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High output achieved by sliding electrification of
an electrospun nano-grating†

Li-Na Zhou,‡a Jun-Peng Wu,‡a Wei-Zhi Song,a Xiao-Xiong Wang,a Ning Wang,a

Miao Yu,a Zhi-Yong Fan, b Seeram Ramakrishna c and Yun-Ze Long *a,d

The rapid development of flexible and wearable electronics has proposed a trend towards miniaturization,

mobility, versatility and artificial intelligence. Triboelectric nanogenerators (TENGs) can make use of micro/

nano multi-functional materials to harvest and store energy from the surrounding environment efficiently,

which can drive smart portable electronics operating continuously and steadily. The increase in the output

power density of the triboelectric nanogenerator requires new designs. In this work, a new grating TENG

was proposed, and the two friction layers were fabricated by near-field electrospinning and conventional

electrospinning with two parallel electrodes as a collector, respectively. The basic model of the simulation

was simplified according to the highly ordered structure and the repeatability of the TENG grating structure.

The effect of the effective contact area on the output of the TENG was further proved by fitting the calcu-

lation regularity of the two models with the experimental results. At the same time, the effect of the redun-

dant electrode on the output of the TENG was verified by experiments. We found that this nanogenerator

can achieve a very high output of 1800 W m−2 due to a more refined grating structure combined with

modification of the contact area. The TENG can also be used as a selfpowered sensor to detect mechanical

signals, which requires no additional power source to drive it. Meanwhile, the anisotropic nature of the

TENG can also be utilized to sense angles, lock devices or encrypt information. This output control techno-

logy provides a more effective idea for future output power improvement, that is, a new generation of high-

output TENGs can be designed by effectively adjusting the corresponding contact area and electrode area.

1. Introduction

After the rapid development of portable and wearable wireless
devices over the past decade, people are now focusing more on
novel entirely self-powered electronic devices and electronic
systems.1–3 The invention of triboelectric nanogenerators
(TENGs) was a milestone in the field of mechanical power gene-
ration and self-powered systems.4 This provides a completely
new model for efficient collection of mechanical energy
(whether organic or inorganic).5,6 TENGs can be used to collect

all kinds of mechanical energy that is being wasted, including
energy generated by human activities,7 mechanical
triggering,8–14 and tire rotation,15 wind energy,16 water
energy17–20 and many other forms of energy. TENGs can also be
used as self-powered sensors to detect mechanical signals. The
open circuit voltage can be used for static measurement,21,22

such as alarms, temperature sensors,23 light sensors, etc., while
short-circuit current signals can be used for dynamic
measurements,24,25 such as breath detection.

Through lithography, etching or self-assembly construction,
structures such as lines, cubes or pyramids can be formed to
control the surface roughness, thereby enhancing the output
of the nanogenerator.26,27 However, these technologies are
often expensive and have limited application. Electrospinning
is a method for the direct and continuous preparation of
polymer nanofibers, and can produce scalable TENGs.28,29

Conventional electrospinning produces disordered rough sur-
faces. However, oriented fiber membranes can be obtained by
changing the receiving device,30–34 controlling the electric
field,35–37 or adding a magnetic field.38 For example, near-field
electrospinning (NFES)39,40 can be used to prepare individual
fibers and for fiber patterning, while ordered nanofibers can
be produced using parallel electrodes41 or high-speed rollers.42
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The ordered alignment morphology will improve the mechani-
cal properties of the fiber significantly,43 and provide a new
approach of controlling the roughness.

In this work, a TENG was prepared using polyvinylidene flu-
oride (PVDF) prepared by near-field electrospinning and nylon 6
(PA6) prepared by parallel electrode collection technology.
Compared with the previously reported micro-grating,44 the
fiber arrays formed a more precise grating topography, achiev-
ing a high output. The output performance of this grating
TENG is systematically studied, especially the influence of
pressure and electrode area changes on its output performance.
This TENG is demonstrated to be capable of powering a variety
of devices. More importantly, this grating TENG has anisotropic
output performance, which can be used for safety applications
such as password locks or encrypted communication.

