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Recently, there has been growing interest in triboelectric nanogenerators (TENGs) that can effectively convert various forms of me-

chanical energy input into electrical energy. In the present study, a novel Teflon/vitamin B1 powder based triboelectric nanogener-

ator (TVB-TENG) is proposed. Paper is utilized as a supporting platform for triboelectrification between a commercial Teflon tape

and vitamin B1 powder. The measured open-circuit voltage was approximately 340 V. The TVB-TENG can be applied as a

humidity sensor and exhibits a linear and reversible response to the relative humidity of the environment. Moreover, the change in

relative humidity is also indicated by the change in luminosity of a set of light-emitting diodes (LEDs) integrated in the TVB-

TENG system. The TVB-TENG proposed in this study illustrates a cost-effective method for portable power supply and sensing

devices.

Introduction

Recently, there has been unprecedented advancement in the
internet of things (IoT) technology, which includes environ-
mental monitoring and intelligent community applications. Par-
ticularly, humidity sensing has been investigated in environ-
mental monitoring, and in other sectors, such as agriculture,

food safety, wearable electronics, and wireless sensor networks

[1-4]. However, conventional power generation is needed to
supply energy to these sensor networks, which leads to in-
creased energy usage and adverse impacts on the environment.
More specifically, the degradation of the urban environment has
been increasing due to the current life habits of the population

[5-7]. Moreover, a variety of sensors are often placed in severe

1394


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:yyxie@swu.edu.cn
mailto:poem24@swu.edu.cn
https://doi.org/10.3762/bjnano.11.123

environmental conditions, which might restrict their power
supply options [8-12]. As a result, several lines of research have
been focused on the development of methods for harvesting
energy from the surrounding environment and converting it into
electrical power. Through the design of portable electronics and
wireless sensor systems [13-16], which harvest energy from the
environment, the adverse environmental effects caused by
battery-powered systems can be mitigated [17-21]. Hence, the
investigation of self-powered sensors which harvest energy

from the surrounding environment is highly sustainable.

Triboelectric nanogenerators (TENGs) have been growing in
popularity for use as a novel technology to harvest energy.
TENGSs have a significant impact on the advancement of wear-
able electronics, intelligent robots, and the IoT [22-28].
Presently, TENGs are used to harvest various forms of mechan-
ical energy from the surrounding environment, such as acoustic
energy, wind, vibrations and human motion [29-33]. Recently,
TENG-based sensors have attracted increased attention [34-41].
In 2014, Ga-doped ZnO was used for the fabrication of piezo-
humidity sensors with a high sensitivity and a fast response
[42]. In 2018, Vivekananthan et al. proposed sustainable energy
harvesting and battery-free humidity sensors by using biocom-
patible collagen nanofibrils [43]. More recently, Zhang et al. de-
veloped a TENG-driven self-powered flexible humidity sensor
based on a tin disulfide nanoflower/reduced graphene oxide
(SnS,/rGO) hybrid nanomaterial [44]. However, the large-scale
application of TENGs for humidity sensing is hindered by the
high costs involved in their complex production and the high
facility costs for particular manufacturing process. Thus, inten-
sive research is required for the design of TENGs based on
commercially available, cost-effective and feasible materials.
Furthermore, TENGs should be seamlessly integrated and fabri-
cated using a simple process, particularly regarding multifunc-
tional sensing applications.

In the present study, a novel Teflon/vitamin B1 powder based
triboelectric nanogenerator (TVB-TENG) is proposed. Vitamin
B1 is an essential water-soluble vitamin which stays in the
human body for only a few hours. Vitamin B1 is a coenzyme
involved in the metabolism of sugar, protein and fat, which is
found in grains, beans, pork, and other sources. Since it is cost-
effective, environmentally friendly, non-poisonous and soluble,
vitamin B1 can be used as a lubricant to make a friction nano-
generator. Due to its sustainability and flexibility, paper can be
used as a substrate and supporting structure. The conductive
electrode is made of copper foil, while the triboelectric pair is
comprised of Teflon tape and vitamin B1 powder. The approxi-
mate values of the output power density of the TVB-TENG can
reach 120.13 pW/cm?. In addition, the approximate values of

the open-circuit voltage (V) and short-circuit current (/g;) of
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this device were 340 V and 46.3 pA, respectively. These results
indicate that sufficient power can be supplied to systems with
low power requirements. As an extension of previous work
[45], the self-powered TVB-TENG designed in this study can
be used to measure the relative humidity and exhibits good
linearity and reversibility. In addition, the materials used
in the manufacturing of the TENGs are nontoxic and
degradable. Furthermore, light-emitting diodes (LEDs) are inte-
grated with the humidity sensor and the luminosity is an indi-
cator of the relative humidity (RH) from the surrounding envi-

ronment.

Experimental

The conductive copper foil tape is used as the electrode, while
the paper (manufacturer: Miao Ben) at the bottom serves as a
supporting platform. The Teflon tape (manufacturer:
RUIGUAN) is cut to the desired size (4 cm X 5 cm) and pasted
to the bottom of the conductive copper foil tape, serving as one
element of the triboelectric pair. In addition, 20 £ 5 mg of
vitamin B1 powder (manufacturer: Huazhong Pharmaceutical
Co. LTD) is pressed against the bottom of another conductive
copper foil tape with double-sided tape, working as the other el-
ement in the triboelectric pair. The fabrication process of the
TVB-TENG proposed in this study is illustrated in Figure 1 and
the actual price of the material used to make the TENG is only
approximately CN¥ 0.5. An oscilloscope (probe: 100 MQ) was
used to measure the voltage across the external load (a variable
resistor) and a high-precision multifunctional electronic scale,
with an accuracy of 0.001 g, was used to measure the required
amount of vitamin B1 powder.

Results and Discussion

As shown in Figure 2, the working mechanism of TVB-TENG
is based on contact triboelectrification and electrostatic induc-
tion. First, when the device is externally compressed, electrons
are transferred from the B1 vitamin membrane to the Teflon
membrane. The contact surface between the vitamin B1 mem-
brane and the Teflon membrane is separated in the absence of
an external force. There is a positive charge transfer from the
conductive copper foil tape at the bottom of the TVB-TENG, to
the conductive copper foil tape at the top, leading to an electric
field equilibrium due to electrostatic induction. As a result, a
potential difference between the electrodes is generated. Subse-
quently, when the TVB-TENG is pressed again, an opposite
potential difference is produced due to the triboelectrification
principle. As such, there is a positive charge transfer from the
top of the conductive copper foil tape of the TVB-TENG to the
bottom one [46]. Therefore, it is expected that TVB-TENGs can
produce a stable output power under the sustained effect of an
external force. The potential distribution is illustrated to obtain

a comprehensive understanding of this phenomenon.
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Figure 1: The manufacturing process of the TVB-TENG structure.
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. Paper

Figure 2: The working mechanism of the TVB-TENG structure.

An oscilloscope (probe: 100 MQ) was used to measure the
voltage across the external load (a variable resistor). The output
current was calculated by using the measured voltage and the
load resistance. As illustrated in Figure 3a and Figure 3b, the

. Vitamin B1 powder
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output voltage and the current reached a peak at 340 V and
46.3 pA, corresponding to a load resistance of 100 MQ and
100 kQ, respectively. As shown in Figure 3¢, when the load
resistance was increased from 100 kQ to 100 MQ, the measured
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Figure 3: (a) The output voltage (matched load of 100 MQ) and (b) short-circuit current (matched load of 100 kQ) in a TENG. (c) The behavior of the
output voltage and short-circuit current upon changing the load resistance. (d) The behavior of the output power density upon changing the load resis-
tance. (e) TVB-TENG with a full-wave bridge rectifier for charging a 1 nF capacitor. In one cycle, 87 nC of charge is transferred. (f) The reliability of

TVB-TENG was studied over 500 working cycles.

output voltage showed an increasing trend. As shown in
Figure 3d, the output power reached its peak at 2402.5 uW at a
loading resistance of 10 MQ. Accordingly, the fabricated
internal resistance of the TENGs was close to 10 MQ. Conse-
quently, considering the size of the fabricated TENG

(4 cm x 5 cm), the maximum power density is 120.13 yW/cm?,

Since an external resistance of 100 MQ is much higher than
10 MQ (roughly equal to the internal resistance), the output
voltage (at a 100 MQ load) is approximated to be equal to the
open circuit voltage. Similarly, for a load of 100 kQ, the corre-
sponding output current can be considered to be equal to the

short circuit current. In addition, as shown in Figure 3e, the
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charging capacity of the prepared TVB-TENG was investigated
by integrating a full-wave rectifier bridge to charge a 1 nF
capacitor. The maximum capacitive voltage was 87 V, and in
one cycle, a charge of 87 nC was transferred. The reliability of
the manufactured TVB-TENG was also investigated. As shown
in Figure 3f, the output voltage of the TENG remains steady
even after 500 external force testing cycles.

The TENG output is affected by the humidity due to the tribo-
electric effect, and the preservation of the triboelectric charge at
the surface is severely decreased by the humid environment
[47]. It should be considered that the experiments with the

Beilstein J. Nanotechnol. 2020, 11, 1394—1401.

TVB-TENG were performed in Chongqing, located in the
southern region of China where it rains often and the annual
relative humidity is usually above 40%. Thus, the humidity
sensor response is limited due to a change in RH from 40 to
90% (Figure 4a—f). The dynamic change between the output
voltage and the RH can be derived from the 2D graph. As the
RH increased, there was a declining trend in the output signal.
Figure 4 shows the output voltage of the TVB-TENG upon a
change in RH. The output voltages of 371 V, 331 V, 247 V,
180 V, 137 V and 105 V corresponded to RH levels of 40%,
50%, 60%, 70%, 80% and 90%, respectively. As illustrated in
Figure 5Sa, the output voltage as a function of RH has a linear
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Figure 4: The output voltage sensor feedback at different humidity levels: 40% (a), 50% (b), 60% (c), 70% (d), 80% (e) and 90% (f).
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Figure 5: (a) The output voltage of the TVB-TENG as a function of RH (40-90%). (b) A representative photograph of the TVB-TENG.
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fitting and the fitting equation for the output voltage (Y) and the
relative humidity (X) can be represented as Y = 596.03 — 5.65X,
with an R-squared value of 0.9741. A representative photo-
graph of the TVB-TENG is shown in Figure 5b. Table 1
presents the humidity-sensing characteristics of the proposed
humidity sensor in comparison with previously published
studies [42-44,48,49]. The response and measurement range
of the manufactured sensor are comparable to the sensor
made from collagen—cotton fabric via the freeze-dried method
[43].

Beilstein J. Nanotechnol. 2020, 11, 1394-1401.

Furthermore, the reversibility of the TVB-TENG in terms of
humidity sensing characteristics was also studied, as shown in
Figure 6a. Thirty blue LEDs (according to the product specifi-
cation of these 3 mm LEDs the voltage range is 1.8-2.2 V) were
connected to the TENG humidity sensor as a real-time indi-
cator of changes in the RH. The tests were conducted in envi-
ronments with different RHs, and the luminosity of the LEDs
was an indicator of changes in the RH. As illustrated in
Figure 6b, when the surrounding humidity changes drastically,

the change in the LED system luminosity can act as an alarm.

Table 1: The results presented in this work are compared with previous studies for humidity detection.

Sensor type  Sensing material Fabrication method Measurementrange  Response Ref.
voltage-type =~ Ga-doped ZnO hydrothermal method 45-80% RH 358 [42]
current-type  collagen—cotton fabric freeze-dried method 50-90% RH 0.1287 pA/%RH  [43]
voltage-type  SnS,/rGO screen-printing method 0-97% RH 65 [44]
voltage-type  Al-doped ZnO seed-assisted wet-chemical 15-60% RH 1522 [48]
method
voltage-type  Fe-doped ZnO seed-assisted wet-chemical 5-65% RH 305 [49]
method
voltage-type  vitamin B powder powder machine method 40-90% RH 5.65 V/%RH current work
@) 500
400
300 +
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Figure 6: (a) Reversibility of a TVB-TENG-based humidity sensor. (b) The change in luminosity of thirty LEDs under different relative humidity condi-

tions.
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Conclusion

This study proposed a novel TVB-TENG using vitamin B1
powder and Teflon tape. The fabricated device integrates a self-
powered energy supply with a sensing system, and the change
in relative humidity of the surrounding environment is properly
detected. According to the experimental analysis, the results
show that the TVB-TENG has a distinct humidity response.
Further, the change in RH was also illustrated via the lumi-
nosity changes of the integrated LEDs. The device proposed in
this study has great application potential in the area of environ-
mental monitoring.
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Abstract

Due to the extensive energy consumption and high population density in modern cities, the collection and use of scattered walking
energy from the stream of people is crucial for the development of a green ecological city. Herein, a flexible undulated electrode-
based triboelectric nanogenerator (u-TENG) was integrated to the floor to scavenge walking energy from pedestrians, promoting
the ordered collection of disordered and scattered energy. Driven by the steps of human walking, the output of the as-fabricated
u-TENG are an open-circuit voltage of 86 V and a short-circuit current of 6.2 uA, which are able to continuously light up 110 light-
emitting diode bulbs. In addition, a self-powered location-tracking system was prepared for pedestrian volume counting and
passenger tracing with the purpose of reducing energy consumption in public areas. The proposed walking energy harvesting device
is flexible, feasible, and unaffected by season, climate, or location. This work not only proposes a strategy for mechanical energy
harvesting in public areas, including subway stations, hospitals, shopping malls, and business streets, but also offers a novel solu-
tion for smart cities and low-carbon transportation alternatives.

Introduction

With the fast progress in urbanization and commercialization, most general power sources. The human body is a rich source of
energy acquisition for powering wearable electronics [1-5] and  mechanical energy [6]. Muscle stretching, for example, converts
wireless sensor networks is in high demand. Mechanical energy, biochemical energy into mechanical motion with a peak effi-

which is widely distributed in the environment, is one of the ciency of ~25%, which can easily deliver an output power of
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more than 100 W [7]. Even though the population maintains a
sustainable growth, there is a high concentration of people in
almost every public area. However, this universal and wide-

spread form of energy has been neglected and wasted daily.

So far, in order to harvest the energy resulting from human
motion, several mechanical energy scavenging methods have
been invented, including devices based on electrostatic [8,9],
electromagnetic [10,11], and piezoelectric effects [12-14]. Since
the output power density of an electromagnetic generator
(EMGQG) is proportional to the square of the frequency, it is not
very efficient for an EMG to harvest low-frequency human
motions, especially if they are below 5 Hz [15]. With respect to
the piezoelectric generator, the relatively low-energy conver-
sion efficiency and the fabrication complexity greatly hinder its
potential application in large-scale energy conversion systems.
Consequently, a small, lightweight, highly efficient, and cost-
effective device for collecting disordered and scattered mechan-
ical energy from the crowds in public locations is urgently
needed.

Recently, triboelectric nanogenerators (TENGs) have been
invented, which offer an innovative combination between elec-
trostatic induction and contact electrification. These devices are
able to harvest mechanical energy from a vast array of sources,
such as body motion [16-19], vibration [20-23], rotation [24-
27], sound wave [28], air flow [29-31], water wave, and rain
drops [32-34]. Furthermore, since they are able to convert me-
chanical motion into electrical energy, TENGs have been
widely used to successfully construct reliable self-powered
sensing systems with an excellent performance, which can be
used as motion [35-37] and temperature sensors [38,39], UV
detectors [40], tactile sensors [41-43], sensors for healthcare

[44-47], humidity sensors, and gas sensors [48-51], for exam-
ple.

In this work, a flexible undulated electrode-based triboelectric
nanogenerator (u-TENG) was proposed and fabricated to scav-
enge the walking energy from areas with a high pedestrian flow.
The as-prepared u-TENG is composed of two copper-coated
nanostructured poly(tetrafluoroethylene) (PTFE) thin films as
the back electrodes and an elastic undulated electrode in be-
tween. The undulated electrode serves as a spacer and also as an
induction electrode for energy collection. Triggered by the steps
of human walking, the open-circuit voltage and short-circuit
current reach values up to 86 V and 6.2 pA, respectively, which
is sufficient to light up 110 light-emitting diode (LED) bulbs. In
addition, by integrating the u-TENGs with six electrode chan-
nels, a self-powered location-tracking system was developed.
This walking energy harvesting device is flexible, durable, and

feasible, regardless of the time of the day, season, climate, and

Beilstein J. Nanotechnol. 2020, 11, 1590—-1595.

weather, which makes it an ideal candidate for harvesting
walking energy from a high-flow pedestrian area. Although an
undulated electrode with similar shape design and working
mechanism has been proposed and demonstrated in our
previous work [34], in which it was used to collect the impact
from water waves, it has been used for the first time in this cur-
rent work to build up a self-powered location-tracking system
and to harvest mechanical energy from human walking. This
work unravels the practicality of the u-TENG, which can be
used as a device for harvesting energy from human motion, as a
self-powered tracking system, for transportation control, and for
environmental monitoring.

Experimental

Surface modification of a PTFE film

The surface modification of a PTFE film was performed in a
similar manner as described previously [34]. Deep reactive ion
etching was employed to construct PTFE nanowires aligned on
the surface. Isopropyl and deionized water were used to clean
50 pm thick PTFE films, which were then dried with nitrogen.
During the etching process, DC sputtering was used on the sur-
face of the PTFE film as a mask to deposit Au particles for 45 s.
Next, a gas mixture containing O;, CF,4, and Ar was introduced
to the inductively coupled plasma chamber, at corresponding
flow rates of 10.0, 30.0, and 15.0 sccm, respectively. The nano-
wire structure was obtained on the surface by etching the PTFE
film for 15 s. The high-density plasma was generated by a
500 W power source while the plasma ions were triggered by
another 160 W.

Fabrication of the u-TENG

The u-TENG fabrication procedure was adapted, with modifica-
tions, from [34]. The back electrode was formed by depositing a
Cu layer on the unmodified surface of a PTFE film via magne-
tron sputtering. A poly(dimethylsiloxane) (PDMS)-coated
PTFE film was mounted onto a poly(ethylene terephthalate)
(PET) substrate. The Kapton film was fixed with a row of steel
rods and heated, for 4 h in an oven at 100 °C, to achieve a wavy
configuration. Copper foils were deposited onto both sides of
the Kapton film by electron beam evaporation to form the
wave-shaped electrode. The lead was connected to the elec-
trode as an output terminal.

