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Self-Powered Intelligent Voice Navigation Tactile Pavement
Based on High-Output Hybrid Nanogenerator

Dongjie Jiang, Minxing Du, Xuecheng Qu, Yansong Gai, Wei Sun, Jiangtao Xue,

Yusheng Li,* Zhou Li,* and Zhong Lin Wang

Improving the safety and usability of the blind movement is of great signifi-
cance. The blind navigation system has always been the focus of attention.
However, achieving an unconscious interaction and long-term operation with
high navigation accuracy is an urgent challenge. In this study, a distributed
self-powered intelligent voice navigation tactile pavement (SVP) based on a
hybrid nanogenerator for blind navigation is reported. More than 4-s effec-
tive output time is achieved under a single instantaneous pressure to the
hybrid nanogenerator. The system is integrated with an inertial storage hybrid
nanogenerator (ISNG), RF transmitter module, and voice broadcast module.
It has the advantages of outstanding navigation accuracy, fatigue resistance
(16 000 cycles), temperature stability (—50 to 50 °C), no required operation,
and easy fabrication. The SVP may solve the difficulties of GPS navigation
delay and lack of map information and realize the accurate identification and
feedback of key locations, providing an effective and unconscious interaction
navigation strategy for the blind. Integrating the hybrid nanogenerator under
the road can provide an energy supply for the construction of the Internet of

world. Of these people, around 39 million
are blind at least, and it is expected that
the population with visual impairment
will continue to increase in the next few
decades.!! Blind people are facing many
difficulties every day due to their inability
to detect objects. In particular, imperfect
barrier-free facilities make it more difficult
for the blind to walk. Therefore, seeking
a safe and effective navigation strategy is
what the blind expects.?

With the development of the Internet of
Things (IoT), the intelligence of navigation
systems has been continuously improved,
which has become a necessary tool for
people's daily life.’] However, visual
impairment makes it impossible for the
blind to easily use the common intelligent
navigation equipment to ensure conven-

Things and smart city in the future.

1. Introduction

According to the World Health Organization, there are about
285 million people have visual impairment or blindness in the

ient travel. They need a specialized device
that is designed for the blind.™ To most
of the existing equipment, the navigation
function is based on the digital commer-
cial Global Position System (GPS), which is not suitable for
the area with no GPS map. And the positioning is not accurate
enough due to the location information refresh delay and hard-
ware facility.’) Moreover, the complicated operation process and
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noninteractive user experience are unfriendly to the blind. In
most cases, the walking routes are complex and diverse, not
keeping a single straight line. Therefore, accurate identification
and feedback of key locations are crucial for blind navigation.
Such as the crossroads and destination. When the GPS map is
lost or not detailed enough, the only option is to navigate in the
planned orbit. Erroneous identification of key locations may be
fatal for the visually impaired.l! By constructing the distributed
intelligent voice navigation network in the city to feedback the
key location information to the blind precisely, we can prevent
these problems and realize barrier-free and safe travel for the
blind.

However, the power supply of a large number of distributed
navigation devices is a huge challenge, which brings great dif-
ficulties to the construction of Internet of Things. Fortunately,
energy harvesting technologies and equipment have proven
their unique ability to power distributed electronics, such as
electromagnetic generator (EMG),” triboelectric nanogenerator
(TENG),®l piezoelectric nanogenerator (PENG),! and biofuel
cell.'% These technologies can convert the mechanical energy
of human movement or the biomass energy of the human
body into electricity to power wearable and portable elec-
tronics. As an efficient and environment-friendly mechanical
energy harvesting technology, TENG can generate a voltage
output of tens to hundreds of volts when the current output is
dozens of microamps. TENG has been rapidly developed due
to the simple manufacturing processes, a wide range of mate-
rial choices, and high output voltage."!l Electromagnetic gen-
erators can also convert biomechanical energy into electricity
based on electromagnetic induction.?l The size of the perma-
nent magnet and the turns of the coil will directly influence
the output. In recent research, the hybrid utilization of these
energy harvesting technologies has shown encouraging pros-
pects for the Internet of things.' However, biomechanical
motion is always low-frequency and discontinuous, which
makes it difficult for the harvester to convert efficiently to drive
the high-power electronics.™l

