from the figure that the e-
skin has good flexibility and good fit with the skin. As can be
seen from Figure 2b, the electrospun PVDF nanofibers have an
average diameter of 993 nm with a diameter distribution
(standard deviation) of 631 nm, obtained by measuring S1
sites’ fiber diameters evenly distributed in SEM photographs.

Figure 2c is a photograph of the e-skin with ITO electrodes,
showing its good transparency. As shown in the UV—vis
spectra (Figure 2d), the transmittance of the e-skin with ITO
electrodes at 500—800 nm is about 70%. The visible
transmittance of ITO is about 90%. The absorption edge at
about 400 nm can be attributed to the free radicals and ions in
PVDF.>® Polymers may contain free radicals, carbanions, and
carbonium ions. In these segments the carbon atoms are
supposed to carry unhybridized p-orbitals, which can form
molecular orbitals with the p-orbitals of unsaturated systems.
The molecular orbitals and the energy levels of these three
systems should be very similar, and they exhibit absorption
bands in the same region.26
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Figure 4. Open-circuit voltage signal of the e-skin under different conditions: (a) under 0.1 Hz repeated compressive impacts, (b) under the
same pressure, but different membrane area, (c) with the same membrane area, but different pressures, (d) under repeated compressive
impacts for 60 min, and (e) under 0.8 Hz repeated bending and unbending. (f) The same temperature contrast is applied under the same
temperature. (g) The same temperature gradient is applied at different initial temperature. (h) I-V curve of PVDF under different

temperatures.

Working Mechanism of the Single-Electrode E-Skin.
Figure 3 shows the working mechanism of a single-electrode e-
skin based on piezoelectric and pyroelectric effects. We
creatively changed the ground wire in the previous single-
electrode structure®” to a large capacitor, which can free robots
and other equipment from the control of the ground wire,
which lets them move around freely. PVDF was spontaneously
polarized in the electrospinning process, and the electric dipole
arrangement of the film is shown in Figure 3a. The d;; of the
PVDF film is about 6 pC/N. The electric dipoles remain in an
equilibrium state because the spontaneous polarization of
PVDF is constant at room temperature.”® When the impact
force is applied on the PVDF film, the film is compressed and
the total spontaneous polarization decreases significantly; then
the open-circuit voltage between the electrode and one pole of
the capacitor will change (Figure 3b). On the other hand, the
voltage change will disappear and return to its original state
due to the polarization recovering when the impact force is
released (Figure 3c). Under open-circuit conditions, where the
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load impedance is infinite, the piezoelectric open voltage

(Vpieso) can be expressed by the equation®
dss
Viiero = A X — X h X Ao

(1)

where A is a constant, dy; is the piezoelectric coefficient (C-
N7'), €], is the permittivity at constant stress in the
polarization direction, / is the thickness, and Ao is mechanical
stress. At the same time, if we apply a compressive strain in the
transverse direction of the e-skin, it will bend, a negative
potential is created on the compression side of the film, then a
negative pulse is observed, and a positive potential is generated
when it is released as shown in Figure 3d,e.”

When warming PVDEF, electric dipoles oscillate within a
larger degree of their respective aligning axes range, which
significantly decreases the strength of the spontaneous
polarization;*>*" then PVDF shows a positive open-circuit
voltage output signal (Figure 3f). On the other hand, when
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cooling the PVDF, the electric dipole oscillation amplitude is
significantly reduced, which increases the polarization. Then
the PVDF shows a negative open-circuit voltage output signal
(Figure 3g). Under open-circuit conditions, where the load

impedance is infinite, the pyroelectric open voltage (V,,,,) can
be expressed by the equation™”
prmzAxiTxthT
€33 2)

where p is a pyroelectric coefficient and AT is the change in
temperature.