Characterization and electrical measurement
of the u-TENG

Field-emission scanning electron microscopy (FESEM, Hitachi
SU-8020) was used to characterize the surface morphology of
the modified PTFE film. A Stanford Research Systems equip-
ment was used to measure the output performance of the
u-TENG. Voltage and current were recorded using a Keithley

6514 electrometer.
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Results and Discussion

The structured diagram of the fabricated undulated electrode-
based triboelectric nanogenerator is shown in Figure 1a. This
nanogenerator is composed of PET substrates, nanostructured
PTFE thin films coated with copper foils (back electrodes), and
an elastic undulated electrode in between. The internal wave-
shaped electrode is obtained by depositing copper layers onto
both sides of the wave-shaped Kapton film, as displayed in
Figure 1a. Due to their huge difference in electron affinity [52],
copper and PTFE were selected as the contact materials. The
electrons flow between the undulated electrode and the planar
electrode since the external mechanical impact repeatedly
compresses the elastic corrugated electrode, shortening the dis-
tance between the PTFE film the undulated electrode. Through
deep reactive ion etching, polymer nanowires (average diame-
ter of ~150 nm and length values ranging from 410 to 680 nm)
were created to vertically align on the surface of the PTFE film,
as shown in Figure 1b. This modification on the PTFE surface
not only enhances the effective contact area with the undulated
electrode but also promotes the triboelectric charge density on
the friction surface. The prepared u-TENGs are flexible,
rugged, light, and small devices, as revealed in Figure 1c. It is
worth noting that the application of the undulated electrode
structure in this work is totally different from its application in
the previously reported work [34]. In the latter, the undulated
elastic electrode configuration was utilized to harvest the impact
from the water waves together with a solid-liquid interface
generator to collect the electrostatic energy from the water
body. In this manuscript, however, this design enables for an
efficient approach for harvesting energy from the walking flow
and for generating a self-powered pedestrian tracking system.

Figure 1: A flexible undulated electrode-based triboelectric nanogener-
ator. (a) Schematic diagram of the fabricated u-TENG. (b) FESEM
image of an inductively coupled plasma-etched PTFE film. (c) Repre-
sentative picture of the as-prepared undulated electrode.

The working principle of the u-TENG relies on the coupling be-
tween triboelectrification and electrostatic induction [34], as
shown in Figure 2. The application and release of a stepping
force during walking induces a periodical change between con-
tact and separation the PTFE films and the undulated copper

Beilstein J. Nanotechnol. 2020, 11, 1590-1595.

foils. This leads to the conversion of mechanical energy into

electricity, as sketched in Figure 2.

Figure 2: The working mechanism of the fabricated u-TENG in
response to a stepping force. (a) The PTFE film and the undulated Cu
electrode are brought into intimate contact by an external applied
force. (b) When the force is released, free electrons flow from the Cu
planar electrode to the undulated electrode. (c) The u-TENG reverts
back to its unloaded position. (d) An external force compresses the
u-TENG, driving the electrons move from the undulated electrode to
the planar electrode.

To quantitatively characterize the u-TENG output performance,
a linear motor was used to apply a periodical and controllable
impact with tunable amplitude, frequency, and force. Triggered
by an impact of 500 N at a frequency of 1 Hz, the as-prepared
u-TENG delivered an output voltage of 86.0 V and an output
current of 6.2 puA, as revealed in Figure 3a and Figure 3b, re-
spectively. Output voltage and current both exhibit periodic be-
havior under repeated impact. In a frequency region of less than
5 Hz the output performance of the u-TENG is significantly
higher than that of the EMG. Consequently, the frequency-de-
pendent output behavior of the prepared u-TENG was investi-
gated, as shown in Figure 3c and Figure 3d. As expected, the
output current increased with an increasing frequency, while the
output voltage remained almost constant. At an impact frequen-
cy of 5 Hz, the open-circuit voltage was 86.0 V and the short-
circuit current was 10.8 pA. The impedance dependence of the
fabricated u-TENG is shown in Figure 3e. The maximum output
power of 0.279 mW can be observed at a loading resistance of
300 MQ in Figure 3f. A long-term stability test did not exhibit a
noticeable response decline after 10000 cycles (inset of
Figure 3f), which indicates the robustness and repeatability of

the prepared device.

To verify the capacity of harvesting human walking energy, the
as-fabricated u-TENG was mounted as a floorboard to collect
the mechanical energy from footsteps. The real-time dynamic
signal profile of the output voltage for an adult man, an adult

woman, and a child, respectively, was plotted in Figure 4a—c.
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Figure 3: Electrical measurement results of the u-TENG. Open-circuit
voltage (a) and short-circuit current (b) of the prepared u-TENG at an
impact frequency of 1 Hz. Open-circuit voltage (c) and short-circuit cur-
rent (d) of the prepared u-TENG under different frequencies ranging
from 1 to 5 Hz. (e) Dependence of the output voltage and current on
the external loading resistance. (f) Plot of the power density as a func-
tion of the loading resistance; inset: long-term stability.

These profiles show that our device is able to harvest a variety
of walking motions from a wide range of people. It is evident
that the walking steps can yield an electrical output. The output
intensity is proportional to the pedestrian weight. This is
because a more intense impact force causes a larger deforma-
tion of the undulated electrode, which contributes to larger sep-
aration (d) and thus a stronger output voltage.

To quantitatively study the dependence of the electric output on
the force, the output voltage under various force values was
plotted in Figure 4d. With an increasing force, the output
voltage increases linearly at first and then it gradually saturates
(Figure 4e). This can be explained by the combination of elastic
and inelastic deformations. Under a relatively low external
force, the induced elastic deformation increases almost linearly
with the applied external force (region I). When the applied
force increases, the elastic deformation is gradually converted
into an inelastic deformation, which makes it harder to trigger a
further deformation under an increasing force. According to the
theoretical analysis of the TENG [53],

Voc = :
oc =y 7o (1)
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Figure 4: The ability of the u-TENG to harvesting energy from human
walking. The electric output profile of a man (a), a woman (b), and a
child (c). (d) The output voltage of u-TENG under different stress
values. (e) The dependence of the output voltage on the impact force.
(f) 110 LED bulbs are lit by stepping on a u-TENG.

where o is the surface triboelectric charge density, d is the inter-
layer distance, € is the vacuum permittivity, and &, is the
relative permittivity of the PTFE layer. The standstill deforma-
tion gives rise to the saturated output voltage in the inelastic de-
formation region (region II), as shown in Figure 4e. It was
noted during the testing that the device was smaller than the
sole of the feet of the participants. Therefore, only a part of the
body weight was compressing the device. Hence, the applied
force was smaller than the weight of a given participant. As a
result, this feature leads to a larger difference in the output
signal between a man (77 kg) and a woman (46 kg) according to
Figure 4d.

To further demonstrate the device performance, 110 LED bulbs
in series were linked to the as-fabricated u-TENG. As displayed
in Figure 4f, all LED bulbs were simultaneously lit by a simple
foot step, indicating the potential of the u-TENG as a sustain-
able power source.

To testify the feasibility of the fabricated u-TENG for a loca-
tion-tracking system, six as-prepared u-TENGs were integrated
into six floor blocks along a public aisle in order to detect and
map the real-time position of a pedestrian, as shown in
Figure 5a. Six channels were assigned via Labview to the corre-
sponding six floorboards for real-time tracking. The output volt-
ages from the six channels were recorded and instantly trig-
gered the corresponding indicator on a monitor. When the

pedestrian reached the first floorboard, a relevant voltage peak
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of 86.3 V was detected, as shown in Figure 5b. The signal trig-
gered the first positioning indicator on a monitor, revealing that
the pedestrian had just arrived at the first floorboard. The elec-
tric output also lit the LED bulb that was connected to the
stepped floorboard and it emitted a visible light sign that indi-
cated the instantaneous location of the pedestrian. It is impor-
tant to mention that the LED light emission was powered by the
triboelectric generator driven by the walking movements with-
out any electric power source. Figure 5c and Figure 5d show the
output voltage profile and the real-time mapping results when
the pedestrian passes the third and the sixth floorboard, respec-
tively. Therefore, the positional information of the pedestrian
can be immediately displayed and directly observed, enabling
pedestrian volume counting and passenger tracing. This design
could be utilized in low-traffic areas or public passages at night
to provide an alternative for energy harvesting and conserva-
tion in modern cities.
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Figure 5: Self-powered u-TENG-based location-tracking system.

(a) Circuit diagram of the fabricated u-TENG-based tracking system.
(b—d) Measured output voltage and real-time location mapping when
the pedestrian arrives at the (b) first, (c) third, and (d) sixth electrode.

Conclusion

In sum, we demonstrated that an undulated electrode-based
TENG can be used to harvest walking energy from pedestrians.
Triggered by the steps of human walking, an open-circuit
voltage of 86 V and a short-circuit current of 6.2 pA were ob-
tained from the as-fabricated u-TENG, which can continuously
light up 110 LED bulbs. Moreover, the u-TENG can also
harvest the mechanical energy from a variety of pedestrians, in-
cluding men, women and children. In addition, integrated with
six sensing channels along a public aisle, a self-powered loca-
tion-tracking system was constructed for pedestrian volume
counting and passenger tracing. This work paves the way for
the application of triboelectric sensors in intelligent cities and

for low-carbon transportation alternatives.
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In this work, a new type of self-powered, high-performance ultra-thin p-Si/n-ZnO nanowire (NW) flexible photodetector (PD) and

its application as full-spectrum optical sensor and pyroelectric nanogenerator (PENG) are demonstrated. The working mechanism

of PDs for PENGs is carefully investigated and systematically analyzed. The self-powered PDs exhibit high responsivity
(1200 mA/W), high detectivity (1013 Jones) and fast response (T, = 18 us, 7= 25 ps) under UV illumination. High and stable short-
circuit output currents at each wavelength from ultraviolet (UV) to near-infrared (NIR) demonstrates that the device can realize full-

spectrum optical communication. An experiment in which the PENG powers other devices is designed to further demonstrate the

proposed working mechanism. This work provides an effective approach to realize self-powered, high-performance PDs for full-

spectrum communication. Also, the fabrication of the PENG utilizing a simple and low-cost method shows its potential applica-

tions in self-powered flexible electronic devices.

Introduction

Full-spectrum photodetectors (PDs) that can detect light from
ultraviolet to near-infrared have attracted widespread attention
in recent years for a variety of applications in industry and tech-
nology, such as optical sensing/communication, environmental
monitoring, biomedicine, and the “internet of things” [1-4].
Especially full-spectrum PDs applied in flexible wearable elec-

tronic devices have been extensively researched [5]. The
majority of the reported full-spectrum PDs, which are based on
perovskites, quantum dots, or organic materials are costly,
complicated to prepare, and difficult to integrate into flexible
electronic devices. This limits their application in the field of

flexible electronics. Recently, the design of flexible devices
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with Si membranes as building blocks has been explored. These
devices have become promising candidates for the use as flex-
ible PDs due to many advantages, such as good compatibility,
working in a harsh environment, low cost, and easy preparation
[6-9]. However, the energy supply system of traditional
Si-based flexible PDs utilizes an external battery, which will
affect the portability, comfort, and durability of wearable
devices due to large volume, and limited capacity. Therefore, it
is necessary to develop a new type of full-spectrum flexible PDs
with a special working mechanism to further improve their per-

formance and expand the practical application.

Pyroelectric polarization can be achieved by changing the tem-
perature of a pyroelectric material [10]. ZnO is an ideal pyro-
electric material with a wide bandgap (3.2 eV), which absorbs
UV light and can be easily prepared [11,12]. A pyroelectric
potential will be generated in ZnO when the temperature
changes upon illumination. The internal electric field can effec-
tively drive the flow of electrons through an external circuit,
yielding a short-circuit current output that can be used as a
power generator [13,14]. Pyroelectric nanogenerators (PENGs)
based on a pyroelectric material have been demonstrated as an
effective approach that could avoid the waste of energy by
converting temperature fluctuations induced by photoabsorp-
tion into electric energy. This is achieved by utilizing the tem-
perature dependence of electric displacement of polar materials,
which are already applied in solar cells, photodetectors, temper-
ature sensors, and stretchable electronics [15-18]. It means that
the PENGs could serve as a power source to power PDs by
harvesting energy from the working environment instead of a
battery. Comparing with another emerging nanogenerators
(triboelectric nanogenerators) [19,20], the PENGs benefit from
not requiring external mechanical energy and can make full use
of the energy in their own environment. This self-powered
system can greatly improve the portability and durability of the
flexible PDs.

In this work, a new type of self-powered high-performance full-
spectrum flexible PDs consisting of ultra-thin p-Si/n-ZnO nano-
wires (NWs) is fabricated. The working mechanism of PDs
based on p-Si/n-ZnO heterojunctions for PENGs is carefully in-
vestigated and systematically analyzed. Also, the impact of the
periodic frequency of the illumination and the optical power
density on the short-circuit current and performance of PDs is
analyzed carefully. This self-powered PDs show a full-spec-
trum response range from UV (325 nm) to near-infrared (NIR)
(1064 nm) under zero bias with fast response speed at each
wavelength. The self-power PDs exhibit high responsivity
(1200 mA/W), high detectivity (103 Jones) and fast response
speed (1, = 18 ps, T¢ = 25 us) under UV illumination. The pyro-

electric output current can drive a LED by harvesting thermal
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energy induced by photoabsorption. This work provides an
effective approach to realize self-powered, high-performance

full-spectrum PDs utilizing a simple and low-cost method.

Results and Discussion
Preparation and characterization of the
flexible PDs

The schematic of a self-powered full-spectrum PD based on a
p-Si/n-ZnO NWs heterojunction is illustrated in Figure la. A
typical cross-sectional scanning electron microscopy (SEM)
image of the as-grown Si/ZnO NWs heterojunction is shown in
Figure 1b. The uniformly grown ZnO NWs are conducive to a
stable short-circuit current output. The detailed process of
device preparation is shown in the Experimental section. The
45 pm ultrathin p-Si layer is obtained by isotropic chemical
etching to realize a flexible device. Importantly, a previous
study has shown that the performance of PDs (regarding, e.g.,
transient current and response speed) of PDs is significantly im-
proved by reducing the thickness of Si [21]. In order to investi-
gate the performance of self-powered PDs, a dynamic response
curve /-t was measured under periodic 325 nm ultraviolet (UV)
illumination and zero bias (Figure 1c¢). The photoresponsivity is
calculated by Equation 1 [21]:

R=———, (1)

where iy, idark, and Py represent the pyroelectric current, the
dark current, and the input power, respectively. The calculated
photoresponsivity R is up to 1200 mA/W, which is more ten
times than that of Perovskite/ZnO and Si/ZnO PDs [22,23]. The
detectivity D* is one of the key parameters of a PD, which
usually describes the ability to detect weak signals. The
photoresponsivity is calculated by Equation 2 [3]:

s 1/2
D* =R (—] , )
qu dark

where R, S, g, and 14, represent responsivity, illuminated area,
electronic charge, and dark current, respectively. The calcu-
lated detectivity D* of our device is as high as 10'3 Jones. A
one-cycle dynamic response curve extracted from Figure 1c is
shown in Figure 1d, indicating that the PD possesses a fast
response speed (rising time 1, = 18 ps, falling time ¢ = 25 ps).
It is obvious that the p-Si/n-ZnO NWs heterojunction PDs ex-
hibit excellent detection capability and work well without an

external power source.
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Figure 1: (a) Structure diagram of p-Si/n-ZnO NWs PDs. (b) Cross-sectional SEM image of the as-grown Si/ZnO NWs heterojunction. (c) Dynamic
response curve /-t under 325 nm ultraviolet illumination and zero bias. (d) One typical cycle of short-circuit /-t curve.

Working mechanism of a PENG based on
p-Si/n-ZnO NWs heterojunctions

To illustrate the working mechanism of self-powered PDs,
schematic diagrams for the different conditions are presented in
Figure 2. In the dark, a depletion layer is formed at the hetero-
junction interface due to carrier diffusion, and a corresponding
intrinsic electric field (E}) is formed in the depletion zone
(Figure 2, left). Under this circumstance, the electron diffusion
current and drift current are equal in magnitude and opposite in
direction in the heterojunction. Therefore, the net current
flowing through the heterojunction is zero, and no current flows
through the external circuit. However, upon illumination, a
photothermally induced instantaneous temperature increase
(% > 0) will lead to the generation of a pyroelectric polariza-
tion potential and pyroelectric polarization charges at both ends
of the c-axis of the ZnO NWs (Figure 2, middle). Because the
direction of the pyroelectric electric field (Epy) is the same as Ejy,
and the barrier height decreases at the heterojunction interface
due to the generation of a negative polarization potential, the
total electric field in the depletion zone increases instantly. The
electric field in the depletion zone drives electrons to flow from
Si to ZnO and produces a transient short-circuit output current
in the external circuit. According to the pyroelectric theory, the
pyroelectric current can be determined by Equation 3 [24]:

=PA—, 3

where P, A, and T represent pyroelectric coefficient, effective
area, and temperature, respectively. The corresponding open-
circuit voltage can be determined by Equation 4 [25]:

AT
Voy = PA?, 4)

where P, A, C, and T represent pyroelectric coefficient, effec-
tive area, equivalent capacitance of device, and temperature, re-
spectively. A large transient pyroelectric current occurs in the
moment when the illumination is turned on (Figure 1d). When
the illumination is turned off, the photothermallly induced in-
stantaneous temperature decrease (‘31—7; < 0) will lead to the gen-
eration of a pyroelectric polarization potential and pyroelectric
polarization charges opposite to those before, when the illumi-
nation was turned on (Figure 2, right). The depletion zone width
and corresponding electric field will decrease due to the genera-
tion of the reverse pyroelectric field (Epy) in the opposite direc-
tion of Ey. The total electric field in the depletion zone
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©

® i

hv

E, (/ E (’d E,,
—— -~ —
- Lt - + s
) + s : + ':
s % - k. 2
p-Si Depletion n-ZnO p-Si Depletion n-ZnO p-Si Depletion n-ZnO

+/- Depleted zone charge #/e Polarization charge

VI -+ — c-axis

Figure 2: Working mechanism of PENGs. under zero bias, a depletion zone and corresponding built-in electric field are formed without illumination
(left). Upon illumination, the pyroelectric electric field and transient output current are generated (middle). Reverse pyroelectric field and reverse tran-
sient output current are generated at the moment of turning off illumination (right).

decreases instantly. The electric field drives electrons to flow
from ZnO to Si and produces a transient short-circuit output
current in the external circuit. Therefore, the device based on
p-Si/n-ZnO NWs heterojunction can serve as a PENG, and the
self-powered full-spectrum PD can work at zero bias without

any power sources.