Here, we present a self-powered intelligent voice navigation
tactile pavement based on an inertia storage hybrid nanogen-
erator (ISNG) that is consisted of triboelectric nanogenerator
(TENG) and electromagnetic generator (EMG). Under a single
instantaneous external force, ISNG can generate electricity
continuously for about 4 seconds. TENG can produce a max-
imum open-circuit voltage of 25 V and a short-circuit current
of 0.6 HA. EMG can produce a maximum open-circuit voltage
of 5V and a short-circuit current of 3.5 mA. ISNG has the
ability to power a variety of electronic devices, such as LED,
hygrometer, and mobile smartphone. Finally, we have built a
self-powered intelligent voice navigation tactile pavement (SVP)
composed of ISNG, RF transmitter module, and voice broad-
cast module. Imitating the design of tactile pavement, ISNG is
placed under the pavement. When the blind steps on the convex
structure of the tactile pavement, the ISNG at the bottom can
convert the biomechanical energy of the human motion into
electrical energy that can power the RF module for launching
an RF signal. After receiving the RF signal, the voice broadcast
module nearby the key location can automatically broadcast the
information. We have presented that SVP can guide the blind
walking from the bus stop through the intersection and finally
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reach the supermarket. These convincingly demonstrate that
SVP can improve navigation accuracy and be utilized as a part
of the blind navigation system to enhance safety and usability
for blind movement.

2. Results and Discussion

2.1. Self-Powered Intelligent Voice Navigation Tactile Pavement

Many regular permutation protrusions are fixed on the sur-
face of the tactile pavement, and the height of each protru-
sion is about 5 mm. The blind can use their feet to sense the
protrusion and correct the walking direction. There are three
common protrusions: spherical, square, and cylindrical. While
preserving this structure, we have designed a self-powered
intelligent voice navigation tactile pavement (SVP) (Figure 1a).
The system includes ISNG and RF transmitting modules fixed
under the protrusion and a voice broadcast module distributed
on the road (Figure 1b). The screw rod of ISNG is distributed in
the middle of these protrusions, which work for transmitting
the kinetic energy of the human motion to ISNG (Figure 1a).

When the foot stamp on the protrusion, the middle protru-
sion will drop to be flush with the ground leading to the screw
rod being pressed down to drive the generator rotation. Because
of the existence of other permutation protrusions, there is no
discomfort during walking on the SVP. The electricity generated
by the ISNG drives the RF module to launch a wireless signal
to the voice broadcast module on the road. After receiving the
RF signal, the voice broadcast module will respond and auto-
matically broadcast nearby location information, such as super-
markets, bus stops, and crossroads. The blind can get feedback
on their current location through voice broadcasting. Compared
with the common GPS navigation system, the self-powered
intelligent voice navigation tactile pavement can instantane-
ously and accurately broadcast the key location information,
avoiding the travel disturbance of the blind caused by the GPS
network refresh delay and map information error.

2.2. Structural Design of ISNG

ISNG consists of four parts: inertial storage structure, power
generation structure, elastic recovery structure, and support
structure (Figure 1d). The inertial storage structure and elastic
recovery structure constitute the transmission structure of
ISNG, which can convert the linear motion into horizontal
rotational motion (Figure le). By the unique mechanical trans-
mission structure, ISNG can convert the single instantaneous
pressure into continuous rotational motion over 4 s. After the
external force is removed, the rotation of the rotor is not hin-
dered. Until the next external force is applied to the ISNG, the
rotation speed of the rotor will be accelerated (Video S1, Sup-
porting Information).

