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All in One, Self-Powered Bionic Artificial Nerve Based on a
Triboelectric Nanogenerator

Qian Zhang, Zixuan Zhang, Qijie Liang, Qiongfeng Shi, Minglu Zhu, and Chengkuo Lee*

Sensory and nerve systems play important role in mediating the interactions
with the world. The pursuit of neuromorphic computing has inspired
innovations in artificial sensory and nervous systems. Here, an all-in-one,
tailorable artificial perception, and transmission nerve (APTN) was developed
for mimicking the biological sensory and nervous ability to detect and
transmit the location information of mechanical stimulation. The APTN
shows excellent reliability with a single triboelectric electrode for the detection
of multiple pixels, by employing a gradient thickness dielectric layer and a grid
surface structure. The sliding mode is used on the APTN to eliminate the
amplitude influence of output signal, such as force, interlayer distance. By
tailoring the geometry, an L-shaped APTN is demonstrated for the application
of single-electrode bionic artificial nerve for 2D detection. In addition, an
APTN based prosthetic arm is also fabricated to biomimetically identify and
transmit the stimuli location signal to pattern the feedback. With features of
low-cost, easy installation, and good flexibility, the APTN renders as a
promising artificial sensory and nervous system for artificial intelligence,
human–machine interface, and robotics applications.

1. Introduction

One of the most exciting developments of the past decades is the
discovery of sensory and nervous systems in our body that play
important roles to control and receive feedback from limbs.[1–3]

Biologically, the sensory systems associated with senses convert
stimuli (such as force, light, or sound) into electrical signals in
the nervous systems, and then the electrical activities will be in-
terpreted by the brain as stimuli.[4–7] With the development of
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Von Neumann-based computing systems,
artificial sensory and nervous systems
biomimicking the biological systems
have attracted many attentions due to its
inspirer applications, such as artificial
afferent nerve used in prosthetic limb,[8]

construct animal–robot interaction,[9]

build feedback of artificial intelligence.[10]

Although great achievements have been
made, most reported artificial sensory
and nervous systems exhibit complicated
structures, intricate interconnections, and
high energy consumptions.[11] Pursuing
low, even zero-energy consumption as well
as simple structure of artificial sensory and
nervous systems still faces challenges. In
fact, there have been a lot of works focusing
on each of the three main functional ele-
ments (bionic sensor, synaptic transistor,
signal cable) of the artificial sensory and
nervous systems in the past few years.[12–16]

Thus, the interference between two dif-
ferent elements may be induced in the

artificial sensory and nervous system. Thereby, an artificial sen-
sory and nervous system with an all-in-one structure is undoubt-
edly a better choice for reducing the interference in signal trans-
mission.

Since its first invention, triboelectric nanogenerator (TENG)
has been proven as a promising energy harvesting technology,
which receives rapid development as diverse energy harvesters
and self-powered sensors globally.[17–26] By directly converting
mechanical stimuli to electrical signals, TENGs can operate as
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self-powered sensors for tactile sensing without extra power sup-
ply, which is vital for developing maintenance-free systems.[27–32]

Therefore, TENG technology provides an ideal approach to real-
ize artificial nerve with self-powered capability,[33,34] because of
its diverse and simple device configuration,[35–37] ultrawide ma-
terial applicability,[38–40] flexibility/stretchability,[41–43] and low-
cost.[44–46] There are some artificial neural systems based on
TENG focusing on mimicking biological systems to detect ampli-
tude of force,[47,48] frequency of mechanical stimulation,[49] and
rotational movement.[50] However, few of them detect location
of external mechanical stimuli, such as finger or object touch.
On the other hand, the artificial sensory used in many nervous
systems based on TENG exhibit large number of electrodes for
multipixels monitoring. Although these developed pressing-type
artificial sensory exhibit relatively stable and high output perfor-
mance, they require the designs of complicated structures and
many electrodes for different pixels.[51–55] To overcome this issue,
multiple distinguishable output signals can be introduced into a
single-electrode TENG, then forming one electrode sensory for
more pixels.[56,57] When an object in different positions in the
triboelectric series touches on the surface of a single-electrode
TENG, positive and negative charges are generated on the two
dielectric surfaces of the object and TENG, respectively. During
the approaching process, a different amount of charge is forced to
flow from the TENG electrode terminal to the ground, thus gen-
erating an output signal. It is found and proven that the output
performance of TENG is influenced by the thickness of its di-
electric material.[58–61] However, the presence of factors such as
force and interlayer distance reduce its reliability and there are
few works that explore the application of this property.

In this work, we present a tailorable, TENG-based artificial per-
ception and transmission nerve (APTN) with an all-in-one struc-
ture, which converts mechanical stimulus to an electrical neural-
stimulating signal, then transmitting the mechanosensitive sig-
nal to a driver circuit. Then the APTN transmits the mechanosen-
sitive signal to the driver circuit. Thickness difference in dielec-
tric layer of the APTN is investigated to achieve distinguishable
output signal for multiple pixels with single-electrode output.
Then, the location of mechanical stimulation on the APTN is rec-
ognized by analysing the signal magnitude. A grid structure is
fabricated on APTN surface to control output performance fac-
tors of TENG. The as-mentioned process of signal generation
and transmission consumes no electric energy at all. The tai-
lorable APTN can be designed into a wide variety of prototype
devices as needed, such as an L-shaped device to further recog-
nize the location of 2D mechanical stimulation without requir-
ing the integration of multiple sensing units. Subsequently, the
APTN is designed as a prosthetic arm to demonstrate multifunc-
tional touch interaction for human–machine hybrid perceptual
enhancement, inspired by the human arm in a biological sys-
tem. This artificial sensory and nervous system will be a promis-
ing technology for various applications in bioinspired electronics,
such as restore touch perception of disabled persons, artificial in-
telligence, human–machine interface, and so on.