2. Experimental section
2.1 Materials

Polyvinylidene fluoride (PVDF) powder (Mw ∼1 000 000) and
nylon 6 (PA6) powder were purchased from Macklin
Biochemical Co., Ltd, China. N,N-Dimethylformamide (DMF),
88% strength formic acid, acetic acid and ethanol were sup-
plied by Sinopharm Chemical Reagent Co., Ltd, China.
Acetone was supplied by Laiyang Fine Chemical Factory,
China. All reagents were used as received.

2.2. Fabrication of the TENG

First, PVDF powder was dissolved in a DMF–acetone solvent
mixture, and then stirred at 40 °C in a water bath for 6 h. To
prepare a 20 wt% PA6 solution, PA6 pellets were dissolved in
formic acid–acetic acid (1/1 w/w) and stirred continuously for
6 h at room temperature.

First, aluminum foil was fixed on a two-dimensional (2D)
moving platform, and a needle tube was fixed directly above
the aluminum foil through the iron frame, and the spinning
voltage was 3.2 kV. The program parameters of the two-dimen-
sional (2D) moving platform were the movement rate of the Y
axis: 450 mm s−1, the acceleration of the Y axis: 450 mm s−2,
the movement rate of the X axis: 0.1 mm s−1, the acceleration
of the X axis: 80 mm s−2, and the repetition period was 800
times. The speed of the syringe pump during the electro-
spinning of PVDF was 1 μl min−1, the volume of the syringe
was 2.5 ml, the spinning distance was 1 cm, the inner dia-
meter of the needle was 0.26 mm, and the temperature was 28
± 3 °C. The atmospheric humidity was 38 ± 5%. The collection
station movement was then controlled by a 2D programmable
platform. The main role of near-field electrospinning was to
achieve controlled deposition of fibers. The charged jets were
ejected from the spinning head under the action of a high-
voltage electrostatic field. The initial stage moves along a
linear path to form an ordered fiber structure.

First, two Al foil sheets of the same size were placed on a
receiving plate, and Al foil paper was attached to the negative
electrode of the power source, respectively, and the gap

between the two Al foil sheets was 3 cm. A needle was then
fixed directly above the gap using an iron stand. The speed of
the syringe pump during the electrospinning of PA6 was
0.5 ml h−1, the inner diameter of the needle was 0.51 mm, and
the volume of the syringe was 2.5 ml. During the electro-
spinning process, the ordered fiber membrane of PA6 was pre-
pared at a voltage of 16 kV, a rotation distance of 15 cm, a
temperature of 26 ± 3 °C and a humidity of 32 ± 5%. The fiber
was straightened and deposited in a direction perpendicular to
the electrode because of an electrostatic force generated
during the falling process and the fiber was finally collected
between the two electrodes.

2.3. Characterization and measurements

The surface morphology and microstructure of the TENG were
investigated by scanning electron microscopy (SEM, TM-1000,
Hitachi). The current output of the TENG was tested using a
current amplifier (SR570), a picoammeter (Keithley 6487) and a
digital oscilloscope (GDS-2102, Gwinstek). The digital oscilloscope
(GDS-2102, Gwinstek) records the voltage signal of the TENG. The
charging test of commercial capacitors was performed using a
digital multimeter (Rigol DM 3058). Near-field electrostatic spin-
ning was carried out using an X–Y axis precision mobile platform,
which was composed of a servo motor (Japan Yaskawa
SGDV-R70F01A00200), a sensor (Japan Omron E2B-S08KN02),
and a controller (Crt DMC630M). The generation of TENG peri-
odic signals was investigated using a self-made device. The sche-
matic and working principle of the device are shown in Fig. S1.†

3. Results and discussion
3.1 Basic character of the grating TENG

The triboelectric effect is a charging effect caused by contact,
that is, charge transfer occurs during the friction process of
one material with another material. The polarity of the charge
carried by a material depends on the relative polarity of the
contact material.45,46 A PVDF ordered fiber membrane was pre-
pared using a near-field electrospinning apparatus. The sche-
matic is shown in Fig. 1a. A schematic diagram of the prepa-
ration process of the ordered structure of the PA6 membrane
is shown in Fig. 1b. The TENG consists of two aluminum elec-
trodes with a friction layer of PVDF and PA6, respectively.
According to the symmetry demonstration, the simplified
TENG model is shown in Fig. 1c. The working principle of the
TENG is shown in Fig. 1d. In the initial state (i), the PVDF
membrane was in contact with the PA6 membrane and no
current or potential appears. Due to the difference in the
surface electron affinity, charge will transfer from the surface
of the PA6 membrane to the surface of the PVDF membrane,
leaving a net positive charge on the surface of the PA6 nano-
fibers and a net negative charge on the surface of the PVDF
nanofibers. When separated, if the device was connected to an
external circuit, the final charge separation creates a potential
difference (state ii) on the contact surface, causing subsequent
current flow. At the maximum spacing, the positive open
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circuit was reduced to zero (state iii). When the two charged
surfaces were in contact again, the current was reversed (state
iv), without any contact, no charge was transferred.