The power generation structure is composed of TENG and
EMG. Both of them are dependent on horizontal rotary motion
(Figure 1c). As the rotator, the 5 mm thick acrylic disc prepared
by laser cutting is fixed with the transmission structure. Eight
magnets are evenly embedded at the edge of the disc, and four
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fan-shaped PTFE are evenly attached to the surface of the disc.
As the stator, eight series connection copper coils are evenly
embedded on the intermediate shell prepared by 3D printing.
The positions of the eight copper coils are opposite to the eight
magnets (Figure S1, Supporting Information). The annular
interdigital copper electrode adheres to the lower surface of the
intermediate housing opposite to PTFE. Four pieces of rabbit
fur are pasted vertically in the gap of the interdigital electrode.
And the whole device is wrapped with PTFE film to improve its
waterproof performance.

2.3. Working Principle of ISNG

We have proposed the working principle of ISNG in one cycle
(Figure 2a). The mechanism of TENG is based on the tri-
boelectric and electrostatic induction effect of two materials
with different electronegativity during the relative movement
(Figure 2b). The rotor of the transmission structure drives the
acrylic disc to rotate. In the initial state, PTFE is located in the
gap position of the interdigital electrode, and then PTFE rotates
to the E2 position. Due to the abundant negative charge on the
surface of the corona discharge treated PTFE, an equal amount
of positive charge is induced on the E2 electrode surface. In the
external circuit, the positive charge flows from E1 to E2. When
PTFE rotates from the E2 position to the gap position of the
interdigital electrode, the positive charge induced on the surface
of the E2 electrode decreases gradually because the overlapping
area between PTFE and E2 electrode decreases gradually. In the
external circuit, the positive charge flows from E2 to E1. Rabbit
fur here plays a role in supplementing charge for PTFE surface.
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Figure 1. a) Concept diagram of SVP. b) Composition diagram of SVP. c) Power generation structure of ISNG. d) The explosive diagram of ISNG.
e) Mechanical transmission structure of ISNG.

We use a DC motor to drive the friction generator at a constant
speed of 350 rpm. In this condition, TENG can generate an
open-circuit voltage of 25 V and a short-circuit current of 0.5 pA
(Figure 2d). The peak values of open-circuit voltage remain
stable with the gradual decrease in the rotational speed, while
the short-circuit current gradually decreases. That is because
the rotational speed has no influence on the transferred charge
density under a constant contact area. And a higher rotational
speed results in a faster charge transfer rate. The open-circuit
voltage and the short-circuit current can be derived by the equa-
tion as follows

dQ

Isc = E (1)
Voc 2% (2)

Here, Q is the transferred charge, C is the capacitance, ¢
refers to time. It can be seen that the current values are deter-
mined by the transferred charge and time. Hence, there is
no correlation between the open-circuit voltage of TENG and
rotating speed. The short-circuit current has a linear relation
with rotational speed.

The rotor of the transmission structure drives the disk with
magnets embedded at the edge to rotate. The copper coil in the
middle shell is affected by the changing magnetic field, and the
induced current is generated in the coil. At a constant speed
of 350 rpm, the electromagnetic generator can generate an
open circuit voltage of 4 V and a short circuit current of 3 mA
(Figure 2e). The open-circuit voltage and the short circuit cur-
rent can be derived by the equation as follow:
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Figure 2. a) Schematic diagram of ISNG in a complete cycle. b) Schematic diagram of the working mechanism of TENG. c) Schematic diagram of the
working principle of EMG. The short-circuit current and open-circuit voltage of d)TENG and e) EMG at a constant speed (350 rpm).

ao
Voc = ”g 3)
_ do
Isc = nR_dt (4)

Here, Vi is the open-circuit voltage, Isc is the short-circuit
current, @ refers to magnetic flux, R is source impedance, n
refers to the number of turns of the coil, and t refers to time.
Thus, the open-circuit voltage and the short-circuit current of
EMG have a linear relationship with rotational speed.