2. Results and Discussions

Biologically, the externally applied mechanical stimulus is con-
verted into receptor potentials by mechanoreceptors. The recep-

tor potentials are encoded by synapses, which are formed be-
tween the multiple afferent neurons and the interneuron in the
spinal cord, and then awaken the interneurons. Subsequently, the
encoded postsynaptic potentials are transmitted to the cortex in
turn through the interneurons to recognize the location of the
external mechanical stimulation (Figure 1a). The APTN in this
work mimicking perception and transmission nerve detects and
recognizes the location of mechanical simulation in real-time.
We proposed a new strategy here by constructing the dielectric
layer with gradient thickness to detect the location of the exter-
nal mechanical stimulation. Moreover, the APTN can also trans-
mit mechanosensitive signal like a signal cable. The APTN was
prepared by a simple fabrication process. As shown in Figure
S1 (Supporting Information), a series of 3D-printed molds for
different gradient dielectric layers of APTN were prepared. The
mixture of solutions A and B of silicone rubber was poured into
the 3D-printed mold to control the gradient of dielectric layer of
APTN. Then, a conductive fabric is covered on silicone rubber
as an electrode. The APTN was peeled off from the mold after
the silicone rubber solidifying. The details are described in the
Experimental Section. The as-fabricated APTN is based on the
single-electrode TENG. By duplicating and transferring the mi-
crostructure of the 3D-printed mold, the surface of APTN was
patterned with microstructure. The microstructure on APTN sur-
face was acquired with a uniform width of around 200 µm, as de-
picted in the scanning electron microscopy (SEM) image of Fig-
ure 1b. Comparing the output of APTN with a plain surface, the
microstructure promotes the triboelectric effect by increasing the
effective contact area and friction during contact/separation be-
tween silicone rubber and other materials. When touching on the
surface of APTN, the mechanical stimulation is converted into
potentials by the triboelectric effect (Figure 1c), which consumes
no external energy. By connecting APTN and computer with a
driver circuit, the tribo-effect generated potential of APTN was
transferred to the digital value. Subsequently, the digital value is
transmitted and analyzed by a computer to recognize the location
of the external mechanical stimulation.

Silicone rubber is chosen here not only because it is
biocompatible,[62] but also the silicone rubber is positioned in the
extreme negative end in the triboelectric series.[63] As shown in
Figure 2a, the output of silicone rubber is much larger than that
of Polydimethylsiloxane (PDMS) with the same thickness of 0.5
cm, which is preferable for conducting accurate sensing. This
is because the magnitude of the voltage signals is used to dis-
tinguish the position of stimuli. The silicone rubber with larger
voltage signals has a greater difference between two different po-
sitions with the same distance than PDMS. Therefore, the influ-
encing factors of position distinguishment, such as force could
be reduced. On the other hand, the signal-to-noise ratio could be
calculated by dividing the signal voltage with noise voltage. The
signal-to-noise ratio of PDMS is about 4, which is much poorer
than that of the silicone rubber (11.54). The silicone rubber with
larger signal-to-noise ratio also benefits for the signal analysis in
the future applications.

The thicker edges of dielectric layers were changed from 0.5,
1, 2, 3, to 4 cm, while the thinner edges keep being 0 cm. So,
5 devices with different gradient (tan 𝛼 = 0.05, 0.1, 0.2, 0.3, 0.4)
were fabricated. The device with the same thickness of 0.5 cm
(tan 𝛼 = 0) was also fabricated for comparison. As shown in
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Figure 1. Schematic of APTN compared with human sensory neurons. a) A biological afferent nerve that is mechanical stimulated. b) Voltage and SEM
image of APTN with and without microstructure on surface. c) Schematic of the function of APTN.

Figure 2b, with the location of mechanical stimulation changes
from 1 to 9 cm, the output current decreases as the thickness of
dielectric material increasing when the tan 𝛼 is ranging from 0.1
to 0.4. Besides, the output current points aligned with a steeper
line when the tan 𝛼 increases from 0.1 to 0.4, which means
a higher output current is generated by touching on the same
location with the thinner dielectric film. There are no obvious
changes in the output of APTEN with the tan 𝛼 = 0.05 and 0,
which has a small thickness difference in dielectric layer (Fig-
ure 2c). A cross-section structure of the APTN with a fixed thick-
ness dielectric material (d) is modeled in Figure 2d for theoretical
analysis. The skin is used to be the stimulus object. The output-
thickness relationship of a single-mode TENG based APTN is
given by[64]

V =
(𝜎0 − Δ𝜎)x(t)

𝜀0
− Δ𝜎d

𝜀0𝜀r
(1)

Where 𝜖0, 𝜖r, 𝜎0, and Δ𝜎 are the vacuum permittivity, relative
permittivity of the dielectric material, triboelectric charge den-
sity on the dielectric material, and transferred charge density on
the electrode in a stage, and x(t) and t are the interlayer distance
and time, respectively. The electric potential distribution in the
TENG based APTN and the charge transfer between the elec-

trode and the ground can be verified through numerical sim-
ulation using COMSOL. The proposed model is also shown in
Figure 2d. The triboelectric charge density on the dielectric ma-
terial was assumed to be −10 µC m−2. The electrode of APTN
was connected to the ground. Figure 2f depicts the calculated
results of the electric potential distribution in the APTN under
different thicknesses of dielectric layer with different locations.
When the APTN with a dielectric layer thickness of 1 mm, the
electric potential is up to −703 V. It can be clearly seen that the
electric potential on the electrode of APTN decreases dramatically
with increasing thickness of dielectric material of APTN from 1
to 30 mm. In the simulation case, we only considered the in-
fluence of the electrostatic field on the electric potential, while
the external factors such as surface charge distribution, device
structure, resistance, and applied force were ignored. Therefore,
there is a nonlinear relationship between the electric potential
and thickness, which has some differences from the result of ex-
periment. However, the simulation result shows that the electric
potential increases with the increase of the thickness, which is an
evidence that by analyzing the magnitude of the response output,
the APTN could recognize the location of the mechanical stimu-
lation. In addition, analogising to the function of the interneuron
in the spinal cord, the proposed APTN was limited to transmit-
ting and recognizing one location at a time. The APTN still lack
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Figure 2. Performance and finite element simulation of the APTN. a) Comparison of triboelectric output voltage of APTN made by PDMS and silicone
rubber. Inset is photographs of APTN (tan 𝛼 = 0) made by different materials. b) Relationship between the location of mechanical stimulation and the
current of the APTN with different gradient (tan 𝛼 = 0.1, 0.2, 0.3, 0.4). c) The current of APTN with smaller gradient (tan 𝛼 = 0, 0.05). d) The model
of APTN for the calculation (friction object is skin). e) Finite element simulation of the potential distribution in the APTN and friction object. f) The
decrease of electrode potential of APTN is a result of thickness of dielectric layer of APTN increase.
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Figure 3. Performance of pressing on APTN under different forces. a) Voltage of APTN (VAPTN) with a location of 5 cm, under different forces (tan
𝛼 = 0.3). b) Relationship between the force and the voltage when stimulating on different locations of the APTN. Inset is column chart to compare the
voltage of the APTN with different locations clearly. c) Voltage of PVDF (VPVDF) under different forces. d) VAPTN divided by output VPVDF.