Dependence of the short-circuit current on
periodic frequency and power density of the
illumination

The impact of UV illumination with different periodic frequen-
cies and power densities on the performance of the self-

powered PDs is studied and summarized carefully in Figure 3.
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Figure 3: Impact of the incident optical power density and periodic frequency on the short-circuit current. /-t characteristics of a PD under zero bias
and 325 nm UV illumination with different periodic frequencies ranges from 100 Hz to 1 kHz (top row). /-t characteristics of a PD under zero bias and
325 nm UV illumination with different power densities ranges from 8.5 x 10-5 to 3.7 x 10~ mW/cm? (bottom row).

1626



The short-circuit current response of PDs to 325 nm UV illumi-
nation under different frequencies ranging from 100 Hz to
1 kHz is shown in the top row of Figure 3. Obviously, the short-
circuit current increases with increasing the frequency, indicat-
ing that the higher the frequency, the stronger the pyroelectric
effect and the pyroelectric current. The reason for this phenom-
enon is mainly that the pyroelectric current induced by the pyro-

electric effect is proportional to % (ie.,i oc%), that is,

inversely proportional to Az. The short-circuithurrent response
to UV illumination under zero bias is also measured and
systematically investigated by varying the power density from
8.5 x 107 to 3.7 x 1073 mW/cm?. The light-induced tempera-
ture difference AT increases with the increase of incident optical
power density. Therefore, a larger short-circuit current will be
generated because the pyroelectric current is proportional to AT.
At the moment of turning off the illumination, the transient tem-
perature decreases and the corresponding temperature change
rate is less than zero (‘é—f <0). Therefore, there is an negative
transient current. As in the case of turning on the illumination,
the transient current gradually increases with the increase of
periodic frequency. According to the above analysis, incident
optical power density and periodic frequency play an important
role in the performance of PDs and output current as a PENG.

Full spectrum response
To further investigate the performance of PDs in the illumina-
tion range from UV to NIR, the laser was operated at 325, 442,

Beilstein J. Nanotechnol. 2020, 11, 1623-1630.

532, 635, 808, and 1064 nm as an excitation source. The
dynamic characteristic curves /- of a PD under zero bias and at
different laser wavelengths are shown in Figure 4. It is obvious
that there are large short-circuit currents at all wavelengths, in-
dicating that the self-powered PDs yields full-spectrum
(UV-visible-NIR) detection. The broad spectral photoresponse
from UV to NIR is related to two different bandgap materials

(wide bandgap EanO

= 3.2 eV and narrow bandgap
Eg =11 eV). Remarkably, the photoresponse current is signif-
icantly enhanced by introducing the pyroelectric effect based on
the ZnO pyroelectric material. Moreover, response time and
high sensitivity are almost the same at each wavelength, and the
device exhibits excellent stability and repeatability in the
UV-visible-NIR range. Therefore, the self-powered p-Si/n-
ZnO NWs heterojunction device can be applied in full-spec-

trum optical sensing or optical communication.

Powering external circuits as a PENG

In structure design of the device, ultra-thin (45 um) p-Si is pre-
pared by isotropic chemical etching to fabricate flexible elec-
tronic devices and enhance the performance of the PDs. The
structure diagram of a flexible device based on p-Si/n-ZnO
NWs heterojunction is shown in Figure 5a, with a correspond-
ing optical image of the sample shown in Figure 5b. The device
can work well under repeated bending, ensuring the practicality
of the device. The short-circuit output current to 325 nm UV

illumination is measured under zero bias by periodically turning

325 nm 442 nm 532 nm
1f 1f
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Figure 4: Dynamic response characteristics /-t characteristics of PDs under zero bias and different incident optical wavelengths in the range from UV

to NIR.
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Figure 5: (a) Structure diagram of an ultra-thin (45 pm) p-Si/n-ZnO heterojunction device. (b) Optical image of the flexible PD. (c) Short-circuit
photoresponse current of the ultra-thin (45 pm) p-Si/n-ZnO heterojunction device under zero bias by periodically turning on/off 325 nm UV illumination
with a frequency of 1 kHz. (d) Dynamic response characteristics under 1064 nm NIR illumination. (e) Schematic diagram of a PENG powering differ-

ent loads.

on/off illumination with a 1 kHz frequency as plotted in
Figure 5c. A stable output is necessary for a power source to
ensure the load can work stably. Moreover, the maximum
output current is up to 1.5 mA with a corresponding voltage of
up to 0.5 mV. The data about shown in Figure 5d indicates the
stability and repeatability of device. To demonstrate the
p-Si/n-ZnO NWs heterojunction PDs as a PENG can be used as
a direct power source, a schematic diagram of the PENG
powering the load is shown in Figure Se. The output current
through the transformer can be used to power LEDs (inset in
Figure 5e). The rated power of the green LED is 0.06 W and the
corresponding rated current is 20 mA. The rated power of the
red LED is about 0.04 W and the corresponding rated current is
also 20 mA. Based on the investigation of directly powering the
LEDs, we can conclude that the p-Si/n-ZnO NWs heterojunc-
tion device not only can realize self-powered full-spectrum
(UV-visible-NIR) optical sensing but can also serve as a power
source (PENG) transforming thermal energy into electrical
energy to power other loads.

Conclusion
We have fabricated a high-performance self-powered flexible

p-Si/n-ZnO NWs heterojunction PDs for full-spectrum optical

sensing and as a pyroelectric nanogenerator. The working
mechanism of PDs for PENGs is carefully investigated and
systematically analyzed. By changing the periodic frequency
and the power density of the illumination the short-circuit cur-
rent and the performance of PDs are notably improved. The
self-powered PDs exhibit high responsivity (1200 mA/W), high
detectivity (10'3 Jones) and fast response speed (T, = 18 ps,
T¢ = 25 ps) under UV illumination. High and stable short-circuit
output currents at each wavelength illumination range from UV
to NIR demonstrate that the device can realize full-spectrum
optical communication. The experiment in which the PENG
powers other loads is designed to further demonstrate the pro-
posed working mechanism. Therefore, this work provides an
effective approach to realize self-powered, high-performance
PDs for full-spectrum communication and PENGs utilizing a
simple and low-cost method, which offer potential applications

in self-powered flexible electronic devices.

Experimental

Fabrication process of the device: Firstly, the ultra-thin
(45 pm) p-Si substrate was prepared by isotropic chemical
etching. More specifically, a 500 um p-type high conductivity
Si substrate was dipped into potassium hydrate (KOH) solution
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with a concentration of 50% at 130 °C for 6-8 h. Then, the ob-
tained 45 pm p-Si was washed with acetone, isopropanol, and
deionized water. Secondly, a thin ZnO seed layer was deposited
onto 45 um p-Si by radio frequency (RF) magnetron sputtering.
Next, the sample was placed into a solution of 0.877 g hexa-
methylenetetramine, 1.372 g Zn(CH3COQO);, and 13 mL ammo-
nium hydroxide to grow ZnO NWs for half an hour via a hydro-
thermal method in a mechanical convection oven at 90 °C.
Finally, by RF magnetron sputtering, a 200 nm thick layers of
ITO and Cu were deposited on ZnO NWs and p-Si, respective-

ly.

Electrical measurements: the measurement setup includes a
source meter, an optical platform, a chopper, sample, and a light
source. Sample, chopper and light source must be in the same
straight line. The voltage of source meter is set as 0 V. When
controlling the frequency of the chopper, the incident light
power density and the wavelength of the incident light, the tran-
sient response current, the different light power density, and the

wavelength of the incident light are measured.

Instruments: The scanning electron microscope is a Hitachi
SU8010. The It characteristic curves are measured by a source
table (SR570, DS345). The optical input stimuli are provided by
a He—Cd dual-color laser (MCLS1, Thorlabs Inc.). The light
power density used in this work was measured and obtained by

a thermopile power meter (Newport 818P-001-12).
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The tracking of body motion, such as bending or twisting, plays an important role in modern sign language translation. Here, a

subtle flexible self-powered piezoelectric sensor (PES) made of graphene (GR)-doped polyvinylidene fluoride (PVDF) nanofibers

is reported. The PES exhibits a high sensitivity to pressing and bending, and there is a stable correlation between bending angle and

piezoelectric voltage. The sensitivity can be adjusted by changing the doping concentration of GR. Also, when the PES contacts a

source of heat, a pyroelectric signal can be acquired. The positive correlation between temperature and signal can be used to avoid

burns. The integrated sensing system based on multiple PESs can accurately recognize the action of each finger in real time, which

can be effectively applied in sign language translation. PES-based motion-tracking applications have been effectively used, espe-

cially in human—computer interaction, such as gesture control, rehabilitation training, and auxiliary communication.

Introduction

Sign language, as a communication method that works based on
gestures, plays an important role for people who are hearing-
impaired or unable to speak. With the development of society,
the requirement to facilitate the communication with people
with hearing or speaking impairments is increasing. Real-time
translation systems based on gestures are gradually showing
rich application prospects in sign language learning and daily
communication. A recently reported yarn-based stretchable

sensor can already translate a large number of gestures into

speech signals [1-6]. However, traditional real-time sign lan-
guage translation systems are limited by their bulky design and
complex configurations, and always have limitations in terms of
portability, comfort and cost [7-16]. A convenient and sensitive
sign language translation system is urgently required to meet
the needs of daily work and life.

Nowadays, pressure and bending angle sensors are mainly

based on signals caused by a changing force [17-25]. Plenty of
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measurement methods, using different materials and different
principles, have been proposed in recent years [26]. Although
these sensors can detect various interactions between humans
and machines, the indispensability of external power sources
greatly narrow their application scopes [27-35]. Piezoelectric
sensors generate self-responsive electrical signals based on
external mechanical forces. As a self-powered sensing system,
piezoelectric sensors show potential in wearable sensing appli-
cations [19,36-41]. However, traditional piezoelectric sensor
devices such as piezoelectric ceramics have disadvantages in
detecting bending, and their detection stability and measure-
ment range need to be improved [18,42-48]. In the era of smart
sensing, there is an increasing need for self-powered pressure
and bending sensing systems [49-64].

In this study, we propose a flexible self-powered piezoelectric
sensor (PES) based on graphene (GR)-doped PVDF nanofibers.
The fiber properties after electrospinning were measured, and a
potential application of the PES in the translation of sign lan-
guage was successfully demonstrated. The designed PES shows
a high sensitivity regarding both pressure and bending. In par-
ticular, a stable angle mapping under bending could be ob-
tained. The amount of GR doping has an impact on sensitivity.
In addition, the sensor will generate a large pyroelectric signal
when it is touched with a hot object, which can be used to
prevent burns of the hands. When the PES is integrated in a

== PVDF@GR
- Thread
® GR Particle

MXene & Ag NWs
(_ PVDF@GRFiber |
MXene & Ag NWs \

Beilstein J. Nanotechnol. 2020, 11, 1655-1662.

measuring circuit, it can accurately perceive the movement state
of fingers in real time and output standardized sign language
content. This work provides a novel solution for a portable and
intelligent sign language translation system, which is consid-
ered to be an extremely valuable application to meet the
requirements of future intelligent sensing.

Results and Discussion

The structural design of the self-powered PES based on
GR-doped PVDF nanofibers is shown in Figure 1a. The cross
section of the self-powered PES shows three parts, namely the
GR-doped PVDF piezoelectric layer in the center, the electrode
layer of TizCy, MXene and Ag NWs on both sides, and the
PDMS protective layer on the outermost sides. Each PVDF
fiber contains GR doping. Figure 1b shows a schematic diagram
of a sign language translation system based on a self-powered
PES. Sensors are separately integrated into the gloves at the
joints of the fingers and the fingertips. When a hand gesture
such as “Hello” is made, the signal acquisition and processing
module will process the recorded sensor signal. The corre-
sponding sign language content is wirelessly transmitted to a
screen for convenient recognition. To further study the perfor-
mance of this piezoelectric material, a bending-induced piezo-
electric model was constructed, and the calculated stress and
potential distribution were obtained through finite element anal-

ysis, as shown in Figure 1c and Figure 1d. Figure 1c¢ shows the

¢
s
=
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Figure 1: (a) Schematic diagram of a self-powered PES based on GR-doped PVDF. (b) Schematic diagram of an efficient sign language translation
system using self-powered PESs. (c) Calculated stress in the PES during bending. (d) Potential distribution in the PES under bending.
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stress distribution under bending. It can be clearly found that
the stress is mainly concentrated in the bent part of the material,

and the potential is generated on the opposite side of the device.

Electrospinning is used to manufacture GR-doped PVDF fibers.
The overall process is shown in Figure 2a. Firstly, GR is
dispersed in dimethylformamide (DMF). After ultrasonic treat-
ment, PVDF powder is added under stirring to yield the spin-
ning solution for electrospinning. After preparation of the
fibers, an aqueous solution of Ti3C, MXene and Ag NWs is
sprayed on both sides of the material and then dried. Finally, the

Beilstein J. Nanotechnol. 2020, 11, 1655-1662.

nanowire membrane is covered on both sides with PDMS to
obtain the piezoelectric sensor. Ti3C, MXene and Ag NWs
maintain the good conductivity of the electrode and avoid
possible short-circuit problems occurring after magnetron sput-
tering. Also, a stable flexibility of the structure is maintained.
GR is added with six different mass fractions, that is, 0, 0.2, 0.4,
0.6, 0.8, and 1.0 wt %. Figure 2b shows SEM images after
doping with different concentrations. It can be found that all
spinning solutions yield a uniform fiber film without GR
agglomeration after electrospinning. Figure 2¢ shows the FTIR
spectra of samples with different doping concentrations.
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Figure 2: (a) Preparation of the self-powered GR-doped PVDF PES. (b) SEM images of PVDF fibers with different GR doping concentrations.
(c) FTIR spectra of the PVDF fibers. (d) XRD patterns of the PVDF fibers. (e) Stress—strain curves of the PVDF fibers.
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Further, XRD was used to characterize the material (Figure 2d).
It was found that as the GR concentration increases, the frac-
tion of the B-phase of PVDF also increases, which is consid-
ered to have a positive effect on the piezoelectricity of PVDF.
The influence of the GR concentration on the tensile strength of
the fibers is shown in Figure 2e. As the concentration increases,
the tensile strength of the material increases.

The output of the self-powered PES was measured with a series
of experiments. Figure 3a,b shows that when the pressure grad-
ually increases, the generated piezoelectric voltage increases.
The voltage also increases with increasing GR doping concen-
tration, which is consistent with previous characterization
results [24]. Figure 3¢ shows the measured waveform of the
device with 1 wt % GR under pressure. After repeated pressing
for thousands of times the output of the sensor shows no visible
attenuation (Figure 3d). The output voltage increases with
stronger bending, that is, smaller bending angles ¢ (Figure 3e).
The effective working range of the sensor under bending is
120° to 60°, and its angular resolution can reach 0.006 V/° at
1 wt % GR. Figure 3g shows the measured waveform of a

device with 1 wt % GR under different bending angles. The

Beilstein J. Nanotechnol. 2020, 11, 1655-1662.

voltage in Figure 3h was measured while the sensor was gradu-
ally bent and shaken at different angles. The output voltage is
stable and there is a good mapping relationship with the
bending angle. In the upper left corner of Figure 3h, the voltage
under repeated bending is shown. The output of the PES shows
no obvious attenuation after a large number of bending tests.
The PES was attached alternatively to a heater and a cooling fin
to measure its pyroelectric voltage (Figure 3i). The heater was
kept at a constant temperature of 50 °C. Figure 3j displays that
the voltage increases with increasing doping concentration. The
pyroelectric voltage of the PES as a function of the doping con-
centration is plotted in Figure 3k, showing that the measured
waveform is stable and repeatable. When the temperature of the
heater is changed, the voltage rises as the temperature is in-
creased (Figure 3j).

The PES has great application potential in self-powered motion
tracking. To examine its function in sign language translation,
PESs were attached to all fingers and the wrists to realize
motion tracking through the integrated sensor system. When the
hand shows a sign language “Y”, as shown in Figure 4a, the

bent fingers produce an output signal and the system recog-
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centrations. (c) Waveforms corresponding to different pressures (1 wt % GR). (d) Waveforms after cyclic pressing. (e) Schematic diagram of the PES
under bending. (f) Output voltage as a function of the bending angle for different doping concentrations. (g) Waveforms corresponding to different
bending angles (1 wt % GR). (h) Waveforms when the PES is slightly shaken under increasing bending angles. (i) Schematic diagram of the PES
contacting a heat source. (j) Output voltage during contact with the heat source for different doping concentrations. (k) Waveforms during contact with
the heat source at different concentrations. (I) Output voltage at different temperatures (1 wt % GR).
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Figure 4: (a) Output signal when a sign language “Y” is shown. (b) Output signal when a sign language “Hello” is shown. (c) Output signal when PES
touches a heat source. (d) Potential applications of smart gloves containing PESs.

nizes the corresponding sign. When the sign language “Hello”
is shown, the corresponding finger action can be well recog-
nized as the fingers move (Figure 4b). The output signal yields
an accurate mapping relationship to the hand motion. The
output voltage of the PES when it touches a heat source is
plotted in Figure 4c. A temperature of 60 °C induces a high
output voltage, which can be used to avoid burns of the hands.
If PESs made of GR-doped PVDF are integrated into a smart
glove, the self-powered sensor system can be used for other ap-
plications, such as tactile perception, medical rehabilitation, and
gesture games (Figure 4d).

Conclusion

A self-powered PES based on GR-doped PVDF has been fabri-
cated. Its sensitivity to pressure and bending was examined,
especially regarding the reliable measurment of the bending
angle. Also, the effect of different doping concentrations on the
sensitivity is shown. The pyroelectric voltage can be used to
prevent burns. The PES-based sign language recognition system
has a good recognition effect for different actions. Our work has

paved the way for wearable motion-tracking systems based on

piezoelectric sensors, which are of great value in fields such as
human-machine interaction, medical rehabilitation, and virtual

reality.