The electric dipoles absorb the electric charge in the natural
environment, especially in a high-humidity environment, and
are shielded. However, when PVDF is pressed, the electric
dipole moment drops, resulting in a surplus of electrons at the
bottom electrode, thereby forming a lower potential with
respect to the reference electrode. According to the voltage
meter connected to the configuration shown in Figure 3b,
which represents an open circuit, we can obtain a positive
voltage. When the pressure is removed, the electric dipole
moment recovers, causing the excess charge to be regained,
recovering shielding and a zero potential difference will be
obtained, as shown in Figure 3c. Bending also leads to a
decrease in the electric dipole moment, resulting in a similar
effect, as shown in Figure 3d,e. The change of the electric
dipole moment caused by heating and cooling is opposite, and
therefore opposite potential differences are generated, as
shown in Figure 3f,g. Using the above model, the electric
potential distribution before and after the application of
pressure was calculated utilizing COMSOL software (Figure
3hji). From top to bottom are the piezoelectric layer, the
primary electrode, and the reference electrode. The electric
displacement field before and after applying pressure are 8 and
7.99 uC m~2? It can be seen from the figure that the electric
dipole moment without adsorbing charge can form a high
electric field at the primary electrode, and the value given in
the calculation is about 3.6 V. The electric field attenuates
much faster with increasing the distance than the field
generated by the monopole space charge.”> The typical
electric potential generated by such electric displacement is
in volts instead of the kilovolts generated by monopole space
charge, as reported by STENGs. However, a smaller electric
field makes the dielectric less affected by leakage.” After the
charge is absorbed, the system enters a steady state. After the
pressure is applied, the spatial electric field will change slightly,
which needs amplification to be seen. Therefore, in Figure 3h,i,
we placed a potential map with a reference potential of 3.6 V.
It can be seen that the relative potential at the primary
electrode before pressing is about 6.15 mV, and the relative
potential at the primary electrode is reduced to about 1.65 mV
after pressing, resulting in a potential change of 4.5 mV. This
change in potential difference causes the main electrode to
desorb some negative charge, causing the voltmeter to measure
a potential difference of +4.5 mV.

Pressure- and Warmth-Sensing Performance of the
E-Skin. Figure 4 shows the open-circuit voltage signal of the e-
skin under different conditions and test instruments. From the
different voltage waveforms it is easy to distinguish between
different external influences on the e-skin. Figure 4a shows the
open-circuit voltage output signal of the e-skin under 0.1 Hz
repeated compressive impacts (device diagram shown in
Figure S3a). In this process, the impact and release for each
cycle lasts § s, respectively. When the impact force continues to
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be applied to the electronic skin, the electronic skin will have a
stable open-circuit voltage output. When this force disappears,
the voltage returns to its original state. Just like human skin,
when touched by something the e-skin will sense that, and
when the force disappears it cannot sense it. Figure 4b shows
the open-circuit voltage of the e-skin of different working areas
(the area of the impact stage is larger than the area of the film)
under the same intensity of pressure. It is easy to see that the
strength of the output signal has nothing to do with the
membrane area. Therefore, the array unit of our e-skin can be
made very small to increase the resolution of the e-skin. From
the results of our current tests, this unit can be as small as 4
mm?, which can be further minimized with more sophisticated
wire access. Figure 4c shows the open-circuit voltage for one
array unit of the e-skin under different pressures. As the
pressure increases, the output voltage also increases. The
pressures shown are approximately 3, 9, and 53 N, and the
relevant setup is shown in Figure S12. From the signal-to-noise
ratio, this e-skin can measure the pressure down to about 1 N.
For smaller pressure, the noise signal is large and smoothing
may be needed before the signal can be analyzed. As given by
eq 1, the voltage is proportional to the mechanical stress. Just
like human skin, the more powerful of the force, the more
“pain” it will “feel”. Then we tested the stability and durability
of the e-skin, as shown in Figure 4d. Under repeated
compressive impacts for 60 min, the output of the e-skin
remains stable. It shows that our e-skin has excellent durability
and stability. Last, we tested the voltage output of the e-skin
under 0.8 Hz repeated bending and unbending (device
diagram shown in Figure S3b), as shown in Figure 4e. As
shown in the working mechanism of Figure 3d,e, a negative
potential is created on the compression side of the film, and a
negative pulse is observed; then a positive potential is
generated when it is released, and a positive pulse is observed.

In order to observe the corresponding voltage of the e-skin
at different temperatures, we used the heating film to provide a
variety of temperature gradients for the e-skin. The open-
circuit voltage due to the pyroelectric effect can be derived as™
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Here, d, A’, and C are thickness, total area, and capacitance of
the PVDF in the e-skin, respectively. Since the area of the
heating film is larger than the area of the e-skin, the effective
area is equal to the total area, so the open-circuit voltage is
related only to the temperature difference. The heating film
(Figure S3c) is set at a higher temperature. When the e-skin
contacts the heating film it will have a positive voltage spike
output, and when the e-skin leaves the heating film, there is a
negative voltage spike output (Figure 4f). It is different from
the square wave pulse of Figure 4a. So we can distinguish the
pressure and temperature according to the waveform of the
output voltage simulating the function of the e-skin. Figure 4g
shows the open-circuit voltage of the e-skin when it touches
and leaves the heating film at different temperatures (room
temperature, 17 °C). As the heating film warms, the
temperature difference gradually increases, and the voltage
output also increases. Just like human skin, when contacting
objects having different temperatures, it will “feel” different.
The temperature-sensing performance maintains a pulse
waveform, which can be attributed to the leakage effect. As
known, the resistivity of the insulator drops with increasing
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Figure S. (a, b, c) Photographs of the e-skin on a hand, heel, and joint imitating patting a table, walking, running, and different frequency
bending and the corresponding output voltage. (d) Simulated a hand touching and moving away from a hot water cup (~87 °C) with e-skin

and the corresponding output voltage.