the capability of recognizing simultaneous touching at multiple
positions because of the working mechanism.

Contact pressure is an essential element to impact on the out-
put of TENG.[65,66] In order to test the relationship of output volt-
age, contact pressure, and thickness of dielectric layer accurately,
a force gauge testing system is used to replace hand for output
characterization. As shown in Figure 3a, when the stage mov-
ing speed is fixed at 900 mm min−1, it can be seen that the volt-
age of APTN increases with force enhancing from 10 to 40 N.
There is no obvious increment when the force increases from 50
to 70 N. The stability and durability measurement of the APTN
is also tested by using a force gauge stage continuously touches
on its surface for 1000 cycles (Figure S2, Supporting Informa-
tion). The stage moving speed is fixed at 900 mm min−1, while
the force is fixed at 20 N. In addition, the touched surface is kept
to the location 1 cm. This device exhibited good stability, which
make it reliable for potential applications. Figure 3b illustrates
the peak voltage (VAPTN) generated by APTN when the pressure
was applied on different locations (1, 3, and 5 cm) of APTN. As

shown in the inset of Figure 3b, the force changing from 2 to
40 N, which is in a large range, will influence the recognition
of location. To eliminate the influence of force on location de-
tection, a Poly(vinylidene fluoride) (PVDF) film was attached to
the bottom of APTN. Figure S3 (Supporting Information) shows
the responses of the APTN under various mechanical stimulus
frequencies ranging from 0.20 to 1.90 Hz for the same gradient
dielectric layers of APTN (tan 𝛼 = 0.3) and position (5 cm). The
responses are stable for all five frequencies during the four cy-
cles. Besides, the peak voltage of the APTN increases with the
frequency. When the APTN is touched multiple times, the value
of frequency can be calculated through the time between inter-
val peak voltages. Then the corresponding position can be found
by analysis and judgment. In the case that the APTN is touched
once, the frequency can be calculated by the duration of the crest.
The higher the frequency, the narrower the crest, so as to find the
corresponding position.

Figure 3c shows the relationship of Voltage from PVDF (VPVDF)
and the applied force ranging from 2 to 40 N. It can be seen that
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VPVDF linearly increases with applied force. When applied force
is 2 N, the VPVDF is 2.1 V. When applied force increasing to 40
N, VPVDF increases to 2.9 V. Sensitivity of the PVDF is 0.01 N−1

based on the following Equation

S =
d
(
ΔVPVDF∕VPVDF

)

dΔF
(2)

Where S is the sensitivity, ΔVPVDF is voltage increment, and
VPVDF is the original voltage when force is applied, and ΔF is
the force increment. To eliminate the influence of force, the
VAPTN is divided by VPVDF. As shown in Figure 3d, the values of
VAPTN/VPVDF of different locations are different after eliminating
the influence of force by PVDF. Therefore, a large range of force
influences the detection of APTN location. The method of attach-
ing PVDF to the bottom of APTN may not only induce interfer-
ence between two different elements but also increase cost in ap-
plication. On the other hand, press-separating on APTN requires
an air gap and the performance is largely affected by the inter-
layer distance, which is difficult to control. To this end, a sliding
model and grid structure on the APTN surface was introduced in
application to keep a small range force and the same interlayer
distance.[67]

Figure 4a shows the grid with different width distances (2, 1.5,
1 cm) on the surface of APTN schematically. The grid made up of
resin is deposited on the dielectric layer by 3D printing. Hight of
the grid is fixed to be 1.5 mm. Sliding from right (thinner edge)
to left side (thicker edge) of APTN with a finger to keep the x(t)
in Equation (1) as constant. Because of the restriction of the grid,
the finger contact points with silicone rubber are mainly concen-
trated in the centre area of every single grid. In addition, by us-
ing this sliding mode, force changes in a small range. The out-
put voltage of APTN with different width of grids under sliding
from right to left with a finger is shown in Figure 4b. The fin-
ger sliding on each of grids is repeated for 5 times. The voltage
of APTN decreases when the sliding location changing from a
thinner dielectric layer to a thicker dielectric layer. After 5 cycles
of finger sliding, the responses are stable, revealing the excellent
reliability of APTN for application. It could be also noted that the
resolution of APTN is higher at a smaller width of the grid. For
example, with 1 cm width of grid, the APTN can detect location
with a small distance (location = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 cm),
while the 2 cm width of grid can only detect a larger distance (lo-
cation = 1, 3, 5, 7, 9 cm). During the sliding mode test, the out-
put voltage depends on the sliding direction. Furthermore, the
response time (Tr) was examined by analysing the magnified de-
tailed waveforms of the APTN with 2 cm width of grid (Figure
S4, Supporting Information). A high sensitivity with a fast Tr of
130 ms justifies the practicability of APTN for detecting position,
which is of paramount importance for various further applica-
tions, such as robotic control. When finger is sliding from the
right side to the left side on APTN, in which the detected loca-
tion is 1, 3, 5, 7, 9 cm (pink color in Figure 4c), larger output is
generated than sliding from left to right (detected location is 2, 4,
6, 8, 10 cm, blue color in Figure 4c). The contact pressure of the
finger is controlled by controlling the speed of finger sliding. A
metronome is used to control the speed. In addition, a force sen-
sor is also used to measure the contact pressure. The results that
generated from sliding a finger on the APTN in different direc-

tions (from left to right and from right to left) are only recorded
when the force is 2 N. The dependence of the output of the force
sensor on force is shown in Figure S5 (Supporting Information).