Experimental

Chemicals: PVDF (M,, = 2.75 x 105 g/mol) powder was pur-
chased from SOLEF (USA). N,N-Dimethylformamide (DMF)
was provided by China National Pharmaceutical Group.
Graphene powder was purchased from Suzhou Carbon Fung
Graphene Technology Company. Ag NWs (60 nm in diameter)
were purchased from Lit Nanotech. TizCy MXene was pur-
chased from Beijing Beike New Material Technology
Company. Polydimethylsiloxane (PDMS) and curing agent

were purchased from Shenzhen Oss Corporation.

Electrospinning process: First, GR is added to DMF and ultra-
sonically dispersed for 10 min. The dispersion is then heated to
60 °C. PVDF powder (18 wt %) is added under continuous
heating and stirring for 6 h to obtain the spinning solution. The
prepared solution is filled into a 10 mL syringe with an
18 gauge needle, the rotation speed of the plate is 50 min~!, the
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distance between needle and plate is 15 cm, the injection speed
is 0.5 mL/h, the applied voltage is 18 kV, and each sample is

electrospun for 5 h.

Preparation of PES sensor: Ti;C, powder (0.1 g) and Ag
NWs (0.05 g) are ultrasonically dispersed in deionized water
(10 mL) for 1 h to obtain the spray solution. The liquid is trans-
ferred into a spray can and sprayed evenly on the surface of the
fiber membrane. Then, the fiber membrane is dried at 60 °C for
5 min. After attaching copper wires on both sides, the mem-
brane is encapsulated with PDMS.

Thermoelectric test process: The PES unit is attached to a thin
polyethylene plate and connected to the analogue signal test
system via the copper wire electrodes. The surface of the plate
heater is kept at a temperature of 50 °C. The polyethylene plate
is fixed to a vertical rod on one side and can be rotated laterally.
The PES is moved between the heating stage and the suspended
cooling end in a cycle of approximately 7 s, and the output of

the analogue signal is recorded.

Sign language translation system: The PESs were attached to
five finger bending joints of a glove with double-sided tape.
The thin copper wires were connected to the input terminals of
the analogue measurement channels of a National Instruments
BNC-2111 connector block. Voltage and current were measured
with a Keithley 6514 electrometer (200 TQ input impedance).
The analogue signal of each channel is collected in real time.
When the voltage exceeds the threshold, the corresponding
Boolean indicator lights up, otherwise the indicator light goes
out. Thus, the indicator lights can represent sign language

gestures.
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1D semiconductor nanowires (NWs) have been extensively studied in recent years due to the predominant mechanical flexibility

caused by a large surface-to-volume ratio and unique electrical and optical properties induced by the 1D quantum confinement

effect. Herein, we use a top-down two-step preparation method to synthesize A1GaN/AIN/GaN heterojunction NWs with control-

lable size. A single NW is transferred to a flexible poly(ethylene terephthalate) substrate and fixed by indium tin oxide electrodes to

form an ohmic contact for the strain sensor. An external mechanical stress is introduced to study the performance of the fabricated

piezotronic strain sensor. The gauge factor is as high as 30 under compressive or tensile stress, which indicates a high sensitivity of

the strain sensor. Periodic strain tests show the high stability and repeatability of the sensor. The working mechanism of the strain

sensor is investigated and systematically analyzed under compressive and tensile strain. Here, we describe a strain sensor that

shows a great application potential in wearable integrated circuits, in health-monitoring devices, and in artificial intelligence.

Introduction

Due to the non-centrosymmetric structure of the group-III
nitride semiconductor materials (e.g., GaN, AIN, and AlGaN),
spontaneous polarization (Py,) and piezoelectric polarization in-
duced by lattice mismatch (Pj,) are inevitably introduced
during the epitaxial growth process [1-3]. Furthermore, the
analysis of the internal polarization of the A1GaN/AIN/GaN

heterojunction showed the existence of a 2D electron gas

(2DEG), which effectively suppresses the degradation of the
carrier mobility caused by the scattering at charge impurity
centers [4]. This is a widely discussed topic in the field of high
electron mobility transistor (HEMT) research [5,6]. In order to
further improve the physical properties of a 2DEG and opti-
mize the performance of AlGaN/AIN/GaN-based HEMT

devices, piezotronic effects are introduced to adjust the polari-
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zation distribution inside the heterojunction [7,8]. The
piezotronic effect, described first by Zhong Lin Wang in 2007,
is a combination of the piezoelectric effect and the properties of

non-centrosymmetric semiconductor materials [9].

1D semiconductor nanowires (NWs) are more suitable candi-
dates for the study of the piezotronic effect than nanofilms or
bulk materials since the smaller physical size and larger surface-
to-volume ratio of 1D NWs yields superior mechanical proper-
ties [4,10]. In addition, 1D semiconductor NWs can increase the
electron mobility and achieve the confinement of light based on
the 1D quantum confinement effect. Hence, the unique elec-
trical and optical properties of 1D semiconductor NWs have at-
tracted research interest from the field of nanogenerators [11-
14] and NW-based strain sensors [15-19]. Strain sensors can
convert mechanical deformation into electrical signals. They ex-
hibit a potential for application in health-monitoring and
motion-monitoring devices, and in artificial intelligence, for ex-
ample [20-22]. However, high sensitivity (gauge factor 220) is
key to detect a very small deformation of a given material
[23,24]. Therefore, AlIGaN/AIN/GaN NWs with high electron
mobility, carrier density, and mechanical flexibility have
become good candidates for highly sensitive and flexible strain
sensors. In this work, we use a top-down two-step process, in-
cluding inductively coupled plasma (ICP) dry etching and selec-
tive electrochemical (EC) wet etching, to prepare AlIGaN/AIN/
GaN heterojunction NWs with a controllable size. After the lift-
off, a single NW is transferred to a flexible poly(ethylene
terephthalate) (PET) substrate and is fixed by indium tin oxide

AlGaN/AIN/GaN

N** - GaN
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(ITO) electrodes to form an ohmic contact for the strain sensor.
Under different compressive and tensile strain values, /-V char-
acteristic curves of the prepared piezotronic strain sensor show
the ability of the sensor to detect strain. The gauge factor is
calculated under different strain conditions. It is as high as
30 under either a —1.78% compressive strain or a 1.78% tensile
strain, which shows its high sensitivity. Furthermore, the cur-
rent increases with an increase in the tensile strain and
decreases with an increase in the compressive strain along the
c-axis. The current returns to its original value after release of
the mechanical stress. At the same time, the multiple cycles of
tensile and compressive strain testing also fully demonstrates
the repeatability and stability of the strain sensors. The working
principle of strain sensors is illustrated by the analysis of the
polarized charge distribution under compressive and tensile
strain modes. This work describes the fabrication of a highly
sensitive and a highly stable strain sensor based on a new
AlGaN/AIN/GaN NW structure, which has a great potential to
be applied in wearable integrated circuits, health-monitoring
devices, artificial intelligence, among other fields.

Results and Discussion

The epitaxial structures used in this study were synthesized by
metal-organic chemical vapor deposition (MOCVD), as shown
in Figure 1a. First, 1 um of an unintentionally doped GaN layer
was deposited onto a sapphire substrate. Then, 500 nm of n-type
GaN, as a current-spreading layer, was deposited to increase the
lateral spreading of the current. Next, 500 nm of an unintention-
ally doped GaN layer was deposited to protect the lower layer
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Figure 1: (a) Schematic diagram of the epitaxial structure. (b) STEM image taken of the AIGaN/AIN/GaN heterojunction (left panel, b1) and HRTEM
image of the corresponding GaN layer (right panel, b2). (c) XRD 26 scan of the epitaxial structure in the region of the (002) reflection.
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during the selective EC etching. A heavily doped GaN
(N*-GaN) sacrificial layer, sandwiched by two thin N**-GaN
layers was inserted under the AIGaN/AIN/GaN layer to en-
hance the conductivity contrast. Detailed structural parameters
are shown in the Experimental section.

Figure 1b shows a scanning transmission electron microscopy
(STEM) image taken of the AlIGaN/AIN/GaN heterojunction
(left panel) and a corresponding high-resolution transmission
electron microscopy (HRTEM) image of the GaN layer (right
panel). It can be seen that there is a clear dividing line (ultra-
thin AIN layer) between AlGaN and GaN. An interplanar
spacing of 0.52 nm was measured in the GaN layer along the
[2] direction. Furthermore, an X-ray diffraction (XRD) scan of
the epitaxial structure is shown in Figure 1c. The full width at
half maximum (FWHM) of the GaN(002) reflection is approx.
673.9 arcsec, which is comparable to that of bulk GaN. These
results unambiguously prove that the AlIGaN/AIN/GaN hetero-
junction has an ultrahigh crystal quality, although it was grown
onto a heavily doped GaN sacrificial layer.

The specific top-down two-step preparation process of free-
standing AlGaN/AIN/GaN heterojunction NWs, including
isotropic ICP dry etching and selective EC wet etching [25,26],
is shown in Figure 2. First, a layer of photoresist was spin
coated on the surface of the wafer from MOCVD, and ad-
vanced stepper lithography was used to form a striped pattern,
which was used as a mask for ICP dry etching. The depth of the
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ICP dry etching needs to be greater than 1 pm (the thickness of
the A1IGaN/AIN/GaN heterojunction is 931.5 nm). The purpose
is to expose the sacrificial layer for the subsequent EC wet
etching. Then, the striped photoresist mask, which covers the
surface, was removed with acetone to obtain the structure
shown in Figure 2a. The settings for the stripe width (900 nm)
and the interval between the stripes (3 um) were controlled
during stepper lithography.

After ICP dry etching, the sample was placed in an electrolytic
cell containing 0.3 M oxalic acid solution for EC wet etching.
The sacrificial layer (GaN) was dissolved during the EC wet
etching to release the upper layer of the AIGaN/AIN/GaN
heterojunction NWs (Figure 2b), which was transferred to the
host substrate (Figure 2¢). Under a suitable applied electric
field, the mechanism of EC etching can be described by:

GaN+6h" —2Ga>" +N, T.

The corresponding SEM images are shown in Figure 2d—f.
After ICP dry etching, a regular stripe array was formed
(Figure 2d) and the shape of the NWs was controlled in advance
during stepper lithography. Because of its high conductivity, the
heavily doped GaN preferentially reacts with the oxalic acid
solution in an applied electric field. The lateral etching rates on
both sides of N*-GaN were approximately the same during EC
wet etching (Figure 2e). Finally, a single NW was obtained to
prepare the strain sensor (Figure 2f).

(a) WMU-GaN B N-GaN (b)
B N**-GaN M Sapphire

ICP dry etching

EC wet etching

B N*-GaN (c)
AlGaN/AIN/GaN NW

Transfer

Before EC etching

Nanowires array

Under EC

After EC etching

2 Single nanowir

=

Figure 2: (a) Schematic diagrams after ICP dry etching, (b) during EC wet etching, (c) and of a single nanowire. (d) SEM image of a AlGaN/AIN/GaN
heterojunction NW array after ICP dry etching. (€) SEM image during EC etching. (f) SEM image of the released NW after EC etching.
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The ITO transparent electrodes were patterned and deposited
onto the two ends of the AlIGaN/AIN/GaN heterojunction NWs
to eliminate the impact of the Schottky barrier. In addition, they
fixed the NW to the flexible PET substrate. A schematic of the
equipment (electric one-dimensional translation stage) for dif-
ferent values of compressive or tensile stress applied along the
c-axis is shown in Figure 3a. The typical -V curves were ob-
tained for different strain values (Figure 3b). It can be clearly
seen that, as the tensile strain increases along the c-axis, the cur-
rent at a given voltage gradually increases. Conversely, when
the compressive strain increases, the current at a given voltage
gradually decreases. The mechanism regarding this behavior
will be explained below. A characteristic strain—current curve
was extracted from the /-V curves at a bias voltage of 1.9V, as
shown in Figure 3c. The results unambiguously show that there
is a positive correlation between strain and current. Taking the
current in the free state as the reference, the current increased
by 53.55% at 1.78% tensile strain, whereas it decreased by
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approx. 53.49% at —1.78% compressive strain, showing superi-
or strain detection ability.

The gauge factor is the key parameter describing the sensitivity
of strain sensors and can be calculated using the following
formula [25]:

-1
gauge factor = 7 0.

0 Ae

where / is the current in the compressive state or in the strained
state and [ is the current when the sample is not strained. It can
be seen from Figure 3d that, regardless of the strain, the gauge
factor shows an increasing trend at a bias voltage of 1.9 V. At a
strain of —1.78% (compressive strain) or 1.78% (tensile strain),
the gauge factor is as high as 30, which enables the detection of
a very small deformation. Compared with previous works [27-
29], the AIGaN/AIN/GaN NW-based strain sensor has a higher
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Figure 3: (a) Experimental setup showing the stress application on the AIGaN/AIN/GaN heterojunction NW-based strain sensor. (b) /-V characteristic
curves at different compressive and tensile strain values along the c-axis. (c) The relation between current and strain at a bias voltage of 1.9 V.

(d) The relation between gauge factor and strain at a bias voltage of 1.9 V.
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sensitivity. The compressive strain and the tensile strain are
converted to a normal strain € by using the following formula
[25,26]:

Here, the PET substrate was bent to a radius R and the thick-
ness A is based on the assumption that the strain of the PET sub-
strate is considered as the strain of the AIGaN/AIN/GaN
NW-based strain sensor.

The stability and repeatability of the AlGaN/AIN/GaN
NW-based strain sensor is demonstrated in Figure 4. Tensile
and compressive stress was repeatedly applied and released. At
a bias voltage of 0.2 V, the output current increased with the
increase in the tensile strain. The output current went back to
the initial value when the stress was continuously released
(Figure 4a). Conversely, at a bias voltage of 0.1 V, the output
current continuously decreased until a —1.78% compressive
strain value was reached. Then, it gradually returned to the
initial value (Figure 4b). The results show that the strain influ-
ences the transmission of carriers and the output current signal

even under small bias voltage and strain values, which further
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demonstrates the sensitivity and stability of the strain sensor. A
test with five cycles of repetitive mechanical load and unload
was carried out, as shown in Figure 4c. The results demonstrate
that the strain sensor still has a superior performance after
multiple cycles at 0.88% tensile strain, which indicates its
stability.

The polarization charge distribution of the AlIGaN/AIN/GaN
heterojunction NW under different strain conditions is shown in
Figure 5. This model depicts the working mechanism of the
strain sensor. Due to the non-centrosymmetric structure of
nitride semiconductor materials, Py and Py can occur. The
direction of polarization (shown in Figure 5b), PsgaN, PS‘;lGaN,
and P, are along the negative direction of the c-axis. That is,
the positive polarization charges are gathered on the —c plane
whereas the negative polarization charges are generated on the
+c plane. At the heterojunction interface, the positive polariza-
tion charge on the bottom surface of AlGaN couples with the
negative polarization charge on the top surface of GaN, result-
ing in a positive net polarization charge. This results in the
attraction of free electrons in the GaN layer, which gather
on the GaN side and form a 2DEG [4]. The 2DEG at the
heterojunction interface has a higher electron mobility
(1.2 x 103 cm2-V~1.s71) and sheet density (8.6 x 10!2 cm™2),
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Figure 4: (a) /-t characteristic curve at a bias voltage of 0.2 V under tensile strain. (b) /-t characteristic curve at a bias voltage of 0.1 V under
compressive strain. (c) /-t characteristic curve under periodic tensile straining to 0.88%.

(a) Compressive (c-axis) (b)

Strain free (c)

Tensile (c-axis)

Figure 5: Structure diagram showing the charge distribution of the AIGaN/AIN/GaN heterojunction NW under compressive strain (a), without strain (b),
and under tensile strain (c). The black color represents the inherent polarization and the charge generated by the inherent polarization, whereas the
orange color represents the piezoelectric polarization and the charge generated by the piezoelectric polarization.
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values obtained from the Hall test, which greatly improves the
performance of the AlIGaN/AIN/GaN heterojunction NW-based
strain sensor.

In Figure 5a, the AIGaN/AIN/GaN heterojunction NW under
compressive strain (c-axis) generated a piezoelectric polariza-
tion along the negative direction of the ¢ axis, which resulted in
a negative piezoelectric charge on the +c-plane of the GaN
layer. The corresponding net polarization charge at the hetero-
junction interface decreases, resulting in a decrease in the densi-
ty of the 2DEG. Therefore, as the compressive strain (c-axis) in-
creases, the output current gradually decreases, which is consis-
tent with the experimental results obtained (Figure 3). On the
contrary, under tensile strain (c-axis), the direction of the piezo-
electric polarization is along the positive direction of the c-axis,
and positive piezoelectric polarization charges are generated on
the +c-plane of GaN. Therefore, the net polarization charge at
the heterojunction interface increases, resulting in an increase in
the density of the 2DEG and a corresponding increase in the
output current (Figure 5S¢ and Figure 3). The results show that
mechanical strain changes the concentration of the 2DEG at the
heterojunction interface by changing the polarization charge
distribution. This, in turn, influences the output current signal of
the piezotronic strain sensor.

Conclusion

AlGaN/AIN/GaN heterojunction NWs with controllable size
were prepared by a top-down two-step process, including ICP
dry etching and selective EC wet etching. After the lift-off, a
single NW was transferred to a flexible PET substrate and was
fixed by ITO electrodes to form an ohmic contact for the strain
sensor. We have introduced the piezotronic effect to adjust the
carrier transmission and the output current under the action of
an applied stress. The output current increased with an increas-
ing tensile strain, decreased with an increasing compressive
strain, and went back to the initial value after the release of
either the compressive or the tensile strain, which shows the
strain detection ability of the device. The gauge factor was
calculated under different strain conditions. It was as high as
30 under either a —1.78% compressive strain or a 1.78%
tensile strain, which shows the high sensitivity of the sensor.
Furthermore, multiple cycles of tensile stress—release testing
also fully demonstrated the repeatability and stability of the
strain sensor. The working principle model of the strain sensor
was illustrated by the polarized charge distribution under
compressive or under tensile strain. This work describes a
highly sensitive and a highly stable strain sensor based on a new
AlGaN/AIN/GaN NW structure, which has shown great
application potential in several fields, including wearable inte-
grated circuits, health-monitoring devices, and artificial intelli-

gence.
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Experimental
Synthesis of the epitaxial structure

The epitaxial structure used in this study was grown by
MOCVD (Thomas Swan). Trimethylgallium (TMGa), tri-
methylaluminum (TMAI), and ammonia (NH3) were used as
Ga, Al, and N sources, respectively. N, and H, were used as
carrier gases in the growth process. A 1 pm layer of uninten-
tionally doped GaN was deposited as the buffer layer on a
sapphire substrate, followed by a 500 nm layer of Si-doped
N-GaN (the doping concentration was 5 X 1018vcm_3). The
thickness of the heavily doped GaN was 1.5 um and the Si
doping concentration was 1.0 x 10'%-cm™3. The thickness of the
two thin N**-GaN layers was only 10 nm each with a Si con-
centration of 4.5 x 10'9 cm™3. The thickness values of U-GaN,
U-AIN, and U-Alj 3Gagp 7N were 900 nm, 1.5 nm, and 30 nm,
respectively.