temperature. This is due to the thermal energy activating
electrons from the valence band to the conduction band,
generating conduction electrons and holes. It is still a challenge
to determine the resistivity of PVDF, which is solved by using a
configuration with an area of about 1 cm® and thickness of
about 1 ym. From Figure 4h, it can be seen that as the
temperature increases, the resistance of the PVDF decreases
significantly, showing an increment of leakage current under
the same electric field, which consumes the little charge
generated by pyroelectricity, causing a pulse-like waveform.
E-Skin Sensing Mechanical Movement and the
Prosthesis Touch Simulation. Based on the e-skin’s
superior performance, we further demonstrated the application
of the e-skin in sensing a body’s mechanical movement and in
a simulation of a prosthesis touching hot things, as shown in
Figure S. Figure Sa shows the real-time pulse signals recorded
by the e-skin on the palm when the hand slaps a table.
According to the obtained results, the maximum positive and
negative peak voltage are about 60 and —40 mV. A positive
voltage is output when the hand hits, and a negative voltage is
output when the hand raises; it is easy to see that the output is
uneven because of the power to pat the table is not stable.
Figure 5b shows the voltage output of the e-skin on the heel
when walking and running. The output is similar to that by
patting the table. The maximum positive and negative peak
voltage outputs from the e-skin during walking and running are
0.1, —0.1, 1.25, and —1.5 V, respectively. In order to obtain the
output voltage of the e-skin when the joint is bent, the e-skin is
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fixed on the wrist. As shown in Figure Sc, the output voltages
at different bending frequencies are different. At low frequency
(about 0.4 Hz), the output voltage ranged from —7 to S mV.
When the frequency increased to intermediate, the voltage
output ranged from —8 to 10 mV. Last, when the frequency
increased to 1.6 Hz (high frequency), the output ranged from
—16 to 14 mV. So our e-skin can easily sense mechanical
movement such as patting a table, walking, running, or joint
bending, which corresponds to sensing external stimulation
and self-perception of a human being.

We also imitated the hand and let our e-skin touch a cup of
hot water (about 87 °C), as shown in Figure Sd. When the e-
skin touches the hot water cup, it will have a positive voltage
signal, and a negative voltage signal will be obtained when the
e-skin moves away from the cup. It can be seen from the above
experimental data that our e-skin is already very close to the
function of human skin in sensing the body’s mechanical
movement and temperature change.

Pressure and Temperature Distribution Mapping. For
applications in artificial e-skin, integrating multiple sensors to
form a large-area flexible sensor array is desired for the
detection of spatially resolved pressure and temperature. As a
proof-of-concept, we fabricated an e-skin matrix of 16 pixels (4
X 4 elements). As shown in Figure 6a, different weights are
placed on the different positions in the matrix, and the spatial
distribution of external pressure could be easily detected by
measuring their voltage changes. The voltage distribution is
shown as the height of each pixel bar. This result is similar to
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other studies.'**** The e-skin matrix can not only detect the

pressure distribution but also detect the temperature
distribution and distinguishes between heating and cooling.
As shown in Figure 6b, the positive voltage means heating, the
negative voltage means cooling, and the height of the pixel
indicates the temperature difference; the bigger the difference
between the temperature of the contact object, the larger the
output voltage of the e-skin. Note that the size of the output
signal is independent of the area of the membrane, as shown in
Figure 4b, so the resolution of the e-skin array can be easily
adjusted by changing the number and size of the electrodes, to
achieve the different sensitivity requirements of the different
parts of the intelligent robot.