Biologically, sensory and nervous systems injury by mechani-
cal damage is a serious health problem that affects many trauma
patients.[68] Researchers make a lot of effects to develop various
strategies for better recovery of nerve functions. The tailorable
property is not only important but also necessary for the artifi-
cial sensory and nervous systems to resist mechanical damage
including being cut, pierced, and torn in real application.[41] To
investigate the tailorable property of the APTN, transverse and
longitudinal incisions were made on the 10 cm long and 4 cm
wide device. The schematic diagram of APTN with a transverse
incision is shown inset in Figure 4d. A knife was used to make
the incision. After the incisions, the APTN could still function.
The peak output voltage of APTN remains the same before and
after the transverse incisions at three different locations (1, 3, 5
cm). Subsequently, the output performances of the APTN before
and after longitudinal incisions were also investigated and shown
in Figure 4e. The direction of the incisions is also shown in the
inset of Figure 4e. The average peak voltage of APTN before and
after longitudinal incisions making on 2 and 3 cm are approx-
imately the same. However, the average peak voltage decreased
after making the longitudinal incision on 1 cm. This is because
of the decreasing contact area between finger (about 1.5 cm wide)
and 1 cm wide APTN. The APTN presents stable output signal
before and after being incisions, which shows its advantageous
of reliability in future application.

In order to check the influence of humidity on the output of
APTN, the tests are conducted under different environments as
shown in Figure 4f. The voltage amplitude varies with the change
of humidity. The spray device is used to change the humidity on
the surface of the device. Three groups of experiments are carried
out under different humilities. The measured values of surface
humidity of the 3 groups are shown in the inset of Figure 4f as
68.6%, 75.8%, 86.8%, respectively. In each group, the voltages of
3 locations on APTN are measured by sliding on the center point
of the 1, 3, 5 cm grid. As illustrated in Figure S6 (Supporting In-
formation), the output voltage as a function of humidity has a
linear fitting and the fitting equation for the output voltage (y)
of APTN with the location of 1, 3, and 5 cm, and the humidity
(x) can be represented as y = 14.26–15.47x, y = 14.26–15.47x, y =
13.00–14.58x with the R-squared value of 0.9667, 0.9544, 0.9530,
respectively. The relationship between the output voltage and the
humidity could suggest the baseline of the APTN under differ-
ent humidifies. With the increase of humidity, the output voltage
of the electrode will decrease significantly, but the location with
thinner dielectric layer still shows a bigger voltage. This is be-
cause the presence of water will improve the dielectric constants
of air and dielectric materials, causing a linear increase of effec-
tive dielectric permittivity. Thus, according to Equation (1), the
output voltage of APTN decreases due to the increasing of effec-
tive dielectric permittivity.

A driver circuit was designed to communicate the APTN with
a computer. Figure 5a shows the circuit schematic to drive the
APTN. The first stage was that the voltage of APTN was con-
verted into the digital domain by an analogy to digital converter.
This convertor was composed of an operational amplifier with a
feedback resistor network. The output voltage was proportional
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Figure 4. The resolution and tailorable performance of sliding on APTN. a) Schematic diagram of APTN with different grid width (2, 1.5, and 1 cm). b)
Output voltage of APTN with different grid width. c) Output voltage of APTN under different slides directions on grids. Comparison of output voltage of
APTN before and after d) transverse and e) longitudinal incisions to demo tailorable property of APTN. f) Tests of the APTN under different humilities.

Adv. Sci. 2021, 2004727 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2004727 (7 of 13)



www.advancedsciencenews.com www.advancedscience.com

Figure 5. Performance and characteristic of the L-shaped APTN. a) Circuit schematic to drive the APTN for applications. b) Photograph of the L-shaped
APTN. Scale bar is 2 cm. c) Output current of L-shaped APTN with different thickness gradient. d) Original data and processed data of six different
locations of the sliding stimuli (repeat 3 times). e) An L-shaped APTN used for controlling the position of a tic-tac-toe game in a 2D plane. The x axis
controlled the horizontal movement of the tic-tac-toe game and the y axis controlled the movement of the tic-tac-toe game on the vertical axis. f) Change
in the voltage and achieve different positions when sliding on different grids.

to the peak voltage of APTN. The analogy output of the driver
circuit was digitalized and synchronized by a microcontroller de-
velopment board (Arduino), which integrated a low-power mi-
crocontroller chip (Mega) as its central processor. The microcon-
troller development board had a total number of 20 internal on-