2.4. Electrical Characterization of ISNG

We use a vertical linear motor to simulate the movement of
human feet lifting and falling, as shown in Figure 3a. Under
the pressure condition of 8 m s acceleration and 9 mm
vertical displacement, TENG can generate a maximum open-
circuit voltage of 25 V, and a maximum short-circuit current
of 0.6 pA (Figure 3b,c). EMG can generate a maximum open-
circuit voltage of 5 V, and a maximum short-circuit current
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of 3.5 mA (Figure 3e,f). To investigate the impedances of the
TENG and EMG unit of the ISNG, the output current and
voltage are measured under the different loading resistances.
The output voltage of TENG and EMG increases with the
increase of load, the output current decreases with the increase
of load, and the output power increases at first and then
decreases with the increase of load. Under the load of 60 MQ,
the maximum output power of TENG is 2.7 pW (Figure 3d).
Under the load of 1800 Q, EMG can obtain a maximum output
power of 4.7 mW (Figure 3g). The continuous and stable output
performance of ISNG at the loading frequency of 1Hz shows its
potential as a wearable power supply unit (Figure 3h,i). In order
to explore the durability of ISNG, we have done 16 000 loading
tests under low frequency (0.35 Hz). After the fatigue tests,
ISNG still maintains stable output performance, which shows
that ISNG has the ability of long-term service (Figure 3j). More-
over, the waterproof performance of the device still shows an
excellent result after the durability test (Figure S4, Supporting
Information).

The output performance of the ISNG depends on the max-
imum speed of the internal rotor. The maximum speed of the

(4 of 9) © 2022 Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of a system to simulate pressure changes. b) Open-circuit voltage and c) short-circuit current of TENG under a single
load. d) The relationships between the output voltage/power and the loading resistance of TENG. e) Open-circuit voltage and f) short-circuit current
of EMG under a single load. g) The relationships between the output voltage/power and the loading resistance of EMG. The continuous output voltage

of h) TENG and i) EMG at a 1-Hz frequency load. j) Fatigue test of ISNG.

rotor is positively correlated with the downward speed when the
vertical screw rod to the lowest point. Therefore, we explored the
influence of the vertical downward acceleration and downward
displacement of the screw rod on the output performance of
ISNG. First, press the screw rod with an acceleration of 10 m s72.
When the downward height of the screw rod is reduced from 9 to
5 mm, the maximum output voltage of EMG is reduced from 6 to
4V, the maximum output voltage of TENG remains unchanged,
and the continuous output time of both is reduced from 6 to 4 s.
Second, the vertical descending displacement is maintained at
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9 mm. When the acceleration of the screw rod is reduced from
10 to 2 m 57, the maximum output voltage of EMG is reduced
from 6 to 3V, and the maximum output voltage of TENG remains
unchanged. The continuous output time of both is reduced from
6 to 3 s (Figure 4a,b; Figure S5, Supporting Information). At the
same time, we measured and fitted the output values of ISNG
under different accelerations and heights. It was found that the
maximum output peak value and output time of ISNG increased
with the increase with the acceleration and vertical downward
displacement of the external force (Figure 4c,d).

© 2022 Wiley-VCH GmbH
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Figure 4. a) Open-circuit voltage of EMG at different pressing vertical downward displacements under 10 m s~

2 pressure acceleration. b) Open-circuit

voltage of EMG at different pressing accelerations at 9 mm downward displacement. c) Scatter diagram and d) nonlinear fitting diagram of EMG'’s
open-circuit voltage under different pressing displacements and pressing acceleration. ) Open-circuit voltage of EMG and TENG at different tempera-

tures (n = 3). f) Charging circuit diagram of ISNG. g) Lithium-ion battery (=

0.8 mAh) charge curve of ISNG. h) Capacitor (47 iF) charge curve of each

part and ISNG. Application as the universal power source for i) LED, j) thermometer, and k) smartphone.

Since the ISNG will be utilized in an open-air environment,
we use mechanically and chemically stable PTFE film for pack-
aging the ISNG as a whole to avoid the impact of air humidity
on its output. We successfully powered the LED by ISNG
underwater (Video S2, Supporting Information). Because the
environment temperature varies greatly throughout the four
seasons, we measured the output performance of the ISNG
at different temperatures. First, we have measured its output
performance at room temperature. Second, we placed it in an
electric constant temperature drying oven at 50 °C for 5 h, and
then took it out and measured its short-circuit current and
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open-circuit voltage immediately. Finally, we put ISNG into the
refrigerator at =50 °C for 5 h, and then tested its output per-
formance. After treatment at different temperatures, it can be
found that the output of TENG and EMG fluctuates little within
the ambient temperature range, proving the ability of outdoor
service (Figure 4e).