The output performance of the TENG was systematically
investigated. The ordered structure of the electrospun fibers
effectively increases the specific surface area of the contact,
making it easier for PVDF fiber membranes and PA6 fiber
membranes to gain or lose electrons during contact. The per-
formance of the grating TENG was tested under different oper-

ating conditions. The gap distance between the triboelectric
layers and the effects of frequency and humidity on the TENG
have also been explored. The output performance of the TENG
at a 2 Hz impact frequency for 3600 s is shown in Fig. 2a and
b. The comparison of the morphologies of PVDF fibers and
PA6 fibers before and after cycling is shown in the Fig. S2.†
The morphology of PVDF fibers did not change significantly
before and after the cycle, and the PA6 fibers accumulated.
The magnitudes of the current and voltage were 870 nA and

Fig. 1 (a) Preparation process of PVDF oriented fibers by near-field electrospinning and the SEM image of oriented PVDF fibers. (b) SEM image of
PA6 fibers and oriented PA6 fibers prepared by the electrospinning process obtained using parallel plates. (c) A schematic diagram of the simplified
TENG model, including a top view, a side view, and a cross-sectional view, as well as a fiber cross-sectional view of PVDF. (d) Schematic diagram of
the contact-separated generator of the TENG of this work.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 17417–17427 | 17419

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 H
K

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
on

 1
2/

20
/2

02
1 

9:
58

:2
9 

A
M

. 
View Article Online

https://doi.org/10.1039/d1nr04769h


Fig. 2 TENG stability and durability testing. (a) Cyclic current signal and short-term current signal of the TENG. (b) Cyclic current signal and short-
term current signal of the TENG voltage. Electrical performance of the TENG. (c) Short-circuit current of the TENG under 2 Hz frequency impact at
different atmospheric humidities. (d) Short-circuit current of the TENG under 2 Hz frequency impact at different gap distances between the tribo-
electric layers. (e) Short-circuit current of the TENG with different impact frequencies. (f ) Output current and voltage of the TENG with variation of
load resistance. (g) Output power dependence on load resistance. (h) Charging curve of different commercial capacitors by the grating TENG. (i) The
grating TENG can illuminate 230 LEDs without the need for an additional storage power unit. The TENG can drive many electronic devices to work
properly such as ( j) electronic watches, (k) temperature and humidity sensors, and (l) calculators.
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228 V without obvious decay over time. Fig. 2c shows that the
effect of humidity on the nanogenerator was particularly
obvious. As the humidity increases, the current output of the
TENG decreases significantly. Fig. 2d shows that the short-
circuit current of the TENG increases gradually as the distance
between the friction layers increases (details can be found in
Fig. S3†). Fig. 2e shows that as the impact frequency increases,
the short-circuit current of the TENG also increases. A higher
impact frequency reduces the duration of the current peak and
increases the amount of short-circuit current. The relationship
between the load resistance and the electrical output signal
was also tested systematically. It can be seen from Fig. 2f that
according to the power formula P ¼ U2

R , the voltage and resis-
tance were positively correlated, and the current and resistance
were inversely correlated. The power curve obtained is shown
in Fig. 2g, with an external load resistance of 4.9 MΩ and a
maximum power density of 13.5 W m−2. The relative load
voltage and current can reach 97.3 V and 300 nA, respectively.
Fig. 2h shows the plot of 47 μF, 100 μF and 330 μF commercial
capacitors charging at a 2 Hz impact frequency.