chip analogy-to-digital converters (ADC), and one of them was
connected to the analogy output voltage as its input sensing sig-
nal. A power source (5 V) was used to power the Arduino board,
while the APTN was connected to the Arduino board to pro-
vide the analogy output voltage as the input sensing signal. The
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current consumption of the board is 11.85 mA. So the energy con-
sumption of the system is calculated by current multiply voltage
is 59.25 mW. There was a lookup table built inside the micro-
controller so as to map the digital value to the location of the me-
chanical stimulation. Furthermore, there was a built-in universal-
serial-bus interface on this development board, which enabled
the microcontroller to communicate with personal computers.
Based on the digital value of the output voltage, this development
board could send corresponding commands to the personal com-
puter side. Since there would be customized applications devel-
oped on the computer side, actions would be performed as the
responses based on the received command. With the develop-
ment of microchips nowadays, wearable/portable central proces-
sors with small size were reported.[69,70] Then the central proces-
sor of the artificial sensory and nervous system can be minimized
and attached on or implanted in the APTN in the future. The size
of the artificial sensory and nervous system will only depend on
the size of APTN. From Figure 4f, we can find the humidity will
influence the voltage output of APTN. Thus, a denoising process
is necessary by baseline tracking processing. Figure 5b shows the
optical image of the APTN designed in L-shape. This L-shaped
APTN is with a single-electrode and can further recognize the 2D
location of external mechanical stimulation without requiring the
integration of multiple sensing units. It should be noted that the
single-electrode L-shaped APTN only needs one channel so that
contributed to simplify the signal processing. To investigate the
best gradient of the L-shaped device, the output peak current of
APTNs with different gradients (tan 𝛼 = 0.1, 0.2, 0.3, 0.4) was fab-
ricated and measured. A series of 3D-printed moulds with differ-
ent gradient was designed and fabricated at first (Figure S7, Sup-
porting Information). As shown in Figure 5c, the output current
of L-shaped APTN decreases as the thickness of dielectric ma-
terial increases. The gradient of output current increases when
the tan 𝛼 of L-shaped APTN changes from 0.1 to 0.4, which is
consistent with Figure 2b. Considering both magnitude and gra-
dient of output, the L-shaped APTN with a gradient of tan 𝛼 =
0.3 was chosen to connect with the computer. When a finger was
sliding on a certain grid, the voltage of APTN was quickly gener-
ated and transferred to the digital value. As shown in Figure 5d,
the original voltage data of APTN by once sliding has a positive
peak and a negative peak while the processed data only has a pos-
itive peak. Six different locations of the sliding were stimulated
(repeat 3 times). The processed peak voltage values of different
grids were different from each other so that the microcontroller
could easily identify them. By using this shape, the APTN can be
used to play the classic Tic-Tac-Toe game (also called Noughts and
Crosses). As shown in Figure 5e, both x and y-axis of the L-shaped
APTN have 6 grids, naming as L1, L2, L3, L4, L5, L6. Each two of
the grids on a different axis controls the positions of Noughts or
Crosses. For example, when a finger sliding on L1 and L4, the
output voltage of the L-shaped APTN would be generated and
transmitted to the driver circuit. Then, the peak circuit is trans-
ferred. According to this peak voltage, the microcontroller would
send the machine-codes that confirm the position to be Position
1 (P1). Subsequently, when the finger slides on L2 and L5, the
position will be moved to P2. As shown in Figure 5f, the three
positions (P1 (L1, L4), P2 (L2, L5), P3 (L3, L6)) peak voltages of the
driver circuit are (11.6, 2.5 V), (10.02, 1.71 V), (4.3, 0.73 V).

Tactile sensing is required for the dexterous manipulation of
objects in prosthetic or robotic applications. Almost all of the for-
mer research focused on signals of the force amplitude. Here, we
propose a prosthetic arm, inspired by a human arm (Figure 6a),
based on the APTN and its capability of measuring and discrim-
inating in real-time stimuli locations. A 3D printed mold with
an arm-shaped structure was designed as shown in Figure S8
(Supporting Information). A driver circuit was also used to com-
municate the APTN based prosthetic arm with a computer. The
APTN based prosthetic arm formed by three bottom electrodes
(Eb, Ed, Ef) embedded into silicone rubber (Figure 6b). The gra-
dient of APTN is also chosen to be tan 𝛼 = 0.3. The length of
the demonstrated prosthetic arm in this work is 5 cm. The grid
layer is also deposited on the prosthetic arm by 3D printing. On
the top view (Figure 6c), the angle between every two electrodes
is 120°. As the working mechanism of the APTN is based on a
single-electrode TENG, the output signal is only generated on the
operated electrode for sliding on individual electrode locations.
However, when a stimulus is on the common area between two
electrodes, the potential on both of the two adjacent electrodes
will be induced. Thus, the locations between the two electrodes
can be also detected. The electric potential on the electrode of
the APTN based prosthetic arm decreases dramatically with in-
creasing the thickness of silicone rubber of prosthetic arm. Eigh-
teen locations could be discriminated by using three electrodes
in this prosthetic arm. The connected driver circuit could record
the peak voltage of the prosthetic arm. Figure 6d–f shows the
peak voltage ratios of EB, ED, EF (i.e., VB/VF, VF/VD, VD/VB) from
point 1 to 18, respectively. As shown in Figure 6d, in terms of the
same operated electrode EB (sliding on 0° surface of prosthetic
arm from top to bottom), the absolute magnitude of peak volt-
ages of the EB decreases. The related peak voltage ratio VB/VF
decreases from 153 to 62, which has the same tendency as the
peak voltage of EB. This is because the peak voltage of EF keep-
ing nearly 0 V. The VB/VF decreases from 0.8, 0.7, to 0.6 when
sliding on the 60° surface of a prosthetic arm, indicating that the
stimulation location is between EB and EF. It also can be observed
that the VB/VF decreases from 78, 53, to 32 when sliding on the
300° surface of the prosthetic arm. Similarly, the peak voltage ra-
tio VF/VD is shown in Figure 6e. The value of VF/VD decreases
from 97, 70, to 40 when sliding on the 120° surface of the pros-
thetic arm. When the VF/VD falling from 1, 0.9, to 0.6, the sliding
location is between ED and EF (180°). In Figure 6e, the value of
VD/VB decreases from 79, 59, to 36 when sliding on the 240° sur-
face of the prosthetic arm. By analysing the different peak voltage
ratios, the sliding locations in which angles can be recognized. Af-
ter that, the peak voltage was compared, and the location was dis-
criminated. In order to check the reliability of the prosthetic arm,
the tests are conducted with EB under different forces as shown
in Figure 6g. Four groups of experiments are carried out under
different forces. It can be seen that with the increase of force,
the peak voltage of the EB increases when sliding on 0° surface of
prosthetic arm. However, the magnitude of the sliding force rang-
ing from 1 to 4 N has a negligible effect on location recognition.
This is because the increase of peak voltage following distance
increasing is much more significant than the force increasing.
Figure S9 (Supporting Information) illustrates the peak voltage
values of sliding locations on three electrodes (location 1, 2, 3, 7,
8, 9, 13, 14, 15). The peak voltage of the different electrodes with
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the same distance between the top of the prosthetic arm and stim-
ulation location is different because of some surface impurities
and nonuniformity of silicone rubber. However, these differences
do not influence the recognition of sliding locations as there’s
bigger differences in peak voltages when sliding on different lo-
cations. Here the APTN based prosthetic arm is further explored
to control the robotic hands by detecting the location of touch-
ing. The robotic hand only has one joint at each finger, each one
of the locations will control one or two joints of the robotic hand.
The output voltage from APTN based prosthetic arm is recorded
and processed to control the movement of the robotic hand. Fig-
ure 6h shows the related locations and the controlled fingers of
robotic hand when the finger sliding across on APTN based pros-
thetic arm. The detailed voltage ratios VB/VF, VF/VD, and VD/VB
are also shown. Figure 6i shows the voltage signal of sliding lo-
cations (location 4, 5, 6, 10, 11, 12, 16, 17, 18). Figure 6i demon-
strated the corresponding response gesture of the robotic hand.
The output voltage with different magnitude of the different lo-
cations controls robotic hand. Sliding the locations 4, 5, 6, 10, 11,
12 (Figure 6j i–vi) controls only one finger bends. The location
16 (Figure 6j vii) controls two fingers to make a gesture “Yeah..
Therefore, the APTN based prosthetic arm has a great potential
in real-time control of the robotic hand to make gesture for diver-
sified applications.