Unlike traditional touch screens, electronic skin is used in a
flexible environment and is therefore more susceptible to
environmental damage, just as human skin often suffers from
bruises or cuts. However, natural damage can easily lead to
short-circuiting of the electrodes, which can lead to signal
abnormalities. Therefore, we studied the signal changes under
different short-circuit conditions. Figure 6c—e show the effect
of short-circuiting on different units. In single-electrode
piezoelectric electronic skin applications, there is no problem
of short-circuiting the sensing unit itself, and there is only a
short-circuit risk of signals between adjacent units. Figure 6¢
shows the signal condition of this device when a neighboring
cell is short-circuited. It can be seen that the output signal is
hardly affected by the short circuit. Traditional resistive devices
are strongly affected. As can be seen in Figure 6d, when the
resistive element itself is short-circuited, the output signal
disappears. Although this signal can be screened out by the
program, the effect of the short-circuiting of the neighboring
cells is even more complicated. As shown in Figure 6Ge, the
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output signal is only reduced rather than disappearing,
resulting in a false signal. It can be seen from this that
single-electron piezoelectric electronic skin shows an excellent
stability.

This work also shows that single-electrode components are
not limited to TENGs. A self-powered component may achieve
all this in principle. Since its working principal is the changing
of electric potential, the chemical-sensing properties of this
sensor can also be further studied.””*” The single-electrode
configuration will have a lower risk of short-circuiting,
increasing the reliability of the sensing unit, especially in
applications with shape changes. Such an innovation will
introduce flexible skin for a robot or human skin that can be
connected to the nervous system. Better biocompatibility and
practical mapping circuit design should be investigated in
future research. Covering the surface with a soft antistatic
material in these studies will greatly increase the useful life of
the device.

CONCLUSIONS

We have fabricated a self-powered, transparent, and flexible e-
skin based on SPENGs, which introduces another single-
electrode electronic component besides previously reported
TENGs. The single electrode of this sensor makes the
pressure-sensing signal become a steady-state signal, while
the pyroelectric signal appears as a pulse because of the leakage
current effect. Benefiting from this, the sensor can work as an
e-skin unit that can sense pressure and temperature at the same
time. The pressure-sensing voltage is related only to the
pressure strength and is independent of the sensor area, so that
the sensor unit can continue to be microminiaturized. When
ITO is used as a bottom electrode, the sensor can be changed
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to a transparent sensor and thus applied to a transparent
interface. The use of a portable electrospinning device allows
the single electrode to be quickly functionalized for rapid
application. Such an e-skin can also be fabricated in a scalable

and cheap method.

EXPERIMENTAL SECTION

Materials. PVDF powder (M, ~550000, Shanghai 3F New
Material Co., Ltd.) was used in this work. N,N-Dimethylformamide
(DMF) was obtained from Sinopharm Chemical Reagents. Acetone
was obtained from the Laiyang Fine Chemical Factory, China. Other
materials include ITO conductive plastic film (Beijing JJAM Co.,
Ltd.) and aluminum foil.

Preparation of Solutions for Electrospinning. A PVDF
solution was prepared by dissolving PVDF powder (22 wt %) in an
acetone—DMF solvent mixture (1/1 w/w) and then stirring the
mixture with a magnetic stir bar for 4 h at S0 °C.

Fabrication of the E-Skin. The fabrication process is designed to
enable rapid device production, high yield, and high uniformity.
Specifically, the process flow (Figure la) uses electrospinning to
increase the speed, yield, and uniformity of the e-skin production.
First, to simulate the robot surface, an insulating material (for
example, glove and plastics) was chosen as a substrate. Then, the
electrode array was fabricated on the substrate material by magnetron
sputtering according to different resolution requirements. Finally, a
functional layer was formed on the electrode layer by electrospinning
to complete the e-skin. Here we used a homemade hand-held
electrospinning device. The functional layer material is PVDF. Figure
1b shows the changes in the PVDF molecular structure during
electrospinning. PVDF can change from a- to f-phase by electro-
spinning.”* So it has excellent piezoelectric and pyroelectric
properties. Figure 1c shows a photograph of the process of fabricating
the e-skin by using a hand-held electrospinning device. Utilizing the
homemade hand-held electrospinning device (a structure diagram of
this device is shown in Figure S2b) enables easy and quick in situ
preparation of the e-skin in some narrow places, solving the problem
of bulky, large electrospinning equipment.

Characterizations. SEM (JSM-6700F) was used to characterize
the morphology and dimensions of the ultrathin fibers. The digital
multimeter (Rigol DM 3058) was used to record changes in the open-
circuit voltage of the e-skin when it is subjected to external pressure or
perceived temperature changes. In order to provide pressure on the e-
skin, we used homemade pressure equipment that could exert
periodic impact force. In order to provide different temperatures, a
flexible commercial polyimide heater served to quickly change the
temperature of the device. Current—voltage (I-V) curves were
obtained by combining a Keithley 6487 and an Itech 6322 with a
Quantum Design physical property measurement system via a P1 user

bridge.
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