The TENG with a contact area of 2 × 6 cm2 provides a con-
tinuous and stable electrical signal output. As shown in
Fig. 2h, a 47 μF commercial capacitor can be charged to 7.8 V
at an operating frequency of 2 Hz. The stored energy can
power a small portable smart electronic device. Properly
designed self-powered systems can get rid of environmentally
harmful batteries and improve the flexibility of electronic
systems. The TENG with excellent stability was a high-quality
energy supply that can power a variety of different forms of
electronic equipment. Visual demonstrations were performed
using an ordered structure of the TENG with a contact area of
2 × 6 cm2. As shown in Fig. 2i and Video S1,† the ordered
structure of the TENG can directly illuminate 230 white LEDs.
In addition, the grating TENG can drive a variety of small elec-
tronic devices, such as temperature and humidity sensors, cal-
culators and electronic meters, by charging 100 μF commercial
capacitors to 4.7 V. The demonstration of the operations
shown in Fig. 2j–l are shown in Videos S2–S4.† It can be seen
that the ordered structure of the TENG exhibits good energy
harvesting capability and has great development potential in
the field of portable devices, which was beneficial for the pro-
motion of the ordered structure of the TENG.

3.2 Output analysis of the grating TENG

The actual contact area of the TENG was different under
different contact forces, while the model of Dharmasena
et al.,47 the model of Shao et al.,48 and the model of Wang
et al.49 mainly focus on the macroscopic contact area of the
TENG, not the actual contact area of the TENG. It was imposs-
ible to predict the change of the actual contact area and output
performance of the TENG under different forces. Therefore, we
choose a first-order lumped-parameter equivalent circuit model
(FLEC model) and a load-dependent model to predict the
output performance of the TENG under different contact forces.

In the load-dependent model, COMSOL simulation (version
5.4, the detailed simulation parameters can be found in the

ESI†) was used to solve the actual contact area related to the
load. The arrangement of fibers makes the analysis of related
properties easier. In the film plane perpendicular to the fiber
direction, it can be approximated that the TENG was obtained
by the translation of periodic PVDF and PA6 fiber contact
pairs, so the final contact pair of one PVDF fiber and one PA6
fiber can represent the contact and electrification of the entire
film. For remaining PA6 fibers which cannot contact PVDF,
they do not participate in the electrification process and do
not contribute to the electrification process. In the direction
along the fiber, a pair of fibers can be obtained by translating
the cross section. For a single fiber, its cross-section is approxi-
mately circular, as shown in the SEM image in Fig. 1c. Then
the electrode-PVDF fiber-PA6 fiber-electrode cross section was
used to simulate the entire electrification state of the mem-
brane. When pressure is applied to the fiber, the contact
surface area of the two fibers changes. Fig. 3a shows the
pressure distribution on the fiber contact surface under a
certain degree of compression. Fig. 3b shows that as the
pressure continues to increase, the contact area between the
fibers also increases.

The first-order lumped-parameter equivalent circuit model
(FLEC model) by Niu et al.50 was considered. The basic struc-
ture of the model is shown in Fig. S4.† r1 and r2 are the thick-
ness of the PVDF fiber and PA6 fiber respectively, εr1 and εr2
are the relative permitivities, σ is the charge density, and S is
the electrode area. The sum of the thickness of all dielectric
materials between the two electrodes and the value of their
relative permittivity was defined as r0:

r0 ¼
Xn
i¼1

ri
εri

ð1Þ

R
dQ
dt

¼ V ¼ � 1
C
Qþ Voc ð2Þ

For any initial boundary conditions, the output of the
TENG will gradually become a periodic output after a few
cycles. The steady-state output of this periodic motion exci-
tation was used when Q (t = 0) = 0. Under the boundary con-
ditions, the current was:

IðtÞ ¼ Voc
R

� 1
R2C

exp � 1
R

ðt
0

1
CðxðtÞÞdt

� �
ðt
0
VocðxðtÞÞ exp 1

R

ðt
0

1
CxðtÞdt

� � ð3Þ

Simplified to:

IðtÞ ¼ σr0
Rε0

þ σðr0 þ xðtÞÞ
Rε0

exp � 1
RSε0

r0tþ
ðt
0
XðtÞdt

� �� �

þ σr0
Rε0

� r0 þ xðtÞ
Rε0

exp � 1
RSε0

r0tþ
ðt
0
xðtÞdt

� �� �

�
ðt
0
exp

1
RSε0

r0z þ
ðt
0
xðzÞdz

� �� �
dz

ð4Þ

In the special case, from the time when the fiber
starts to contact x (t = 0) = 0 to the maximum distance
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Fig. 3 (a) COMSOL simulates the pressure distribution during the compression of PVDF and PA6 fibers. (b) A FLEC model and a load-dependent
model predict the output of the TENG with a gating structure at different contact forces. (c) Current output of the grating TENG under different
pressures. (d) The current output of the grating TENG and the fitting result of the load-dependent curve and the FLEC curve. (e) Current output of
the traditional unordered TENG under different pressures. (f ) The equivalent circuit diagram of the TENG. (g) The current output of a general TENG
and the fitting result of the load-dependent curve and the FLEC curve. (h) Voltage output under different electrode areas. (i) Current output under
different electrode areas.
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xmax when the fiber was compressed, it was a uniform
motion:

x ¼ vt t � xmax

v

� �
ð5Þ

IðtÞ ¼ σs expð�At� Bt2ðAþ 2BtÞ � ffiffiffi
2

p
F exp

h

ð�At� Bt2ÞðAþ 2BtÞ � Dawson
Fffiffiffi
2

p
� �

� Aþ 2A

Fffiffiffi
2

p þ ffiffiffi
B

p
t

� �
� Dawson

Fffiffiffi
2

p þ ffiffiffi
B

p
t

� �� ð6Þ

A ¼ r0
RSε0

ð7Þ

B ¼ v
2RSε0

ð8Þ

F ¼ Affiffiffi
B

p ¼ r0ffiffiffiffiffiffiffiffiffiffiffiffi
2RSε0

p ð9Þ

S ¼ 2r1Δx� Δx 2 ðΔx ¼ xt2 � xt2 ; 0 � t1; t2 � tÞ ð10Þ
The Dawson function definition is

DawsonðxÞ ¼ expð�x2Þ
ðx
0
expðy2Þdy ð11Þ

In eqn (2), the internal resistance of the TENG is R, the
voltage of the external circuit is V, the capacitance between the
TENG electrodes is C, and the open circuit voltage of the TENG
is Voc. In eqn (5), v is the separation velocity of the friction layer.
In eqn (10), Δx represents the displacement difference.

Therefore, the output result of the FLEC model was the
curve in Fig. 3b.

In order to verify whether the law given by the two model
analysis was consistent with the actual situation, the output of
the grating TENG under different pressures was also tested.
The output pressure was controlled by the design of spring
constraints. The stiffness coefficient K of the spring was 8 g
mm−1. The output current was measured when the spring
compression was 0.18 mm, 0.25 mm, 0.32 mm, 0.38 mm,
0.5 mm and 0.62 mm, respectively. The length of the spring
constraint determines the magnitude of the pressing force
after contact, and this force was determined by Hooke’s law.
The results are shown in Fig. S5.† In the figure, it can be seen
that as the force increases, the effective contact area increases,
the amount of charge Q on the friction layer surface increases,
the external circuit current increases, and σ increases.

The results are shown in Fig. 3c, in the case of controlling the
only variable pressure, the greater the pressure, the stronger the
current output. The regularity of the FLEC models shown in
Fig. 3b and the output tendency shown in Fig. 3c can be
matched with each other. However, the simulation model of
load-dependent fits better with the output trend shown in
Fig. 3c, and the matching results are shown in Fig. 3d. In the
ordered TENG, as the pressure increases, the effective contact
area between the fibers increases, so the TENG current output
becomes larger. This trend was similar to the regulation reported
in other disordered structures.51 In order to further verify the

effectiveness of the load-dependent model, the regularity of the
two models was matched with the output trend of the disordered
TENG. So the friction layers of the disordered PVDF membrane
and the PA6 membrane were also tested. The SEM images of the
PVDF membrane and the PA6 membrane are presented in
Fig. S6.† The systematic investigation shows that the trend was
consistent with the ordered ones, it was also found that the regu-
larity of the load-dependent model was more in line with the
experimental results, which may be attributed to the similar sec-
tional shape, and the current output under different pressures is
shown in Fig. 3e. With the increase of pressure, the current con-
tinues to increase, as shown in Fig. 3g.