3. Conclusion

In summary, we propose a single-electrode APTN here by con-
structing the dielectric layer with gradient thickness, and the tai-
lorable property is coupled in it with shape variable and applica-
tion reliable. The output of APTN is proved mainly depending on
dielectric layer thickness after eliminating the influence of force
and interlayer distance. By transmitting the response output sig-
nal to the driver circuit and analyzing the magnitude, the APTN
could mimic the main functions of the biological sensory and ner-
vous system to recognize the location of mechanical stimulation
and transmitting mechanosensitive signal. When the APTN is
tailored into an L-shape, it exhibits superior advantages of single-
electrode output with the best gradient of tan 𝛼 = 0.3 for 2D
mechanical stimulation detection and control in tic-tac-toe game
scenario. Moreover, analogous to the function of a biological in-
terneuron in the spinal cord, when the APTN was designed as a
prosthetic arm, it transmits and recognizes one location at a time.
Then, this artificial sensory and nervous system identifies the
location information about mechanical stimulation. This APTN
has the potential to become a fundamental component in neuro-
morphic systems, human–machine interface, and artificial limb.
The proposed artificial sensory and nervous system mimicking
biological structures and function presents promising technol-
ogy for the development of neuromorphic devices and artificial
systems in the future.

4. Experimental Section
Fabrication of the APTN: A 3D-printer (Anycubic 4Max Pro) was used

to print 3D molds for preparing the single-electrode TENG based APTN.
The thicker edge of the dielectric layer of APTN will be changed from 0.5,
1, 2, 3, to 4 cm, while the thinner film keeps 0 cm. In other words, the
gradient of dielectric layer thickness sets from tan 𝛼 = 0.05, 0.1, 0.2, 0.3,
to 0.4. The silicone rubber (Eco flex 00–50, Smooth-on Inc.) was used as
the dielectric material of APTN and the width of the devices keeps 2 cm.
After curing, 5 devices with different gradient thickness was fabricated.
For comparison, the device with a constant thickness of 0.5 cm was also
fabricated. The mixture of PDMS (ratio: 10:1, sylgard 184, Dow Corning)
was also poured into the mold with a constant thickness of 0.5 cm. Then
a flexible conductive fabric was covered on silicone rubber or PDMS after
it precuring with 15 min. The L-shaped APTN and APTN based prosthetic
arm were also fabricated by pouring silicone rubber in 3D printed molds
which are designed, respectively. The gradient thicknesses of dielectric lay-
ers of L-shaped and APTN based prosthetic arm are all tan 𝛼 = 0.3.

Characterizations and Measurements: The short-circuit current density
of the S-TENG were measured by a Stanford low-noise current preamplifier
(Model SR570). A digital oscilloscope (DS4052, RIGOL) was used to test
the electric output voltage of the APTN. The resistance of the oscilloscope
is 100 MΩ. The morphology of the surface of APTN was measured by field
emission scanning electron microscopy (FESEM FEI Verios460). A force
gauge testing system (Mecmesin, MultiTest 2.5-i) is used for the test. The
force gauge testing system is mainly composed of a fixed platform and
a moving stage. Distance between the moving stage and fixed platform,
force magnitude and moving speed of the moving stage can be preset.
The moving stage moves toward the APTN in the preset speed until force
reaches the presetting. Then the moving stage moves apart from the APTN
with the presetting speed to the original position and begins next cycle.

Statistical Analysis: Each point data are the average of three peak cur-
rents or voltages. In addition, the standard deviations with the three peak
currents or voltages are used as an indicator of statistical significance and
reproducibility. Statistics were performed using the software Origin (Ori-
gin lab Corporation, USA).
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the author.
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Figure 6. Performance and characteristic of the APTN based prosthetic arm. a) Photograph of APTN based prosthetic arm. Scale bar is 2 cm. b) Front
view and c) Top view of the APTN based prosthetic arm with 3 electrodes (EB, ED, EF). Output of 3 electrodes on different angles of APTN based prosthetic
arm. Comparison of d) VB/VF, e) VB/VD, f) VD/VB. g) Digital response to APTN based prosthetic arm under different sliding force. h) The table shows
the related locations and the controlled fingers of robotic hand when the finger sliding across on APTN based prosthetic arm. i) Change in the voltage
when touching different segments. j) The photos of the robotic hand gestures corresponding to touch the seven different locations.