A Dbattery and capacitor are used as the energy storage unit
to drive the electronics stably and continuously in this research.
The two power generation types of ISNG are connected in par-
allel (Figure 4f). ISNG can instantly charge a small battery of
0.8 mAh to 3 V under the conditions of 6 m s~ acceleration and

© 2022 Wiley-VCH GmbH
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Figure 5. a) Designed diagram and b) picture of SVP. c) Picture of integrated RF transmitter module and voice broadcast module of SVP. d) Simplified
circuit diagram of SVP. e) Voltage changes of a 100 uF capacitor charged by ISNG and used to power the RF transmitter module to emit a trigger signal.

9 mm stamp vertical displacement (Figure 4g). When ISNG is
stamped by the foot and the vertical displacement is 5 mm, the
electric energy generated by the ISNG can charge the capacitor
(47 UF) over 3 V instantaneously (Figure 4h). Benefitting from
TENG's high output voltage characteristic, the ISNG can still
charge the capacitor to 5 V, which is beyond the output voltage
of EMG on this condition (Figure 4h). EMG and TENG par-
allel compound strategy solves the defects of slow charging of
TENG and a low charging voltage of EMG and realizes com-
plementary advantages. ISNG can serve as a power supply unit
for portable electronic equipment and supply power to different
electronic equipment. A single load can drive the LED light to
light for 4 s and the thermometer and hygrometer to work for
30 s. The continuous load can provide energy for mobile phone
(Figure 4i-k; Video S3, Supporting Information). These applica-
tions show the potential of ISNG to be used as an outstanding
biomechanical energy harvester for self-powered distributed
electronics.

2.5. Application of ISNG in Blind Navigation

By combining ISNG with tactile pavement, we design a self-
powered intelligent voice navigation tactile pavement (SVP)
(Figure 5a). The system consists of three parts: ISNG and RF
transmitter modules are located below the tactile pavement,
and the voice broadcast module is located adjacent to the key
navigation location (Figure 5b). The ISNG is placed under the
tactile pavement and protrudes 5 mm from the pavement to
imitate the protruding structure of the tactile pavement.

Adv. Mater. Technol. 2022, 2200270
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When the foot stamp on the protrusion of the ISNG, it can
instantly charge 100 UF capacitors to 3.7 V after rectification,
which can drive the ultra-low power consumption RF module
and communicate with the RF receiver at the working fre-
quency of 433.92 MHz (Figure 5c¢,d). After being processed
by the microcontroller unit (MCU), the low-level signal was
generated to trigger the MCU of the voice broadcast module.
Then the paired voice broadcast module will instantaneously
emit the voice prompt about location information. such as
bus stops, life supermarkets, and intersections (Figure 5e). As
shown in Video S4, Supporting Information, SVP can guide the
blind walking from the bus stop through the intersection to the
supermarket by voice feedback. SVP can eliminate the problem
of GPS navigation delay or incomplete map information and
provides convenience and safety for blind walking.

3. Conclusions

In summary, we have proposed a self-powered intelligent fixed-
point voice navigation tactile pavement (SVP) driven by an
inertial storage hybrid nanogenerator (ISNG) which is based
on the triboelectric nanogenerator (TENG) and electromag-
netic generator (EMG). ISNG imitates the convex structure of
the tactile pavement, which can efficiently convert the kinetic
energy of the human walking into electricity. When the ISNG
is pressed under an instantaneous external force, it can gen-
erate electricity continuously over 4 s. The TENG can produce a
maximum open-circuit voltage of 25 V and a maximum short-
circuit current of 0.6 uUA. The EMG can produce a maximum