Preparation of the AIGaN/AIN/GaN

NW-based strain sensor

First, stepper lithography was used to form NW stripes with a
controllable size. Here, we set the stripe width to 900 nm and
the stripe spacing to 3 um. Then, the wafer was etched by ICP.
The etching depth reached the heavily doped GaN to expose the
sacrificial layer for EC wet etching. Next, the wafer was laser-
cut into a rectangular sample, where the NWs were aligned
parallel to the long sides. One end of the sample was coated
with a silver paste and connected to the anode of the elec-
trolytic cell, and the cathode was the Pt sheet. Oxalic solution
(0.3 M) was used as the electrolyte. The applied voltage was
20 V and the duration of its application was 10 min. After selec-
tive EC wet etching, the sample with suspended NWs was
placed in deionized water to remove the etching residues. Then,
the cleaned and dried NWs were electrostatically adsorbed onto
a PET substrate in order to print and fix on the pre-cured host
substrate, such as another PET substrate or room-temperature-
vulcanizing silicone (RTV) substrate. Herein, a single AIGaN/
AIN/GaN NW was transferred to a flexible PET substrate, and
ITO electrodes were prepared by magnetron sputtering on both

ends of the NW to form an ohmic contact.

Measurements

The selective EC etching process and the morphology of the
NWs were imaged using an optical microscope (Leica
DM2500M), an SEM (ZEISS Ultra 55), and a TEM (JEM-
2100HR, JEM-1400 PLUS). The I-V characteristic curves were
measured using a source table including a SR570 low-noise cur-
rent preamplifier and a DS345 function generator.
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The development of industry and of the Internet of Things (IoTs) have brought energy issues and huge challenges to the environ-

ment. The emergence of triboelectric nanogenerators (TENGs) has attracted wide attention due to their advantages, such as self-

powering, lightweight, and facile fabrication. Similarly to paper and other fiber-based materials, which are biocompatible,

biodegradable, environmentally friendly, and are everywhere in daily life, paper-based TENGs (P-TENGs) have shown great poten-

tial for various energy harvesting and interactive applications. Here, a detailed summary of P-TENGs with two-dimensional

patterns and three-dimensional structures is reported. P-TENGs have the potential to be used in many practical applications, includ-

ing self-powered sensing devices, human—machine interaction, electrochemistry, and highly efficient energy harvesting devices.

This leads to a simple yet effective way for the next generation of energy devices and paper electronics.

Introduction

Environmental pollution is an undeniable fact in our daily lives.
The air pollution caused by industrial waste generation (gases/
toxins) and by the combustion of fossil fuels is getting more and

more serious [1,2]. Meanwhile, with the rapid growth of the

Internet of Things (IoTs), the explosive growth of sensors has
led to the massive use of batteries, which have also resulted in
severe environmental issues in virtue of their short lifetime. In

this regard, renewable energy sources, such as wind, wave, and
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solar power, appear to be the most efficient and effective solu-
tions [3-10]. However, the infrastructure constructions for har-
vesting energy from renewable sources (e.g., wind power
stations and solar photovoltaic energy systems) are huge,
expensive, and take a long time to be built. Even worse, har-
vested wind and solar energy cannot be incorporated into the
power grid, which inevitably calls for additional energy storage
facilities [11-13]. Therefore, there are still increasing demands
for the development of power sources which are highly effi-

cient, clean, and sustainable.

In recent years, the triboelectric nanogenerator (TENG), first
invented by the Wang group in 2012 [14], has been quickly de-
veloped to be a revolutionary breakthrough in the energy har-
vesting [15-21] and self-powered systems [22-27]. Based on
electrostatic induction and triboelectrification [28], the novel
TENG can utilize the Maxwell’s displacement current to readily
drive electrons to flow through an external circuit and power
portable electronic devices. To harvest the ubiquitous mechani-
cal energy from its surroundings, TENGs need to have a simple
device design and to be low cost and lightweight. TENGs have
also shown the pivotal ability to convert low-frequency me-
chanical energy from walking, waving, and eye-blinking into
electricity. TENGs can readily serve as a sustainable power
supply based on four basic operation modes [29], including
vertical contact—separation mode [30-32], lateral-sliding mode
[33-35], single-electrode mode [36,37], and freestanding tribo-
electric-layer mode [38]. As an advanced and durable energy
source, TENGs have shown promising and significant features
that are applied to power units in the micro- and nanoscale [39-
44], high-voltage sources [45], self-powered systems [46-50],
and blue energy harvesting devices [51-56].

Paper, by far one of the most inexpensive and flexible materials
widely used in daily life, was developed more than 2000 years
ago in China. Paper and other fiber-based materials are integral
components of many objects that are used on a regular basis by
the population, which are also available in different composi-
tions, thickness and surface roughness. Most importantly, paper
is biocompatible, biodegradable, and environmentally friendly,
and has tremendous advantages over the majority of other mate-
rials (e.g., it is lightweight, renewable, and air-permeable).
Besides, paper is flexible and can be easily folded or bent into

3D structures without causing structural damage.

In the last decades, paper-based electronic devices, such as
microfluidic paper-based analytical devices (UPADs) [57-60]
and thin-film transistors (TFTs) [61-65] have been widely in-
vestigated. Recently, they have also been applied in various
energy-related devices [66-68]. Although paper is intrinsically

insulating, conductive materials (e.g., metal nanowires, con-
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ducting polymers, carbon nanotube (CNT) inks, multiwall car-
bon nanotube (MWCNT) inks, and reduced graphene oxide)
[69-82], can be easily absorbed or used as a coating layer on the
surface of the paper due to its wettability and moisture-reten-
tion capacity. This provides an efficient method to prepare
paper electrodes for TENGs. Paper has also been proven to be a
natural TENG friction layer. Due to that, it shows a tendency of
easily losing electrons (i.e., electropositive) when contacting a
material that can easily gain electrons (i.e., electronegative).
Furthermore, due to the high roughness and porous nanofiber
structure it can lead to enhanced TENG output performances
owing to improved charge-trapping abilities.

Based on the above advantages and conveniences, paper-based
TENGs (P-TENGs) have exhibited great potential for many
practical applications, leading to a simple yet effective way for
the next generation of energy devices and paper electronics. In
this review, we try to look back and summarize the latest devel-
opments in the field of P-TENGs. Figure 1 schematically shows
the theme of this review article and several typical examples in
which P-TENGs are used. This paper starts with an overview of
TENGs and the corresponding working mechanism of four
basic working modes based on charge transfer and on the
electron-cloud potential-well model. Regarding surface modifi-
cation and fabrication methods involving paper, we then high-
light the strategies to improve the output performance of
P-TENGs. In another section, we give a detailed review on the
application of P-TENGs, with two-dimensional patterns and
three-dimensional structures, on self-powered sensing devices,
human—machine interaction, electrochemistry and highly effi-
cient energy-harvesting systems. To conclude the review,
perspectives and proposals regarding future potential applica-

tions and research directions are discussed.

Review
Four working modes of TENGs and
charge-transfer mechanisms

TENGs, which are emerging and efficient apparatus for energy
conversion, have been attracting significant attention from the
fields of energy harvesting and self-powered systems. The
triboelectric effect [83-85], a type of contact-induced electrifi-
cation, is the basis of TENGs. It was found that when two dif-
ferent materials are in physical contact, their interfaces become
electrically charged. Due to contact electrification (CE, or tribo-
electrification) [86], opposite charges will be induced when the
two materials are separated by a mechanical force, which will
correspondingly generate a potential difference between the two
materials due to electrostatic induction. If an electrical load is
connected through an external circuit, the previously induced

potential difference will drive the electrons to flow between
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Figure 1: P-TENGs and their applications.

the two materials (through the electrodes and the external
circuit). Depending on the circuit configurations and on the
variations in the polarization direction, TENGs can have four
working modes [87], including vertical contact—separation (CS)
mode, in-plane lateral-sliding (LS) mode, single-electrode (SE)
mode, and freestanding triboelectric-layer (FT) mode, as shown
in Figure 2a.
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In the vertical CS mode, a stack of two dielectric films is plated
with a metal electrode at the back surface of each layer. When
the two dielectric films are vertically separated and periodically
contacted due to the application of external forces, a small air
gap is formed in the middle and a potential difference is in-
duced between the two electrodes, which can drive the forward/
reverse flow of charges via the external circuit. The in-plane LS

Dielectric layer Conductive layer paper

Figure 2: (a) Four working modes of TENGs [87]. Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Adapted with permission
from Changsheng Wu et al., “Triboelectric Nanogenerator: A Foundation of the Energy for the New Era”, Advanced Energy Materials, John Wiley and
Sons. (b) Working mechanism of a TENG based on the vertical contact—separation mode.
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mode relies on the relative slippage between the two materials
in a horizontal direction parallel to the surface. An alternating
current output can be produced during the sliding motions be-
tween the top and the bottom layers. This kind of slippage is
also common in a variety of rotation-induced sliding modes,
which exhibit huge potential for application in high-output
TENG devices. Compared with the vertical CS mode and the
in-plane LS mode, the SE mode has only one electrode at the
bottom, which is connected to ground and taken as the refer-
ence electrode. The direction of the induced electric field can be
reversely changed during the approximation or separation be-
tween the bottom electrode and the upper dielectric materials.
The charge exchange will occur between the bottom electrode
and ground to balance the induced potential variation. The ap-
plication scenarios of TENGs with an SE mode are broad, in-
cluding direct finger/hand/skin touch or body motions. The FT
mode uses two unconnected symmetrical electrodes as the refer-
ence electrodes. When the top free-standing (i.e., noncontact)
dielectric layer moves from one electrode to the other, electro-
static charges will be induced on the two electrodes in se-
quence. Similar to the SE mode, if one takes one electrode as
the reference electrode, the induced charges will flow from the
reference electrode to the other electrode through the external
load. Thus, the electrical output is induced by the asymmetric
charge distribution during the suspending (forward/backward)
movements.

Based on the combination effect of triboelectrification and elec-
trostatic induction, the working mechanisms of the four opera-
tional modes of TENGs are similar. Taking P-TENGs in the CS
mode (most common design in previous works) as a typical rep-
resentative example, we further systematically analyze the
working mechanism of the detailed charge-transfer process.
Figure 2b elucidates the charge generation and the electron-
transfer process at the friction interfaces (paper/the other dielec-
tric layer) and electrodes (upper/bottom electrode) during one
contact—separation cycle of P-TENGs. The electrification
occurs at the interfaces between the paper and the other dielec-
tric layer owing to different electronegativities when they come
into contact. Different triboelectric charges (positive and nega-
tive charges) are induced by the same amount on the surfaces of
the friction layers. As there is no electric potential at this stage,
there is no electron transfer between the two conductive layers
(Figure 2b-1). When the two friction layers start to separate
along the vertical direction, opposite charges are induced in the
upper and lower conductive electrodes owing to electrostatic
induction (Figure 2b-II). As the distance between the two layers
increases, the electric potential difference between the two
layers enhances, driving the electrons to flow through the
external load which generates an instantaneous current. When

the two layers are separated by a maximum distance, the
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positive and negative triboelectric charges become fully
equilibrated, resulting in no current flow through the load
(Figure 2b-II1). When the two layers approach each other, the
electrostatic charges are induced and accumulate again, driving
the electrons to flow through the load between the two conduc-
tive layers in a reverse direction (Figure 2b-1V). Finally, the two
friction layers become fully in contact and the whole system
returns to the initial state. At this stage, the triboelectric charges

are completely balanced and there is no output current.

Although the origin of the contact electrification has been a
matter of debate for a long time, no conclusive model to explain
this phenomenon has been proposed. Previous studies investi-
gated whether the electron or ion transfer were dominant in the
contact-electrification phenomenon. However, the results were
highly controversial [88,89]. Xu et al. [90] have proposed that
the quantification of the surface charge density at different tem-
perature values is a critical method for investigating this phe-
nomenon. This can be readily explored as an effective tool to
identify the transferred charges and the corresponding CE
mechanism in TENGs. The results shown in [90] suggest that
the electron transfer dominates the CE process. The charge
retention ability is attributed to the intrinsic potential barrier
heights of the different materials, which can prevent the charge
dissipation. As the CE behavior is dependent on the surround-
ing temperature, Xu et al. [91] have further explored the opera-
tion of TENGs at high temperature values. Their results reveal
that the thermionic emission of electrons is the main reason for
CE and the atomic thermal vibrations strongly influence the CE
at increased temperature values.

To better demonstrate the electron-transfer mechanism,
which is dominant in CE, Xu et al. have proposed an electron-
cloud potential-well model (Figure 3). At the initial state, since
the highest occupied energy levels of the two materials (A and
B) are different and the individual electron clouds of the materi-
als are separated by a distance d, the electrons cannot be trans-
ferred between material A and material B. The trapping effect
of the potential wells prevents the electrons from escaping
(Figure 3-1). Once the material A comes into contact with the
material B, their electron clouds collide with one another to
form ionic or covalent bonds. The overlap between the electron
clouds enable the electrons to spontaneously flow from materi-
al A to material B (Figure 3-ii). The majority of the transferred
electrons will remain in B even if the material A is separated
from the material B by an enlarged energy barrier. This leads to
A and B being positively and negatively charged, respectively
(Figure 3-iii). As the temperature rises, the transferred elec-
trons in B tend to more easily escape from the potential well
and to be thermionically emitted into the air, leading to a

gradual decay of the surface charges (Figure 3-iv).
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Figure 3: The proposed electron-cloud potential-well model for electron transfer, which is the dominant mechanism of contact electrification [90].
Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Adapted with permission from Cheng Xu et al., “On the Electron-Transfer
Mechanism in the Contact-Electrification Effect”, Advanced Materials, John Wiley and Sons.

Treatment methods for paper and P-TENGs
The electrical properties of paper are critical determinants of the
performance of P-TENGs. The original paper structure usually
does not meet all the requirements for the desired applications
on P-TENG devices. Therefore, corresponding treatment pro-
cesses (e.g., deposition of conductive materials by laser pattern-
ing, screen printing, spray coating, thermal deposition, surface
morphology engineering, and chemical modification [46,92-
98]) are often applied to convert paper into a conductive elec-
trode or into a charge-enriched friction layer to improve
P-TENG output performances. As the TENG output perfor-
mance closely depends on the triboelectric polarity of the fric-
tion layer, the engineering of friction layers with more charges
with an opposite polarity induces a larger triboelectric charge
density. Since paper is mainly composed of cellulose, which
generally shows a tendency of losing electrons (electropositive),
it is preferred to pair paper with a friction material that can
easily gain electrons (electronegative) according to the tribo-
electric series [83,99,100].

Figure 4 depicts a paper-based 3D foldable device submitted to
a direct laser patterning method, which can convert ink-soaked
paper substrates to multifunctional carbide/graphene (MCG)
composites [92]. The composites have shown good conduc-
tivity even after repeated mechanical bending and folding tests.
Moreover, the laser pattering process results in porous MCG
structures (with pore sizes ranging from hundreds of nanome-
ters to several microns), which can be used in various applica-
tions, such as mechanical energy harvesting devices, chemical
sensors, and electrochemical supercapacitors.

Screen printing is a facile, efficient, high-throughput and
low-cost printing method [101]. A layer of ink is scraped across
the screen surface and, then, extruded through the open pores
of a patterned mesh into the substrate. The printing resolution
and the pattern thickness depend on the density of the mesh and
on the properties of the ink, respectively. Screen printing has
been widely used for fabricating conductive electrodes, semi-

conducting layers of solar cells, and active materials in field-
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Original " * Soaked - Converted

Figure 4: Treatment methods for paper and P-TENGs. Schematic illustration of a simplified MCG composite obtained by a direct laser-writing MCG-
patterning process. An SEM image of a paper depicting three regions (from left to right): paper, paper soaked with a Mo—gelatin ink, and paper with
converted MCG composites [92]. Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Adapted with permission from Xining Zang et
al., “Laser-Induced Molybdenum Carbide—Graphene Composites for 3D Foldable Paper Electronics”, Advanced Materials, John Wiley and Sons.

effect transistors (FETs). It is commonly used as a planar
printing technique for batch processing. It is also further adapt-
able to a roll-to-roll process or to rotary screen printing, which
enables a facile and high-throughput printing on curved sur-
faces. The deposition process assisted with soft stencils is
another “bottom-up” method for the preparation of functional
materials on flexible and irregular surfaces. Even though
P-TENGs require flexible conductive materials, metallic materi-
als (e.g., copper, zinc, silver, and gold) are still frequently used
as electrodes for flexible electronics due to their excellent
electrical conductivity. By using the Kapton tape to attach soft
stencils to paper, various metals can be deposited through the
stencils by thermal/e-beam evaporation, sputter deposition, or
spray deposition. When the stencils are peeled off they can
readily leave the metallic patterns on the paper substrate [102]
(Figure 5a). In comparison to the conventional printing tech-

niques, vacuum evaporation and vacuum deposition techniques

usually allow a better control over the material thickness,

yielding more homogeneous structures. The vacuum evapora-

a Pattern metal:
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tion is applicable to a variety of metals at a high rate of up to
50 nm-s~!; however, it requires expensive equipment and
high-vacuum conditions. The sputtering can be conducted by
using less expensive equipment and under lower vacuum condi-
tions; however, the deposition speed is lower than that of the
vacuum evaporation. The thickness of the metal layer obtained
by e-beam deposition can be up to several micrometers, which
is lower than the thickness of the metal layer obtained by
sputter deposition (50-300 um) [39]. In contrast, the spray
coating/deposition with stencil is the most inexpensive process
and can be applied at room temperature without any specialized
equipment. Figure 5b represents an acoustic energy harvester on
a paper substrate with multi-hole electrodes obtained by
stencil-assisted vapor deposition [103]. The arrays of small
holes with various shapes and distributions are drilled on the
stencil via laser cutting, and a layer of copper with thickness of
100 nm is deposited onto the electrode via physical vapor depo-
sition. By combining the stencil-assisted deposition and pattern-
ing methods it is possible to apply sophisticated electronic

Figure 5: (a) A general scheme for fabricating an electrode on paper substrates [102]. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Adapted with permission from Adam C. Siegel et al., “Foldable Printed Circuit Boards on Paper Substrates”, Advanced Functional Materi-
als, John Wiley and Sons. (b) An acoustic energy harvester with a multi-hole paper electrode obtained by vapor deposition. Adapted with permission

from [103], Copyright 2015 American Chemical Society.
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devices or e-skins on flexible and arbitrary substrates [75,104-
107].