Adv. Sci. 2021, 2004727 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2004727 (11 of 13)



www.advancedsciencenews.com www.advancedscience.com

Data Availability Statement
Data available on request from the authors: The data that support the find-
ings of this study are available from the corresponding author upon rea-
sonable request.

Keywords
bionic artificial nerves, nervous system, self-powered sensors, sensory sys-
tem, triboelectric nanogenerators

Received: December 8, 2020
Revised: January 14, 2021

Published online:

[1] V. Caggiano, L. Fogassi, G. Rizzolatti, P. Thier, A. Casile, Science 2009,
324, 403.

[2] V. Gazzola, G. Rizzolatti, B. Wicker, C. Keysers, Neuroimage 2007, 35,
1674.

[3] J. A. George, D. T. Kluger, T. S. Davis, S. M. Wendelken, E. V. Oko-
rokova, Q. He, C. C. Duncan, D. T. Hutchinson, Z. C. Thumser, D. T.
Beckler, P. D. Marasco, S. J. Bensmaia, G. A. Clark, Sci. Robot. 2019,
4, eaax2352.

[4] C. Keysers, J. H. Kaas, V. Gazzola, Nat. Rev. Neurosci. 2010, 11, 417.
[5] A. Chortos, J. Liu, Z. Bao, Nat. Mater. 2016, 15, 937.
[6] J. Xu, Z. Ren, B. Dong, X. Liu, C. Wang, Y. Tian, C. Lee, ACS Nano

2020, 14, 12159.
[7] Q. Liang, Q. Wang, Q. Zhang, J. Wei, S. X. Lim, R. Zhu, J. Hu, W. Wei,

C. Lee, C. Sow, W. Zhang, A. T. S. Wee, Adv. Mater. 2019, 31, 1807609.
[8] F. Cordella, A. L. Ciancio, R. Sacchetti, A. Davalli, A. G. Cutti, E.

Guglielmelli, L. Zollo, Front. Neurosci. 2016, 10, 209.
[9] D. Romano, E. Donati, G. Benelli, C. Stefanini, Biol. Cybern. 2019, 113,

201.
[10] M. A. Mat Daut, M. Y. Hassan, H. Abdullah, H. A. Rahman, M.

P. Abdullah, F. Hussin, Renewable Sustainable Energy Rev. 2017, 70,
1108.

[11] Y. Kim, A. Chortos, W. Xu, Y. Liu, J. Y. Oh, D. Son, J. Kang, A. M.
Foudeh, C. Zhu, Y. Lee, S. Niu, J. Liu, R. Pfattner, Z. Bao, T.-W. Lee,
Science 2018, 360, 998.

[12] J. Kim, M. Lee, H. J. Shim, R. Ghaffari, H. R. Cho, D. Son, Y. H. Jung,
M. Soh, C. Choi, S. Jung, K. Chu, D. Jeon, S.-T. Lee, J. H. Kim, S. H.
Choi, T. Hyeon, D.-H. Kim, Nat. Commun. 2014, 5, 5747.

[13] Q. Lai, L. Zhang, Z. Li, W. F. Stickle, R. S. Williams, Y. Chen, Adv. Mater.
2010, 22, 2448.

[14] C. H. Yang, B. Chen, J. J. Lu, J. H. Yang, J. Zhou, Y. M. Chen, Z. Suo,
Extreme Mech. Lett. 2015, 3, 59.

[15] L. Q. Zhu, C. J. Wan, L. Q. Guo, Y. Shi, Q. Wan, Nat. Commun. 2014,
5, 3158.

[16] M. A. McEvoy, N. Correll, Science 2015, 347, 1261689.
[17] F.-R. Fan, Z.-Q. Tian, Z. L. Wang, Nano Energy 2012, 1, 328.
[18] Q. Shi, T. He, C. Lee, Nano Energy 2019, 57, 851.
[19] Q. Zhang, Q. J. Liang, Z. Zhang, Z. Kang, Q. L. Liao, Y. Ding, M. Y. Ma,

F. F. Gao, X. Zhao, Y. Zhang, Adv. Funct. Mater. 2018, 28, 1703801.
[20] Y. Song, N. Wang, Y. Wang, R. Zhang, H. Olin, Y. Yang, Adv. Energy

Mater. 2020, 10, 2002756.
[21] Q. Liang, X. Yan, Y. Gu, K. Zhang, M. Liang, S. Lu, X. Zheng, Y. Zhang,

Sci. Rep. 2015, 5, 9080.
[22] Y. Yang, H. Zhang, Z.-H. Lin, Y. S. Zhou, Q. Jing, Y. Su, J. Yang, J. Chen,

C. Hu, Z. L. Wang, ACS Nano 2013, 7, 9213.
[23] Y. Wu, X. Wang, Y. Yang, Z. L. Wang, Nano Energy 2015, 11, 162.
[24] X. Liu, K. Zhao, Z. L. Wang, Y. Yang, Adv. Energy Mater. 2017, 7,

1701629.

[25] K. Zhao, Z. L. Wang, Y. Yang, ACS Nano 2016, 10, 9044.
[26] K. Zhao, Y. Wang, L. Han, Y. Wang, X. Luo, Z. Zhang, Y. Yang, Nano-

Micro Lett. 2019, 11, 19.
[27] C. Zhang, J. Chen, W. Xuan, S. Huang, B. You, W. Li, L. Sun, H. Jin, X.

Wang, S. Dong, J. Luo, A. J. Flewitt, Z. L. Wang, Nat. Commun. 2020,
11, 58.

[28] L. Lin, Y. Xie, S. Wang, W. Wu, S. Niu, X. Wen, Z. L. Wang, ACS Nano
2013, 7, 8266.

[29] Y.-C. Lai, Y.-C. Hsiao, H.-M. Wu, Z. L. Wang, Adv. Sci. 2019, 6,
1801883.

[30] X. Pu, H. Guo, J. Chen, X. Wang, Y. Xi, C. Hu, Z. L. Wang, Sci. Adv.
2017, 3, e1700694.