The existence of the redundant electrode area was limited by
the fabrication technique, that is to say, the fibers require support
from the electrode. The decrease of the electrode area will increase
the output voltage due to the decrease of capacitance, and the
output will be further increased. So if the redundant electrode can
be removed by a future technique, a larger output power density
will be achieved. Here the TENG (length 80 mm, width 20 mm)
with disordered fibers was used to verify the influence of electrode
area changes on the electrical signal output. The experimental
configuration is shown in Fig. 3f. The electrode area of the TENG
was S, the area of PVDF was 1/4 S, and the area of PA6 was equal
to the electrode area. After reducing the electrode area from S to
smaller ones, the current and voltage were measured. The experi-
mental results are shown in Fig. 3h and i. As the electrode area
decreases, the voltage output of the TENG continues to increase,
but the current output does not change significantly. This
phenomenon was in agreement with the known theory commonly
used in the area of nanogenerators, as discussed below.

The basic structure of the TENG is shown in Fig. 3f. PVDF
and PA6 were effective friction layers with thicknesses d1 and
d2, relative permittivities εr1 and εr2, charge density σ, and elec-
trode area S. The sum of the thickness of all dielectric
materials between the two electrodes and the value of their
relative permittivity was defined as d0:

d0 ¼
Xn
i¼1

di
εri

ð12Þ

The induced potential difference was V, the amount of
charge transfer was Q, and the TENG’s V–Q–x relationship was
defined as:

V ¼ � Q
Sε0

ðd0 þ xðtÞÞ þ σxðtÞ
ε0

ð13Þ

Derived from the electrodynamics open circuit output
voltage Voc and output charge Qsc:

Voc ¼ σxðtÞ
ε0

ð14Þ

Qsc ¼ SσxðtÞ
d0 þ xðtÞ ð15Þ

Take the node x = x(t ) for discussion, when the electrode
area is reduced, for the entire capacitor structure, the friction
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area remains unchanged, the surface charge density σ0
remains unchanged, and the charge transfer amount Q
remains unchanged:

Q ¼ Sσ0 ð16Þ

Qsc ¼ Sσx
d0 þ x

ð17Þ

Voc ¼ σx
ε0

ð18Þ

Qsc ¼
ð
Idt ð19Þ

Since Qsc = Q, the electrode area S decreases continuously,
Qsc does not change, the charge density σ on the electrode
surface gradually increases, the dielectric constant ε0 does not
change, and the open circuit voltage Voc increases continu-
ously, which was consistent with the experimental results in
Fig. 3h. Since Qsc does not change, according to the current
integral formula, the current output does not change when the
cycle was stable, which conforms to experimental results in
Fig. 3i.

In the actual friction process of the TENG, as shown in
Fig. S5f,† S not all the contact of the membrane was the
effective contact area, only a few areas were effectively con-
tacted, and the electrodes outside the effective contact area
were redundant electrodes. The contact area between the PA6
fiber and the PVDF fiber was the effective contact area.
Without considering the redundant electrodes, the output
power of the TENG can reach 1800 W m−2, and the surface
charge density can reach 5.09 C m−2 (details can be found in
Fig. S5 and S7S†). In order to increase the output power of the
TENG prepared by electrospinning, an effective way was pro-
posed (details are given in Table S1†).

3.3 Anisotropy of the grating TENG

For the grating TENG, the output can be effectively affected by
the micro contact situation, so a change in the relative angle of
the fiber will cause a change of the output current/voltage
(details can be found in Fig. S8†). Hence, the output variation
of the grating TENG was explored after changing the relative
direction of the two layers. First, in order to ensure that the
contact area does not change with the angle, two circular Al
foils with a radius of 2.2 cm were used as electrodes, and the
ordered PVDF and PA6 structures were electrospun on the Al
foil as described above, as shown in Fig. 4a. Then the output
current was tested for different relative angles at a fixed impact
frequency of 2 Hz. As shown in Fig. 4b, we fit multiple sets of
current peaks at the same angle, as shown in Fig. 4c. When
the two sets of fiber arrays were aligned, there will be a
maximum output. If the relative angle changes then, the
output will decrease. The peak current has a linear relation-
ship with the relative angle. Therefore, the relative angle
change between two objects can be characterized by the peak
current, so it can be used as a self-powered angle sensor.

Meanwhile, the peak current at different angles demonstrated
good repeatability.