The electronegativity of the friction layer is critical for the
triboelectrification properties of TENGs. Surface chemical
modification (to introduce electronegative or electropositive
functional groups) and micro-/nanostructure engineering (to
introduce charge-trapping points to facilitate charge transfer)
are effective ways to modulate the electronegativity. The sur-
face modification of the friction materials is performed to
implement chemical functionalization by using various mole-
cules [72,93,94,108-113], while surface engineering can be
performed by introducing micro-/nanostructured patterns
[74,92,114-121] or porous structures [97,122-124]. Feng et al.
[93] modified gum wrappers with polydopamine to improve the
output voltage of TENGs by approx. 3.5 times in comparison
with unmodified TENGs.

Another typical method to prepare nanoscale paper with differ-
ent electrical properties is by using vacuum filtration (VF) to
either obtain dielectric cellulose nanofiber (CNF)- based nano-
scale paper or AgNWs-casted conductive paper electrode [125].
The prepared AgNWs/CNF paper is flexible enough to be
repeatedly folded and unfolded. When the number of folding/
unfolding cycles increases, the sheet resistance of the AgNWs/
CNF paper increases only a little, which demonstrates its supe-
rior durability and conductivity. VF is a simple and rapid
method to cast functional materials onto solution-processable
substrates without the need to implement any time-consuming
and high-cost processes (e.g., evacuation, thermal/e-beam
heating, and radio-frequency sputtering). The conductivity is
also easily adjustable by changing the concentration of the
conductive precursors (e.g., AgNWs, carbon nanotubes, and

reduced graphene oxide).

A special nanoscale paper composed of nanocellulose, which is
easy to be synthesized/chemically modified/doped, has at-
tracted great attention in recent years. Generally, cellulose-
based composites are used as the electropositive layer, while
some common synthetic polymers, such as fluorinated ethylene
propylene (FEP), polytetrafluoroethylene (PTFE), and
poly(dimethylsiloxane) (PDMS) are used as the electronegative
part. As the synthetic polymers have a smooth surface and a
dense structure, which are limiting factors for the triboelectric
performance of TENG devices, Chen et al. tried to introduce a
nitro group into the counter cellulose friction layer to change
the triboelectric polarity of cellulose with higher electron-attrac-
tive capacity [94]. The hydroxy groups in the cellulose mole-
cules were mostly replaced by nitro groups in order to form a
nitrocellulose membrane (NCM), which has a porous structure

and a rough surface that improve the triboelectric performance
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of the constructed TENG. The P-TENGs with a NCM as the
negative friction layer have maximum open-circuit voltage
(Voe) and short-circuit current (Ig.) values of 196.8 V and
31.5 pA, respectively. The NCM-based P-TENG also exhibits
good stability and durability and can serve as a sustainable
power source. More importantly, the utilization of nanocellu-
lose paper offers an inexpensive, renewable, and biodegradable
method to fabricate high-performance P-TENGs through a

simple and environmentally friendly approach.

Geometry design of P-TENGs

Two-dimensional patterns

Due to its low cost, lightweight, flexibility, and environmental-
ly benign properties, paper has been extensively applied in
disposable and flexible electronics. It is also used to generate
various structures owing to its relative toughness and rigidity.
Two-dimensional patterns can have a variety of different con-
figurations. The Li group has shown ultrasoft, cuttable and
inexpensive P-TENGs for harvesting mechanical energy in
various forms [126]. The main materials utilized on those
P-TENGs were commercial tissue paper and silver nanowires
(Ag NWs), which were key to their feasibility. The P-TENGs
were built with two conductive paper pieces as the electrodes,
which were sandwiched between two commercial tissue paper
pieces. Three basic operation modes were proposed for those
P-TENGsS, considering diverse movement possibilities. These
modes consisted of the vertical CS operation mode, the LS
mode and the self-contact (SC) operation mode. One of the crit-
ical advantages of using P-TENGs is that the vertical CS mode
and the LS mode can generate triboelectric charges with any
target object materials. In the self-contact operation mode, the
P-TENG is folded such that the polyvinyl chloride (PVC) side

faces the paper side.

Three-dimensional structures: origami

Origami (an ancient paper-folding art) was originated in China
with the invention of paper and then refined in Japan. Recently,
origami has inspired the design of various devices, ranging from
macroscopic structures to microscopic materials. Schenk and
Guest systematically described the geometry and kinematics of
folded shell and cellular metamaterials [127]. The Zhu group
used an instant light-driven walking origami-inspired graphene
paper to implement programmed vertical and lateral transfor-
mations and to improve the performance of many well-de-
signed motions [128]. By using origami-inspired configurations,
Yang et al. demonstrated a sophisticated P-TENG for harvest-
ing mechanical energy from various types of human motions,
such as stretching, lifting, and twisting [129]. The origami
P-TENG could also serve as a self-powered pressure sensor to
distinguish, for example, the weight difference between differ-

ent coins.
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Miura-ori, a classic folding structure proposed by Miura, has
been applied in the design of certain structures, such as solar
sails [130]. Dudte et al. provided a scale-independent optimiza-
tion algorithm to program the problem of determining general-
ized Miura-ori tessellations that conform to prescribed surfaces
[131]. The flat and folded unit cells of a standard and of a modi-
fied Miura-ori structure are depicted in Figure 6a. The complex-
ity of the folding structures is comprised of the basic origami
unit cell: four coordinated mountain—valley structures. The
basic origami unit cell constitutes the heart of the simplest
origami tessellation and can be further engineered into compact
and deployable structures of arbitrarily complex geometries.
The design of complex origami structures starts with the folding
of thin sheets along the creases, which will lead to different
geometries in a large scale depending on the thickness and size
of the paper sheet. The excellent mechanical properties of the
origami structures enable diversified and sophisticated compres-
sions and expansions. Previous research works on paper-based
origami mainly focused on the seamless integration of sensing
and interactive actuation; however, they lacked to address the
concerns regarding paper-based power sources or self-powering
strategies. Chen et al. showed the construction of origami
P-TENGSs as a self-powered paper interface (SPIN) to harvest
mechanical energy from contact—separation movements [132]
(Figure 6b). The SPIN unit is made of copper tape electrodes,
PTFE, and nylon sheet friction layers. The adjustable parame-
ters of the crease patterns, such as shape, size, and orientation,
are key to the aesthetics and functionality of the SPIN energy-
harvesting units. There are four types of folding structures for
an efficient energy harvesting: the stripe fold, the Miura fold,
the Yoshimura fold, and the waterbomb fold. The stripe fold is
the simplest folding pattern with the maximum displacement in
a 1D vertical compression. The Miura fold can be expanded and
compressed along multiple axes but it has only one axis of
movement due to a negative Poisson ratio. This fold can be
compressed in a layered trapezoidal shape along two directions.

(1) Origami
a
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The Yoshimura fold has a 3D transformation in a spring-like
form, which is promising to be explored in different applica-
tions. The waterbomb fold is also a basic 2D compression fold
used to create unique geometries; yet they are difficult to apply
pressure on. The highest V. value of TENGs is obtained in the
stripe fold, followed by decreasing V. values obtained in the
waterbomb, Miura and Yoshimura folds, in this order. As the
surface area of each fold is the same, the main reason for the
different outputs is attributed to the differences in the maximum
separation distance parameter. Since the power density is
defined as the power divided by the contact area between two
friction layers, the design editor can be used to estimate the
potential power generation by the folding structures according
to Ohm’s law.

Three-dimensional structures: kirigami

Kirigami is a combination of folding and cutting; therefore, it is
different than origami, which only involves the folding of thin
planar sheets. The introduction of additional cuts can further en-
hance the deformability of the resulting structures. Inspired by
the art of paper cutting, Wei Wang et al. designed a soft deploy-
able reflector for optical beam steering using kirigami [133]. As
shown in Figure 7a, the planar soft deployable structure is made
of uniform hollow pockets in which the kirigami reflective
films are inlaid. As the axial strain is increased during
stretching, the surfaces of the kirigami reflector become
parallel. By changing the characteristic angle, the deformation
angle of the reflective film and the slit patterning can be con-
trolled.

The kirigami design in TENGs is a highly promising strategy
for energy harvesting due to the introduction of more contact/
separation spaces. Guo et al. reported a cut-paper-based self-
charging power unit (PC-SCPU) by combining TENGs and the
SC mode, which is capable of simultaneously harvest and store
energy from body movements [39]. Zhou et al. also proposed an

b
Flz_agynit cell Foldeg unit cell
ARt

§

- Copper Tape

:| PTFE/Teflon

Figure 6: Geometry design of a P-TENG (1) origami: (a) Folded standard (top) and modified (bottom) unit cells. (b) One unit and four different crease

pattern designs of SPINs.
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Figure 7: Geometry design of P-TENGs. (2) Kirigami. (a) The profile of the kirigami reflector [133]. Copyright © 2017 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. Adapted with permission from Wei Wang et al., “Kirigami/Origami-Based Soft Deployable Reflector for Optical Beam Steering”, Ad-
vanced Functional Materials, John Wiley and Sons. (b) An schematic structure and photographs of the different tensile strains of K-TENGs and the
typical electrical outputs of K-TENGs. Adapted with permission from [136], Copyright © 2016, American Chemical Society.

all-in-one stretchable self-charging power unit based on folded
carbon paper TENGs operating in SC mode [134]. Xia et al.
proposed a milk-based P-TENG (MP-TENG) to increase the
output performance of TENGs [114]. A lozenge-stacked
MP-TENG was designed and fabricated with an enhanced
output. Zhang et al. proposed a rhombic-shaped paper-based
triboelectric nanogenerator (RP-TENG) that can effectively
operate under tensile strain conditions and with an applied con-
tact force [135]. The Wang group developed a highly stretch-
able interlocking kirigami TENG (K-TENG) based on inelastic
paper materials [136]. K-TENGS are capable of harvesting me-
chanical energy from various types of motions, such as
stretching, pressing, and twisting due to the thin cutting film
design. The schematic structure of K-TENGs and related
photographs are illustrated in Figure 7b. The prepared FEP film
with a rectangular kirigami pattern was treated by inductively
coupled plasma, in which the parameters of a unit cell were de-
signed to match those of the linear kirigami on paper. The
copper-coated paper was chosen as one of the friction layers
and as the electrode for the K-TENG, whose horizontal and
vertical spacing between the notches was set as 2 mm. The re-
sulting K-TENGs could withstand a tensile strain of up to 200%
without breaking. The typical electrical output of a K-TENG
under cyclic stretching of up to specific tensile strain values of
16%, 28%, and 40% were tested. When the tensile strain of a
given K-TENG was at 16% or 28%, the V. and the transfered
charge (Qy;) increased monotonically with the applied strain,
while the /. only changed direction at the maximum applied
strain and at zero strain. When the tensile strain of a K-TENG
was at 40%, V. and Qy; first increased with the applied strain
until they reached a fully stretched state, after which both
values started to decrease.

Emerging applications of P-TENGs

2D and 3D self-powered sensors based on paper-
based TENGs

As a promising technology for self-powered sensing devices,
TENGs can directly convert mechanical stimuli into electrical
signals without additional transducers. Therefore, TENGs have
a great application potential in the fields of active-sensing
devices and self-powered sensors [137-144], which require less
standby power consumption and simpler control circuits
compared to traditional sensors. More recently, P-TENGs have
also been employed in a wide range of application scenarios,
including acoustic [103], pressure/force/weight [129,145,146],
velocity/acceleration [136,147], position [148], anti-theft [149],
and temperature [145] sensors. Liu et al. [146] reported a self-
powered active P-TENG force sensor with an ionogel-infil-
trated paper (IIP) as the electrode, aiming for a flexible all
paper-based sensor. The upper ionogel-infiltrated paper-based
flexible electrode was adhered to the back side of the filter
paper as the upper triboelectrification layer, while the counter
friction layer corresponded to the bottom ionogel-infiltrated
paper attached inside of the filter paper. The bottom ionogel-
infiltrated paper was in contact with the upper pristine filter
paper to generate the induced electrostatic charge. In addition, it
worked as an electrode conducting the electrons to the external
circuit. The all paper-based flexible sensor could detect differ-

ent impulsive forces without any extra power consumption.

Based on efficient conversion of ambient mechanical energy
into electricity, P-TENGs have been extensively utilized in self-
powered mechanosensing devices [150] (e.g., pressure, tactile,
strain, and force sensors). Some special but also frequently re-

quired applications (e.g., humidity and height sensors) have
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been rarely reported. Recently, Ejehi et al. proposed a self-
powered humidity sensor based on a graphene oxide (GO)
paper-based TENG [151], which showed an outstanding power
density as high as 1.3 W-m™2, a V. of up to 870 V and a I of
1.4 pA-cm™2. GO was chosen to be precipitated on paper in
virtue of the reactive oxygen functional groups and due to its
high specific surface, which made it a good candidate for both
energy harvesting and material storage [152]. Moreover, its
intrinsically high mechanical strength enabled the production of
a flexible and stable thin layer, which could be used as a free-
standing friction layer (also electrode) in TENGs.

In addition to the applications in energy harvesting, GO can
also be readily used to monitor the relative humidity (RH)
because of the strong interactions between water molecules and
oxygen functional groups on its surface. The basis of a GO
humidity sensor is the variation of impedance or capacitance
owing to the tendency of the water molecules to be adsorbed on
the GO surface. The rich functional groups of GO and the flexi-
bility of GO paper deliver the significant potential for a less
complicated TENG structure with a high sensitivity and a wide
range of humidity detection. The corresponding mechanism of a
self-powered GO P-TENG humidity sensor is displayed in
Figure 8a. In general, GO P-TENG sensors respond to humidity
due to the physical adsorption of water molecules on the sur-
face of the GO layer. In a low RH scenario, water molecules are
primarily condensed onto the available active sites of the GO
surface, which act as the obstacle for electrostatically induced
charges and reduce the contact surface to form a depletion
region. As a consequence, the output current of the GO
P-TENGs decreases in a low RH condition. As the RH in-
creases, the hydroxy groups of the first physisorbed layer bond
to water molecules, through hydrogen bonding, which also
permeate into the interlayers of GO. The gradually absorbed
water layer creates a uniform barrier layer for the induction of
positive charges on the GO surface, which results in the forma-
tion of a continuous depletion region and leads to a more rapid
current decrease at a higher RH. In order to investigate the elec-
trical performances of the fabricated GO P-TENG as a self-
powered humidity sensor, the normalized V. and I of the GO
P-TENG were tested, both of which showed an elevated slope
when the RH was increased. The response value of the gener-
ated voltage reached 400%, while the maximum value for the
current response was approx. 700% at a RH = 99% (Figure 8b).
To illustrate a more vivid demonstration, the number of LEDs
powered by the GO P-TENG decreased with a gradually in-
creasing RH, as shown in Figure 8c. Compared with previously
reported TENG-based humidity sensors, in which a TENG is
generally used as the external source to power the humidity
sensor, the GO P-TENG reviewed here is the first self-powered

humidity sensor that utilizes the output performances as sensing
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signals. The achieved high sensitivity of 500% (V/V-%RH) is
useful for portable/wearable electronics and for potential indus-

trial applications due to its flexibility and lightweight.

Regarding height sensors, Xia et al. proposed a stacked 3D
zigzag-structured P-TENG [70], which displayed different
output signals depending on the changes in height of a falling
object or on the impact when this object came into contact with
the P-TENG. To increase the overall output, the paper in the
zigzag-structured P-TENG was coated with commercial
conductive ink. The ink-coated paper worked as both the func-
tional friction layer and as a supporting structure, while PTFE
was used as the other friction layer. The detailed working
process is described as follows: at the initial state, a bouncy ball
was placed at a certain height. At that stage, the surfaces of
PTFE and of the paper of the height sensor were completely
separated. When the TENG sensor was compressed by the
impact of the falling bouncy ball, the induced triboelectric
output could be detected. With the bouncy ball bouncing back
up, the PTFE and the supported conductive paper began to
separate.

Xia et al. designed a sliding triboelectric nanogenerator based
on paper (SP-TENG) for self-powered speed and force sensors
[147]. In the initial position, the surfaces of the paper and
Teflon tape were completely overlapped and in touch with each
other. Because of the triboelectrification, the surfaces of the
paper had a positive charge, and the surfaces of the Teflon tape
had an equivalent negative charge. When the positively charged
top plate started to slide outwards, an induced current was
generated. When the top plate started to slide in the opposite
direction, the induced current flowed back with the help of
external loads in order to maintain the electrostatic equilibrium.
When the two plates reached the original position, the charged
surfaces went back to a complete interaction setting. The
SP-TENG can be used as a force and as a velocity sensor. The
output voltage of the SP-TENG is approximately linearly

proportional to the velocity.