[31] G.-H. Lim, S. S. Kwak, N. Kwon, T. Kim, H. Kim, S. M. Kim, S.-W. Kim,
B. Lim, Nano Energy 2017, 42, 300.

[32] H. Zhang, Y. Yang, Y. Su, J. Chen, C. Hu, Z. Wu, Y. Liu, C. P. Wong, Y.
Bando, Z. L. Wang, Nano Energy 2013, 2, 693.

[33] Y. Liu, J. Zhong, E. Li, H. Yang, X. Wang, D. Lai, H. Chen, T. Guo, Nano
Energy 2019, 60, 377.

[34] D. G. Seo, Y. Lee, G.-T. Go, M. Pei, S. Jung, Y. H. Jeong, W. Lee, H.-L.
Park, S.-W. Kim, H. Yang, C. Yang, T.-W. Lee, Nano Energy 2019, 65,
104035.

[35] F. Arab Hassani, R. P. Mogan, G. G. L. Gammad, H. Wang, S.-C. Yen,
N. V. Thakor, C. Lee, ACS Nano 2018, 12, 3487.

[36] J. Yu, X. Yang, Q. Sun, Adv. Intell. Syst. 2020, 2, 1900175.
[37] Q. Zhang, Q. Liang, Q. Liao, M. Ma, F. Gao, X. Zhao, Y. Song, L. Song,

X. Xun, Y. Zhang, Adv. Funct. Mater. 2018, 28, 1803117.
[38] Q. Liang, Q. Zhang, X. Yan, X. Liao, L. Han, F. Yi, M. Ma, Y. Zhang,

Adv. Mater. 2017, 29, 1604961.
[39] L. Liu, Q. Shi, C. Lee, Nano Energy 2020, 76, 105052.
[40] B. Dong, Q. Shi, Y. Yang, F. Wen, Z. Zhang, C. Lee, Nano Energy 2021,

79, 105414.
[41] Q. Zhang, Q. Liang, Q. Liao, F. Yi, X. Zheng, M. Ma, F. Gao, Y. Zhang,

Adv. Mater. 2017, 29, 1606703.
[42] Q. Shi, Z. Zhang, T. Chen, C. Lee, Nano Energy 2019, 62,

355.
[43] X. Xun, Z. Zhang, X. Zhao, B. Zhao, F. Gao, Z. Kang, Q. Liao, Y. Zhang,

ACS Nano 2020, 14, 9066.
[44] M. Zhu, Z. Sun, Z. Zhang, Q. Shi, T. He, H. Liu, T. Chen, C. Lee, Sci.

Adv. 2020, 6, eaaz8693.
[45] J. J. Shao, W. Tang, T. Jiang, X. Y. Chen, L. Xu, B. D. Chen, T. Zhou, C.

R. Deng, Z. L. Wang, Nanoscale 2017, 9, 9668.
[46] Q. Zhang, Z. Zhang, Q. Liang, F. Gao, F. Yi, M. Ma, Q. Liao, Z. Kang,

Y. Zhang, Nano Energy 2019, 55, 151.
[47] C. Zhang, S. Li, Y. He, C. Chen, S. Jiang, X. Yang, X. Wang, L. Pan, Q.

Wan, IEEE Electron Device Lett. 2020, 41, 617.
[48] H. Guan, D. Lv, T. Zhong, Y. Dai, L. Xing, X. Xue, Y. Zhang, Y. Zhan,

Nano Energy 2020, 67, 104182.
[49] F. Yu, J. C. Cai, L. Q. Zhu, M. Sheikhi, Y. H. Zeng, W. Guo, Z. Y. Ren, H.

Xiao, J. C. Ye, C. H. Lin, A. B. Wong, T. Wu, ACS Appl. Mater. Interfaces
2020, 12, 26258 .

[50] D. Choi, M.-K. Song, T. Sung, S. Jang, J.-Y. Kwon, Nano Energy 2020,
74, 104912.

[51] Q. Shi, Z. Zhang, T. He, Z. Sun, B. Wang, Y. Feng, X. Shan, B. Salam,
C. Lee, Nat. Commun. 2020, 11, 4609.

[52] J. Yun, N. Jayababu, D. Kim, Nano Energy 2020, 78, 105325.
[53] F. Wen, H. Wang, T. He, Q. Shi, Z. Sun, M. Zhu, Z. Zhang, Z. Cao, Y.

Dai, T. Zhang, C. Lee, Nano Energy 2020, 67, 104266.
[54] Q. Liang, X. Yan, X. Liao, S. Cao, S. Lu, X. Zheng, Y. Zhang, Sci. Rep.

2015, 5, 16063.
[55] Q. Zhang, Q. Liang, D. K. Nandakumar, S. K. Ravi, H. Qu, L. Suresh,

X. Zhang, Y. Zhang, L. Yang, A. T. S. Wee, S. C. Tan, Energy Environ.
Sci. 2020, 13, 2404.

[56] Q. Shi, C. Lee, Adv. Sci. 2019, 6, 1900617.
[57] G. Tang, Q. Shi, Z. Zhang, T. He, Z. Sun, C. Lee, Nano Energy 2021,

81, 105582.

Adv. Sci. 2021, 2004727 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2004727 (12 of 13)



www.advancedsciencenews.com www.advancedscience.com

[58] X. Chen, Y. Wu, J. Shao, T. Jiang, A. Yu, L. Xu, Z. L. Wang, Small 2017,
13, 1702929.

[59] X. He, H. Guo, X. Yue, J. Gao, Y. Xi, C. Hu, Nanoscale 2015, 7, 1896.
[60] Z. Liu, D. Qi, P. Guo, Y. Liu, B. Zhu, H. Yang, Y. Liu, B. Li, C. Zhang, J.

Yu, B. Liedberg, X. Chen, Adv. Mater. 2015, 27, 6230.
[61] M. Özel, F. Demir, A. Aikebaier, J. Kwiczak-Yiğitbaşı, H. T. Baytekin,
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