© 2022 Wiley-VCH GmbH
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open-circuit voltage of 5 V and a maximum short-circuit cur-
rent of 3.5 mA. Driven by foot, ISNG can power the RF trans-
mitter module to send the key location information to the
adjacent voice broadcast module. This distributed self-powered
fixed-point voice navigation system may solve the problem of
blind walking caused by GPS navigation refresh delay and lack
of map information. The navigation accuracy can be improved
by SVP to enhance the safety and usability of blind movement.
At the same time, the distributed efficient power generation
device below the road provides an energy supply for the con-
struction of the intelligent city and the Internet of Things.

4. Experimental Section

Fabrication of Transmission and Support Structure: The material utilized
in these structures was 3D printed polyamide 12 with 30% glass bead
filler, which had excellent temperature resistance, dimensional stability,
and toughness. The transmission structure was mainly composed of
two groups of mechanical structures: a vertical reciprocating structure
composed of a screw rod, internal thread sleeve and spring, and the
other was a horizontal rotating structure composed of an internal thread
sleeve, rotor, and support seat. When the screw rod moved downward,
the surface friction of the screw cap limited its freedom of horizontal
rotation, and the screw rod could only maintain vertical movement. Due
to the small friction between the screw rod and the internal thread sleeve,
when subjected to the vertical force of the screw rod thread, the internal
thread sleeve produced two movement modes of horizontal rotation and
vertical movement at the same time. The thin internal spring played the
role of springing the screw rod, and the external thick spring suspended
the internal thread sleeve. There were many serrations at the bottom
edge of the internal thread sleeve and serrated indentations at the top
of the rotor. When the internal thread sleeve moved downward, the
serrations meshed with cogs, and the horizontal rotary motion drove the
rotor to rotate.

Fabrication of EMG Part of ISNG: An acrylic annular disc with an outer
diameter of 5 cm and an inner diameter of 2 cm was prepared by laser
cutting. Eight through holes with a diameter of 1 cm were evenly cut at
the edge of the annular disc to place the magnet. The annular disc was
equipped with magnets and the rotor of the bottom of the transmission
structure adopted an interference fit. 3D printing technology was used
to prepare a shell for fixing and supporting the transmission structure.
The shell was divided into three parts: top cover, middle, and bottom
support. Eight through holes with a diameter of 1T cm were distributed
on the edge of the middle shell for placing copper coils. When the
transmission structure was pressed, the bottom rotor drove the acrylic
annular disc to rotate. The copper coil in the middle shell was affected
by the changing magnetic field to produce an induced current.

Fabrication of TENG Part of ISNG: The TENG was composed of three
parts: charge resident layer (PTFE), inductive interdigital electrode,
and charge supplement material (rabbit fur). Four fan-shaped PTFE
were uniformly pasted on the upper surface of the annular acrylic disc
prepared by laser cutting, and the inductive interdigital electrode was
pasted on the lower surface of the middle shell of 3D printing. To further
promote the output performance of ISNG, the corona discharge method
was used to modify the PTFE surface to achieve a higher surface charge
density.”! Four pieces of rabbit fur were vertically pasted on the lower
surface of the middle shell of 3D printing and distributed in the gap
between the inner and outer ring of interdigital electrodes. When the
transmission structure was pressed, the annular disc drove the PTFE
on the surface to rotate. In the process of PTFE rotation, it constantly
rubbed with the rabbit fur contact to accumulate charge. The interdigital
electrode was affected by electrostatic induction, and the induced
current was generated in the circuit."®l

Characterization of ISNG: The electrical output performance of ISNG
was measured by the electrometer (Keithley 6517B) and the oscilloscope
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(LeCroy HDO6104). The linear motor (LinMot E1100) was used to
provide a periodic vertical external force applied to the ISNG.

Statistical Analysis: All results were performed with the sample size of
n = 3. The statistics were expressed as the mean values £ SD (standard
deviation). Origin 8.0 was used for statistical analysis.
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Supporting Information is available from the Wiley Online Library or
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