2D and 3D human—machine interaction devices
based on P-TENGs

The rapid development of IoTs and of the 5th generation com-
munication technology aims to increase information exchange
and communication through the internet. This will require
millions or trillions of sensing nodes and systems to enable a
convenient, safe, and sophisticated interaction between humans
and electronic devices [153]. Although the power required for
the operation of each sensor is down to the microwatt level, the
number of these units is usually huge. The most conventional
technology for powering IoTs (e.g., traditional chemical

batteries) faces a significant challenge due to a limited lifetime
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Figure 8: 3D self-powered sensors based on P-TENGs. (a) The sensing mechanism of the self-powered GO paper-based TENG humidity sensor.
(b) The response value of the electrical output as a function of RH. (c) The number of LEDs which can be lit by a GO paper-based TENG at different
values of RH. Figure 8 is adapted from [151] (© 2020 Faezeh Ejehi et al., published by Springer Nature; distributed under the terms of the Creative
Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

and powering distance, and due to the wide demand from the
broadly distributed sensor networks. It is, therefore, urgent to
investigate self-powered devices in order to promote the devel-
opment of IoTs. TENG is considered a promising candidate for
a self-powered mechanosensing device and it has been success-
fully employed in human—machine interaction. He et al. de-
veloped a wireless human—machine interaction system for docu-
ment management and a smart system for calculation and
reading based on a P-TENG with 2D patterns [154]. A wireless
sensing system was also developed by integrating a P-TENG in

a single-electrode mode, in which the generated electrical

signals were direct responses to external mechanical stimuli.
The wireless sensing system could be easily operated by the
output voltage generated by the touch between finger and paper,
which effectively triggered the processing circuit to produce an
infrared (IR) signal. This remote IR signal could be detected by
a wireless receiver and read by a computer. When the docu-
ment was moved, a voltage output was generated due to the sep-
aration action, which triggered the remote controller and the IR
sensor. Through a signal processor, the relative document num-
ber was displayed on the monitor, achieving the document

management system.
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Another application in human—machine interaction is the paper-
based calculator, which was fabricated by using 16 separated
squared TENGs as functional keys. It was observed that the cor-
responding numbers and operative symbols were entered and
displayed on the monitor when the relevant functional keys
were touched by finger. Notably, the effective working dis-
tance to trigger the remote-control circuit was within six meters.
The wireless sensing system used a self-powered P-TENG that
combines the ultrathin and lightweight features of paper with
additional advantages, such as cost-effectiveness and versatility,
in applications in which the signal triggered by mechanical
motions can be converted into a control signal and readily em-
ployed in human—machine interactions.

P-TENGs can also work as tactile sensors to obtain a self-
powered paper piano controlled in real time. By properly
cutting and folding, a paper piano was obtained by utilizing an
array of P-TENGS as an interactive keyboard [94]. In the paper
piano, a printed paper substrate with a back Cu electrode was
used as one of the friction layers, while a nitrocellulose mem-
brane was used as the other friction layers in the P-TENG
device. The P-TENG-based keyboard paired with bridge recti-
fiers and capacitors was connected to a laptop through a micro-
controller. By pressing and releasing the keys of a P-TENG-
based keyboard, the capacitors were charged and the voltage of
the capacitor connected to the key submitted to press—release
cycles was measured. The voltage changes of the capacitor were
measured as input signals and recorded by a microcontroller,
which could trigger the microcontroller and play music in the
computer through the embedded program.

Chen et al. employed a 3D-structured P-TENG and took advan-

tage of the paper creases to implement repetitive push-and-pull

Microprocessor

v
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movements in promising applications, such as self-powered
mechanosensing systems, electronic skins, and human—robot
interactions [132]. In that work, a vote-counting button based
on the Yoshimura fold was employed as a force and touch
sensing device, as shown in Figure 9. This application adapted
the nature of the Yoshimura fold, which provides a spring-like
feature that can be pressed and recover automatically. By
tapping the “voting button”, which was associated with other
relevant items, a triboelectric voltage was generated and recog-
nized by the microprocessor in order to evaluate the induced
voltage values and to light a corresponding number of LEDs in
a strip.

Applications of 2D P-TENGs in self-powered
electrochemistry

Metal corrosion is a common phenomenon and a considerable
amount of resources are necessary in order to prevent it. There-
fore, the development of technologies to protect metals against
corrosion has a significant economic importance and has at-
tracted attention from different sectors. Cathodic protection is
an effective and a traditional method to keep metals from corro-
sion. It can be obtained by an external direct current or a by
a passive sacrificial anode [155-157]. However, traditional
cathodic protection needs external electricity, which is very
complex and energy consuming. Assisted with a self-powered
system, an ideal cathodic protection system is expected to be
sustainably powered by using nanogenerators. This can effec-
tively decrease the usage of traditional methods which are
energy consuming and introduce serious environmental prob-
lems. Some examples of self-powered systems have been intro-
duced to solve this problem by integrating P-TENGs into an
anti-corrosion protection system. Feng et al. have reported

P-TENGs that can readily convert kinetic energy into elec-
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Figure 9: Human—machine interactions based on a 3D P-TENG. Schematic showing a logic flowchart of the Yoshimura fold being used as a voting

button in a sensing device.
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tricity to protect A3 steel from corrosion and biofouling [93]. A
square-shaped A3 steel piece was connected to the cathode and
a carbon electrode was connected to the anode, with a P-TENG
paired with a rectifier and a capacitor connected in parallel with
the electrochemical system. The P-TENG, in this case, was
composed of PVDF and paper as the friction layers. The
maximum values of V. and I of the P-TENG were 1000 V
and 30 mA, respectively. By converting the output form of the
alternating current into a direct current with the rectifier, it was
possible to efficiently protect the iron electrode from corrosion
through the cathodic protection system. The comparative results
shown in the photographs of the A3 steel pieces with and with-
out a self-powered cathodic protection system revealed that
there were no obvious changes in the morphology and color of
the surface of the A3 steel in connection with the TENG. How-
ever, the A3 steel without the self-powered protection compo-
nent was severely corroded. The Tafel plots of A3 steel with
and without a cathodic protection showed that with a self-
powered cathodic protection provided by the TENG, the A3
steel showed a much lower charge-transfer resistance value and
the corresponding Nyquist plot exhibited an arc with a smaller
value, which indicated that the TENG-powered cathodic protec-
tion system has obvious anticorrosion properties.
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Marine fouling, caused by metal contamination and accumula-
tion of biological organisms, is a major challenge for the
oceanic ecosystem. With the growing threat to the environment
caused by pollution, the search for innovative, highly efficient
and cost-effective approaches to curb pollution has attracted
much attention [158]. Previous research works have proven that
a pulsed electric field can prevent biofouling from adhering to
material surfaces [159-161]. Two types of marine algae
(Dunaliella and Navicula) were used as typical indicators to
simulate the ecological environment of the marine fouling
organisms. Two stainless steel pieces were connected to the
anode and to the cathode with a rectifier, and another piece of
stainless steel was directly immersed into the algae medium as
the blank sample. After introducing the TENG-powered
antifouling system, the stainless steel pieces on both the anode
and cathode showed good antifouling properties, as indicated by
algae density.

An electrochemical reaction is an electron-transferring or
flowing process between an electrode and a substance. TENGs
can also be used to harvest mechanical energy and drive elec-
tropolymerization processes without an external power source
to drive the electrochemical reaction. Shi et al. obtained a
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Figure 10: Applications of 2D P-TENGs in a self-powered electrochemical system. (a) Schematic illustration of a TENG electrochemical system and
its electrochemical characterization. (b) SEM images of a pristine CNT and of PANI-CNT surfaces. (c) Raman spectroscopy, (d) CV curves, (e) GCD
curves, and (f) specific capacitance values of CNT and PANI-CNT electrodes [162]. Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Wein-
heim. Adapted with permission from Kunming Shi et al., “Dielectric Modulated Cellulose Paper/PDMS-Based Triboelectric Nanogenerators for Wire-
less Transmission and Electropolymerization Applications”, Advanced Functional Materials, John Wiley and Sons.
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P-TENG electrochemical system for electropolymerizing
polyaniline (PANI) on a CNT electrode. Figure 10a shows the
schematic illustration of a TENG electrochemical system (in-
cluding a TENG, a rectifier and a capacitor), which was used to
improve the capacitance of the CNT electrode by PANI elec-
tropolymerization [162]. The TENG powering component was
comprised of a cellulose/BaTiO3 aerogel paper as the positive
friction layer and PDMS as the negative friction layer. The
modified CNTs embedded into a thin layer of PANI by the
TENG electrochemical system showed a larger diameter com-
pared with the pristine CNTs, as shown in Figure 10b. The elec-
tropolymerization of PANI on a CNT electrode is also identi-
fied by the Raman spectra in Figure 10c. The electrochemical
behavior of CNT and PANI-CNT electrodes were evaluated by
using cyclic voltammetry (CV) and galvanostatic charge—dis-
charge characterization (GCD). Compared with the pristine
CNT, two pairs of redox peaks appeared in the CV curve of
PANI-CNT electrodes at a scan rate of 50 mV-s~! (Figure 10d).
The charge—discharge time of the PANI-CNT electrode was
almost two times longer than that of the CNT electrode for one
cycle (Figure 10e). The PANI-CNT electrode exhibited a larger
specific capacitance (approx. 1400 F-m~2 under 6 A-m~2) in
comparison to the CNT electrode under all the applied current
densities (Figure 10f). This application of P-TENGS provides a
feasible and an effective way to construct self-powered electro-
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chemical systems with a high output performance, enables
the application of TENGs in the preparation of electrodes for
supercapacitors with high specific capacitance values, and it is
promising for large-scale applications in the environmental

sciences.

2D and 3D P-TENGs for energy harvesting

Due to its superior performance (i.e., lightweight, low cost, and
several material and structural possibilities for their manufac-
ture) P-TENGs have been broadly used as microscale power
sources for self-powered systems by harvesting human motion
or ambient energy, such as walking, machine vibration, and
wave energy. Harvesting low-frequency energy using P-TENGs
is of great importance. They have been as used as an acoustic
energy harvester and in the field of portable electronics since
the beginning of their development. Both 2D patterns and 3D
structures based on P-TENGs can be used for energy harvest-
ing and these designed structures are often combined together
rather than being mutually exclusive. The electric output perfor-
mance (i.e., I, Ve, Oy and power density) is virtually impor-
tant and it is the major figure of merit for energy harvesting.
The electric output performance of P-TENGs for energy har-
vesting and functionalities and a comparison between P-TENGs
and polymer-based TENGs are summarized in Table 1 and
Table 2, respectively.

Table 1: Summary of output power values for energy harvesting purposes and functionalities in which P-TENGs are applied.

Functionality

self-powered paper piano

active sensor

self-powered sensing system

wireless transmission &
electropolymerization applications

self-powered sensing system

pressure sensor

Ref. Geometry design Application
Electric output (Vc, lse, Qir, power density (mW-m=2))

[49] 2D 5.3 x 10°

[94] 2D 1.61 x 104

[163] 3D (origami) 1.61 x 10%

[147] 2D 1.84 x 104

[113] 2D 1800

[68] 2D 906

[125] 2D 693

[46] 2D 398

[162] 2D 352.5

[154] 2D 285.6

[103] 2D 121

[80] 2D 725

[82] 2D 64

[134] 3D (origami) 32.2

[96] 3D (origami) 29.5

[147] 3D (origami) 0.583

[163] 3D (origami) 0.542

[129] 3D (origami)

[149] 2D

page mark and anti-theft sensor
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Table 1: Summary of output power values for energy harvesting purposes and functionalities in which P-TENGs are applied. (continued)

[126] 2D
[145] 2D
[164] 3D (origami)
[146] 2D
[151] 2D
[136] 3D (origami)
[93] 2D

action sensor

temperature & weight sensor
height sensor

active and passive mode sensor
humidity sensor

acceleration & book state sensor
anticorrosion & antifouling

Table 2: A performance comparison between P-TENGs and traditional polymer-based TENGs.

Materials Typical performance Ref.
Isc Voc Qy Power
traditional FEP, metal 120 pA 281-560 V 670 nC 7.96 mW [54-56]
polymer-based pTFE metal  25.97 pA - 300-400 V 1000 nC 2.84-3W 135,53]
TENGs
1.32 mA

PDMS, CNTs 180 nA 60V [81]

PDMS, liquid  12.06 pA 268 V 103.95 nC 0.32 mW [67]

metal

nanoparticles
paper as an FEP 30 pA MV 75 nC-cm=3 - [39]
Z'ec&(’%er:\#ne PTFE 2-17 A 20-110 V 38.4-550nC  121-906 mW-m=2  [47,69,104,130]
Cgrbon) P ppms 18.6 pA 300 V 79.3uC'm=2 322 mW-m-2 [134]
paper as a PDMS & 8.3 YA 88V - 352.5 mW-m2 [162]
friction layer BaTiO3

cellulose paper

crepe cellulose  31.5 pA 196.8 V - 16.1 mW-m=2 [94]

& nitrocellulose

membrane

PVDF & 30 uA 100 V 76 uC-m=2 - [92]

polydopamine

modified paper

PTFE & forward-poled BC-TENG /g¢c = 9.8 YA, Vo = 170 V reverse-poled [113]

BaTiO3 BC-TENG /¢ = 1.6 YA, Voo = 44 V

cellulose paper

Due to the advantages of cellulose (i.e., a low cost, lightweight,
abundant, and accessible material) cellulose-based materials
have also been intensively used, in recent years, in the manufac-
ture of energy-harvesting devices, such as TENGs, (as a posi-
tive friction layer or as a direct substrate). P-TENGs exhibiting
good stability and durability can be used as a sustainable source
to power various portable electronic devices. For example,
P-TENGs are able to light up 240 LEDs connected in series
through a commercial rectifier bridge. To power relatively high-
power electronics, the energy harvested by TENG is generally
stored in energy storage devices first. This can be performed by

using a bridge rectifier and different types of capacitors. The

charged capacitor is then used to power the target electronic
devices, such as segmented LED display, liquid crystal display
(LCD), and electroluminescence (EL) display units. The cellu-
lose-based P-TENGs have the following electric output perfor-
mance parameter values: V. (approx. 196.8 V), I, (approx.
31.5 pA), and power density of 16.1 W-m~2 [94].

As vast amounts of acoustic energy (e.g., from talking, traffic
noise, and music) are normally not harvested, Wang group de-
veloped an ultrathin and rollable P-TENG for harvesting sound
wave energy [103], which is capable of delivering a maximum

power density of 121 mW-m~2 (volume density of approx.
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968 W-m~3) at 800 kQ under a sound pressure of 117 dBgpy,
(Figure 11). The ultrathin P-TENG with a multilayered struc-
ture was composed of several thin film materials. Paper was
selected as the structural backbone of the TENG (coated with
copper, thereby working as an electrification layer) to generate
triboelectric charges upon contact with a PTFE membrane. This
device can be applied in many scenarios to harvest recycled
acoustic mechanical energy from music playing and phone
conversations. Compared with traditional acoustic energy
harvester, which have a resonance cavity, the presented
P-TENG is ultrathin, flexible and rollable. In addition, the ultra-
thin TENG is fabricated with low-cost, lightweight, and
biodegradable paper materials and have a simple structure. The
concept and design presented in [103] can be extensively
applied to other energy-harvesting or sensing devices, such
as wearable and flexible electronics, military surveillance
equipment, equipment to reduce jet engine noise, low-cost
implantable human ear, and wireless technology applications.

Voltage (V)

e e N
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Compared with the structure of 2D patterns, P-TENGs combin-
ing origami and kirigami structures are tridimensional and have
more flexible structures and, therefore, more application possi-
bilities. As TENGs are more efficient to harvest low-frequency
water wave energy, robustness and packaging are of great
importance for these applications. Yang et al. [163] designed a
non-encapsulated pendulum-like paper-based hybrid nanogener-
ator to harvest water wave energy. The basic structure of the de-
signed hybrid generator is presented in Figure 12, in which
there are two zigzag multilayered P-TENG units with four basic
TENGs operating in contact—separation mode on both sides of
the mover. P-TENGs operating in soft-hard hybrid mode allows
a highly close contact compared with the acrylic-based device.
The acrylic plate can further strengthen the toughness of the
paper structures and of the zigzag multilayered P-TENG, which
can be considered as a spring oscillator. This unique structure
revealed superior robustness and a maximum peak power value

of up to 22.5 mW of the zigzag multilayered TENGs was ob-

Figure 11: Sound wave energy harvesting by an ultrathin P-TENG. Adapted with permission from [103], Copyright © 2015, American Chemical

Society.
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Figure 12: Harvesting water wave energy with a hybrid generator [163] Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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tained. With the two zigzag multilayered P-TENG superim-
posed together in parallel, /. increased to 41.3 pA, while V.
decreased to 567 V and Qy, increased to 551 nC. The charging
capability of a 47 pF capacitor by TENGs and EMG was also
compared by harvesting mechanical energy from water wave in
[163]. Finally, the fabricated device effectively converted the
water wave energy into electricity and is able to power more
than 220 LEDs, revealing the potential applications in blue
energy. The unique structure design of the proposed zigzag
multilayered P-TENG broadens the available working frequen-
cy ranges by combining multiple modes, avoids the influence
on the performance caused by harsh underwater environmental
conditions, and reveals superior robustness.

Xia et al. reported a wearable P-TENG for harvesting
mechanical energy from the human body [165]. In the study,
X-shaped P-TENGs were assembled in cut-paper and origami-
paper architectures and, thereby, were capable of providing
two working patterns: cut paper and origami paper. The
maximum values obtained for X-shaped P-TENGs were: V.
(approx. 326 V), Iy, (approx. 45 pA), and power density
(542.22 me"Z). The number of X-shaped units influences the
P-TENG output. The /. value increased with an increase in the
number of connected working units, whereas V. decreased
owing to the voltage cancelation induced by different working
modes. In order to enhance the voltage output, multiple full-
wave rectifier bridges were employed in order to connect to
each working unit for lighting up 101 high-power blue LEDs.
Aside from harvesting energy in multiple directions, the
X-shaped P-TENGs can also be stretched and bent due to the
special geometry design. The force applied to the device is
multi-directional and consistent with the motion of the human
body, which allows mechanical energy harvesting from human
elbow motions. This straightforward, affordable, multifunc-
tional, and portable P-TENG device seems to enable a sustain-
able power supply for wearable and flexible electronic systems.

Conclusion

The invention of paper and the discovery of triboelectrification
phenomenon are both over 2000 years. Paper is by far one of
the most inexpensive and widely used flexible material in daily
life. The main advantages of using paper over flexible plastic
substrates are the low cost, recyclability, and common use.
Paper is flexible and can be easily folded or bent to form 3D
structures without causing structural damage. This allows versa-
tile structure designs and makes paper quite suitable for applica-
tions in mechanical energy-harvesting devices, such as TENGs.
Triboelectrification is the basis of TENGs and it can be ex-
plained by an electron-cloud potential-well model and by an
electron-emission-dominated charge-transfer mechanism.