Based on the anisotropy and stability of the ordered struc-
ture, a self-powered ternary lock structure was designed. As
shown in Fig. S9a,† the bottom of the device was a 5 × 5 cm2

plate clamp, placed on the plate with a 4 × 4 cm2 sponge layer,
and a 2 cm radius of PA6 fiber aluminum foil placed on the
sponge. The iron posts and springs on the device act to limit
and reset. In order to ensure a certain pressure, a limit log was
placed around the spring. An aluminum foil disc with a radius
of 2 cm was placed under the 5 × 5 cm2 plate above the device,
and the Al foil disc was spun with an ordered structure of
PVDF. Holes were punched in the upper plate for simple 45°
and 90° rotations. Subsequently, the relative parallel state of
the two fibers was set to 0°, and measurements were per-
formed at 45° and 90° rotation angles, respectively, and
current tests on these three states were performed. As shown
in Fig. S9b–d,† the 0°, 45° and 90° current output signals were
in a manual pressed state. The current signal has good stabi-
lity, and the current difference of the three states was more
obvious.

Electronic code locks are widely used in daily life. The elec-
tronic code lock is an electronic product that controls the
circuit or chip operation (access control system) through pass-
word input, thereby controlling the closing of the mechanical
switch and completing the unlocking and locking tasks. Most
of the electronic code lock structures require a constant supply
of energy, which causes a waste of some energy. By referring to
the output of the grating TENG in states when the two layers
are in three different relative angles, a self-powered ternary
electronic code lock structure was designed. A demonstrative
electronic code lock consisting of three grating TENGs can be
used to set a password. If the current output of 0° was defined
as 0, the current output of 45° was defined as 1, and the
current output of 90° was defined as 2, each TENG has three
kinds of output signals, then there are totally 27 combined
signal outputs. This device can also be used to encrypt infor-
mation. If the 26 English characters are encoded from 001 to
222, the information will be encrypted. As shown in Fig. S10,†
if the code was written as QDU, then “Q” is 122, “D” is 011,
and “U” is 210, and for those who do not know the anisotropy
setting, they will get wrong information.

Based on the anisotropy, an anti-counterfeiting device can
be designed. As shown in Fig. 4e, the macroscopically observed
pattern was “8”, but this was fake information. In fact, the 7
areas on the number “8” are respectively represented as a–g.
The ordered fibers in the f area are arranged horizontally, and
the fibers in other positions were arranged vertically. This
design rubs against PA6 as a whole, and the area f will produce
a different output, as the output current of vertical friction and
parallel friction was significantly different, so that the real
data are 9 instead of 8. If the current signal generated by 90°
friction was defined as the effective signal, and 0° was ineffec-
tive, different camouflaged numbers can be coded. As shown
in Fig. 4e, if the two friction angles in the b and f areas are set
to 0°, and the friction angles of other areas are set to 90°, then
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the output digital signal was “3”. When the friction angles in
the b and e areas were 0°, the output digital signal was “2”,
when the friction angles of the c and f areas were 0°, the
output digital signal was “5”. When necessary, a multi-channel
reading can be obtained by various traditional electronic
devices, making such a design a cost-effective method of anti-
counterfeiting.

4. Conclusions

In summary, we report a grating TENG with an anisotropic
output. The friction layers were a PVDF fiber array prepared by
near-field electrospinning and a PA6 ordered fiber membrane
prepared using a parallel electrode collecting device. The short

circuit current and open circuit voltage were 870 nA and 228 V,
respectively, and the maximum power density can reach 1800
W m−2 through reasonable design methods. The TENG has
excellent durability and stability with no significant fluctu-
ations during the 3600 s operating time. The grating TENG can
power 230 LEDs and can stably power electronic instruments,
calculators, temperature sensors and humidity sensors. By
reducing the metal electrode area, the output of the TENG will
be increased, which paves a new way for the future design of
TENGs with larger outputs. The grating TENG can power LEDs
and small devices stably. The TENG has an anisotropic output
characteristic, and the output performance can be changed by
adjusting the relative orientation of the electrospun nanofiber
membrane, which can be used to sense angles or be designed
into a self-powered electronic code lock.

Fig. 4 (a) Schematic diagram of the device structure. (b) Current at different angles at a 2 Hz impact frequency. (c) Linear relationship between the
peak current and the relative angle. (d) The coding structure and the anisotropic output signal of the code lock, and the schematic diagram of the
signal conversion coding. (e) The arrangement diagram of PVDF ordered fibers in the number “8” and the expression digital signal of the multi-
channel synchronous output.
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