Therefore, the electrical properties of paper are of vital impor-

Beilstein J. Nanotechnol. 2021, 12, 151-171.

tance to the performance of TENG devices. Different processes
and materials can be applied to paper-based devices. Conduc-
tive materials are usually evaporated, deposited, or printed on
the paper. By introducing additional functional groups one can
also convert the polarity of the paper to achieve a high-perfor-
mance TENG. Vacuum filtration offers another fast and simple
process to fabricate cellulose nanofiber-based TENG. In
summary, P-TENGs can combine the merits of lightweight, low
cost and flexibility and they exhibit great application potentials
in self-powered sensing devices, human—-machine interaction,

electrochemistry, and energy harvesting.

The use of paper can also be extended to applications such as
electronic displays, sensors, and smart packaging. However,
low-cost flexible electronics not only require an inexpensive
paper substrate, but also a fast and low-cost manufacturing
process and the use of inexpensive materials. It can also be
applicable to mass production if an appropriate printing technol-
ogy is used. It is expected that P-TENGs can be readily inte-
grated with other paper-based electronic devices including
sensors, microfluidics, and energy storage systems. We have
seen a tremendous progress, in recent years, in the field of
P-TENGs, which will improve the efficiency of self-powered
sensing and energy harvesting devices. However, further
progress is needed in the field of electronic materials in terms of
stability, performance, processability, fabrication techniques,
and methods for making electronic device applications more

feasible and accessible.
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Abstract

The study of eye movements and the measurement of the resulting biopotential, referred to as electrooculography (EOG), may find
increasing use in applications within the domain of activity recognition, context awareness, mobile human—computer and
human-machine interaction (HCI/HMI), and personal medical devices; provided that, seamless sensing of eye activity and process-
ing thereof is achieved by a truly wearable, low-cost, and accessible technology. The present study demonstrates an alternative to
the bulky and expensive camera-based eye tracking systems and reports the development of a graphene textile-based personal assis-
tive device for the first time. This self-contained wearable prototype comprises a headband with soft graphene textile electrodes that
overcome the limitations of conventional “wet” electrodes, along with miniaturized, portable readout electronics with real-time
signal processing capability that can stream data to a remote device over Bluetooth. The potential of graphene textiles in wearable
eye tracking and eye-operated remote object interaction is demonstrated by controlling a mouse cursor on screen for typing with a
virtual keyboard and enabling navigation of a four-wheeled robot in a maze, all utilizing five different eye motions initiated with a
single channel EOG acquisition. Typing speeds of up to six characters per minute without prediction algorithms and guidance of the
robot in a maze with four 180° turns were successfully achieved with perfect pattern detection accuracies of 100% and 98%, respec-

tively.

Introduction
Eye tracking technologies have many applications ranging from as opposed to relying on traditional market research methods,
behavioral analytics to healthcare. For a brand leader, the is the reason that makes eye tracking a clear winner in

prospect of seeing the world literally through consumer’s eyes, understanding the triggering subconscious facts in decision
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making. In entertainment and virtual reality applications, eye
tracking enables a whole new interaction method with contents,
and it could also add new security measures through retinal

scanning.

In healthcare, eye tracking enables devices to help ease a
disabled individual’s challenging life using their eye motions.
Thousands of people suffer from extreme disabilities such as
severe cerebral palsy and amyotrophic lateral sclerosis (ALS),
which deprive them of muscular abilities. It is estimated that
approximately 450,000 people worldwide are diagnosed with
ALS, and in the United States, the incidence of ALS is two per
hundred thousand people [1]. Therefore, the advancement of
eye tracking technologies is critical for developing assistive
devices and human—-computer interaction (HCI) platforms for

people with disabilities.

Current technologies for eye tracking, however, by being either
invasive, expensive, or bulky [2-4] do not address the require-
ments of a readily usable product in HCI intended for wide-
spread use; and fail to meet the fundamental characteristics of
wearability in terms of size miniaturization, low-power opera-
tion, ergonomics, and aesthetics. For example, although
camera-based eye tracking setups solve the invasivity issue and
display long-term functionality, they are hardly affordable due
to their hardware (e.g., camera) and image processing require-
ments. Additionally, in videooculography, the camera has to be
positioned at a location suitable to capture eye movements
(EMs), which limits the portability of such systems. Therefore,
effort has been placed to investigate different methods to utilize
EMs in wearable applications.

To this end, electrooculography (EOG) is an economical
(a typical EOG setup could be assembled at a cost of under
100 EUR [5]), non-invasive, and reliable method for acquiring
biopotential signals around the eyes, and may overcome the
limitations of prior technologies. EOG is essentially based on a
simple model of the human eye as a dipole with a permanent
potential difference between its forward and backward facing
spots (i.e., the cornea-retinal potential of 0.4-1.0 mV where the
cornea is positive) [6]. This potential difference sets up an elec-
trical field in the tissues surrounding the eye, which generates
an electric field [7]. Two electrodes around the eyes can locate
the field vector rotation, which creates a more positive charge in
the electrode that the cornea is approaching [8]. The biopoten-
tials resulting from eye activity, which are in fact waveforms
that relate the dipole fluctuations to the type of eye movement,
are referred to as electrooculograms; while the specific tech-
nique for recording is known as electrooculography [9]. Elec-
trooculograms also occur in total darkness, when the eyes are

closed, even in visually impaired people [10].
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So far, several EOG-based rehabilitation systems were de-
veloped to mitigate everyday life challenges of and provide
some means of communication for people with locked-in
syndromes who have extremely limited peripheral mobility but
still retain their eye motor coordination [10]. Similarly, basic
deliberate eye movements such as saccades (i.e., fast eye move-
ments), fixations (i.e., the duration between two saccades when
the gaze is fixated at a point), and blinks have been used for
hands-free operation in HCI and human—machine interfaces
(HMIs) [11]. With the help of HCI and HMIs one can emulate a
computer mouse [12], type using a virtual keyboard [13], drive
a wheelchair or control a robotic arm [14], change TV channels
[15], and even improve user experience on virtual reality
gaming [16] or smartphone operation [17]. Along these lines, in
the healthcare domain, as part of a hospital alarm system, EOG-
based switches provided immobile patients with a safe and reli-
able way of signaling an alarm [18]. Other promising studies re-
ported the direct input of numbers, letters of the English
alphabet, and Japanese Katakana symbols by eye movements to
further help users to communicate complicated messages in a

relatively short time [19].

However, despite the various demonstrators of wearable EOG
devices in the literature, which prove that EOG is a measure-
ment technique that is reliable, easy to operate, and can be made
cosmetically appealing, EOG-based devices still struggle to
penetrate the wearables market, and their full potential has
not been realized due to limitations of the sensing electrodes
[20-22]. The combination of graphene with ordinary textiles
presents a viable solution to this limitation [23]. Therefore,
this work reports an alternative eye tracking system based on
monitoring the ocular biopotential. It demonstrates the first
graphene textile-based wearable personal assistive device
for interacting with machines and controlling objects. With
the developed wearable system prototype, seamless “eye-oper-
ated” remote control of objects is achieved, including cursor
motion on screen for typing of text and the motion of a four-
wheeled car; both of which demonstrate the vast potential of
graphene textiles as an enabler of wearable assistive technolo-

gies.

Materials and Methods

Synthesis of graphene textiles and electrode
preparation

The developed process to synthesize conductive graphene
textiles is based on a low-cost and scalable, three-step approach
in which conformal layers of graphene were formed on various
fabrics including nylon, polyester, cotton, and Kevlar
(Figure 1a). The textiles were first dipped into graphene oxide

(GO) suspension prepared by the modified Hummer’s method,
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dried to allow for the layering of GO on the textiles, treated by
reducing agents (e.g., hydrazine or hydrogen iodide), and rinsed
with distilled water to form a stable graphene coating on the
textiles. The prepared graphene textiles were then cut into
pieces (ca. 3 X 3 cm) and mounted on flexible, polyethylene-
based foam paddings, which were sandwiched between metallic
snap fasteners in order to establish an electrical connection with
the front-end circuitry. In this way, “passive” graphene textile
electrodes were formed, which can be directly used to capture
surface biopotentials without further modification. Conduc-
tivity measurements showed resistance values of the textiles be-
tween 1 and 10 kQ and skin-electrode impedance values from
87.5 kQ (at 10 Hz) to 11.6 kQ (at 1 kHz). Additionally, since
the operation of the textile electrodes relies on charge flow,
moisture and sweat can increase the interface conductivity of
the skin electrodes and provide an even better signal-to-noise
ratio (SNR) in long-term monitoring applications in contrast to
“wet” electrodes, the functionality of which degrades over time
[23].

Reduce rGO-coated textile

Power connections to
V+ and GND of the
front-end unit

Graphene Textile
«Active» electrode

(b) L
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However, one common issue in dry electrodes is the relatively
high skin-electrode contact impedance, which causes suscepti-
bility to physical movements and power line interferences re-
sulting in signal distortions. While the flexible, foldable nature
of textile electrodes promotes wearability, it can adversely lead
to dynamic contact conditions and, thereby, motion artifacts in
the acquired signal. A strategy to minimize this effect, which
was investigated in this work, is to reduce the impedance of the
signal source by utilizing a buffer amplifier, which essentially
converts the high-impedance signal to a low-impedance signal.
Figure 1b shows the circuit schematic and the components for
building “active” graphene textile electrodes. The components
are an operational amplifier (OPA2365, Texas Instruments,
USA) with a high input impedance, two resistors, and one
capacitor. A small-sized printed circuit board (ca. 0.9 x 1.3 cm)
was designed and implemented to demonstrate a proof of
concept. It allowed for robust integration and an electrical inter-
face between the buffer-circuit components and the graphene
textiles to form “active” electrodes.

nylon

cotton

polyester

Graphene
Textiles

Figure 1: (a) Schematic of the three-step process to obtain conformal graphene coatings on a variety of textiles including nylon, cotton, and polyester;
(b) image of the graphene textile “active” electrode with integrated buffer circuitry along with component values and circuit schematic. Vi, is connected
to the graphene textile, and V; is connected to the snap button. Both are used to provide the connection of the “active” textile electrode to the signal
acquisition unit; insets show the front side of the electrode assembly with the graphene textile and the dimensions of the miniaturized-PCB on the rear

side of the electrode.
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Wearable system prototype

One of the fundamental obstacles regarding the actual weara-
bility of electronic systems is the lack of robust integration
schemes for the interface between soft sensing electrodes and
rigid electronic components. We have addressed this issue by
following a system-level design perspective. A miniaturized,
battery-powered, portable EOG acquisition unit with wireless
data transmission capability was realized and directly inte-
grated into a wearable headband, which also contained the
graphene textile electrodes (Figure 2). The electrodes were
mounted in a newly introduced manner such that potential
crosstalk between channels was eliminated. Also, electrode
count and hardware complexity were minimized by removing
the vertical acquisition channel without loss of control
commands triggered by vertical EMs [24,25]. The readout
electronics could be implemented in a small form factor
(ca. 4 X 6 cm) that is easily attachable on a wearable custom-
made headband. The front half of the headband was kept fairly
non-stretchable to maintain the electrode locations on the fore-
head; while the rear side was made of elastic straps enabling

size adjustment to ensure a stable skin—electrode contact.

As shown in the detailed hardware schematic in Figure 2, the
circuit has second-order and fourth-order Butterworth high-pass
and low-pass filters with cut-off frequencies of 0.5 Hz and
10 Hz, respectively, both based on Sallen—Key topology. The
preferred instrumentation amplifier (INA122, Texas Instru-
ments, USA) is specifically designed for battery-powered appli-
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cations with the capability of running with a single supply.
Similarly, the other operation amplifiers used in the design were
selected due to their single-supply and rail-to-rail features
(OPA2365, Texas Instruments, USA) and are suitable for
portable applications. For adjusting the gain in the post-amplifi-
cation stage, a digitally programmable voltage divider
(MAX5421, Maxim, USA) was used so that the gain can be
configured at the software level through a graphical user inter-
face (GUI). As a common practice in portable devices nowa-
days, a lithium-ion/polymer battery with a rating of 3.7 V and
500 mAh was chosen to power the system. The battery charge
management circuitry and DC-DC boost converter were based
on a MCP73831 (Microchip, USA) and a TPS61090 (Texas

Instruments, USA), respectively.

To split the regulated 5 V, a rail splitter (TLE2426, Texas
Instruments, USA) was used, which is essentially a voltage
divider with a buffer circuitry to prevent it from becoming
unbalanced. The currents that can be typically handled by
power splitters are small (20-40 mA). Hence, additional buffers
with higher current ratings were accommodated in the power
management unit as a safety margin, despite the typically low
levels of currents drawn by the signal acquisition unit. To adjust
the settings and to stream data to a computer, a popular off-the-
shelf Bluetooth module (HC06) was used. A custom-designed
GUI based on LabVIEW (National Instruments, USA) was
implemented at the receiver end, enabling user-friendly opera-

tion, calibration, gain adjustment, and event monitoring.

Headband

> Graphene textile
electrodes

SU-MEMS Wearable Graphene Textile
.» = Electroocular HMI/HCI System

Battery Manager
Circuitry

Graphical user interface

il
3.7v 590 mAh
Li-ion Polymer
Battery

Low-pass filter

High-pass filter

330kQ
[+
OPA365

680nF 680nF

680nF

16.5kQ 330kQ

68nF

F—w!

866Q

680nF

Z\A'AX5421

OPA365 8.2kQ 68kQ OPA36! T
» [ ~43ka3
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10kQ

F—w

Controller p-controller

J

Figure 2: Overview of the system prototype showing the detailed hardware-level schematic of the portable, battery-powered, EOG acquisition unit in-
cluding on-board filtering and gain stages, power management section, microcontroller unit to process and stream data wirelessly to a computer along
with a custom-designed user interface, and the wearable headband with soft graphene textile electrodes.
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In the current version of the embedded system, the Bluetooth
coverage is ca. 5 m. The power consumption of the circuitry is
ca. 80 mW when the Bluetooth device is not paired and ca.
150 mW when it is paired, which allows the battery to run in the
paired mode for about 4 h continuously without recharge. These
measurements can be further improved by implementing sleep-
mode functions to a microcontroller and upgrading the Blue-
tooth module to a Bluetooth low-energy (BLE) module, such as
HM-10, which has low power consumption and offers a higher

range up to several tens of meters.

Results and Discussion

Different eye movements along with a detection and classifica-
tion algorithm having a success rate ranging from 85% up to
100% for detecting eleven different patterns over an hour-long
EOG recording experiment [25] were utilized to develop a
graphene textile-based wearable eye mouse and a wearable
assistive system to control movements of a four-wheeled robot.
The wearable eye mouse controlled a cursor on a PC screen and
sent x—y coordinates of the cursor to the GUIL. On the computer,
the GUI uses the “SetCursorPos” and “mouse_event” functions
of the Microsoft Windows User32.dll library to control cursor
movement and blink actions, respectively. Swift horizontal eye
movements (to the left or right) control the horizontal move-
ment of the cursor in two directions. In contrast, slow eye
movements control the cursor motion in vertical directions.
Finally, voluntary blinking mimics the mouse click action.
When swift or slow eye movements occur, the cursor starts to
move in the defined direction at a preconfigured speed until it
reaches the edge of the display or until a different eye move-
ment changes the cursor motion. For instance, the cursor will

move toward the left side after a swift left eye movement and
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) ] 2
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8 50 e
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stop and execute a click action when a blink of the eye occurs.
Some additional actions were implemented for better control,
such as “cursor stop”, which stops the cursor motion at any
point without causing a click action. For instance, when the
cursor moves, either a swift left or a swift right eye movement
can stop the cursor movement. In this way, the user can achieve
accurate position control and fine-tune the cursor location when
needed. Likewise, the “cursor snap” option was defined to
allow for a rapid, discretized transition of the cursor from its
existing location to the nearest key in the specified direction of

motion.

To evaluate the performance of the graphene textile-based
wearable eye mouse, two different tests were carried out. In the
first case, a single participant was trained and asked to type a
specific word, while the lateral or transverse movements of the
cursor on the screen were continuous unless terminated by
another command. In the second case, “cursor snap” was acti-
vated and five participants were requested to type five randomly
selected character sequences of equal length. Figure 3 demon-
strates the first testing scenario with the developed eye mouse
and the recorded electrooculograms together with their interpre-
tation. The aim here is first to open Microsoft Word Office and
the Microsoft Windows virtual keyboard, to write a word, and,
finally, to stop the GUI solely by eye movements. The different
eye movements and corresponding cursor actions specific to the
eye movements are summarized in Table 1, along with a repre-
sentative sequence of movements needed to type “SUMEMS”
and the measured duration for each step.

Speed and initial starting point of the cursor, and several other

options are configurable in the GUI settings. In the first trial,

t=91s > t=111s —p t=137s
SUME HJ‘H SUMEM - ,,J.‘\ﬁd SUMEMS =" L.L‘\Lr‘u‘

o Swift Left
o Swift Right ® Slow Right

o Blink

50 . .o ¢ o .

N ST
o o v o o
T T

0 10 20 30 40 5 60 70 8 90
Time [s]

100 110 120 130 140 150 160 170 180

Figure 3: The first testing scenario shows the plot of induced EOG signals with inserted interpretations for each eye movement, which are used to
mimic the movements of a mouse cursor to write “SUMEMS” (Sabanci University MEMS Group).
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Table 1: Summary of eye movement types with corresponding cursor

actions and a representative typing sequence.

Sequence Type Action Duration [s]

1 swift left left direction 6.5

2 slow left down direction 14.7

3 blink click “S” instantaneous
4 swift right  right direction 15.7

5 slow right  up direction 3.3

6 blink click “U” instantaneous
7 swift right  right direction 4.9

8 slow left down direction 6.1

9 swift left stop 3.5

10 swift left left direction 3.0

11 blink click “M” instantaneous
12 swift left left direction 13.7

13 slow right  up direction 5.8

14 blink click “E” instantaneous
15 swift right  right direction 13.3

16 slow left down direction 5.1

17 blink click “M” instantaneous
18 swift left left direction 17.0

19 slow right  up direction 3.4

20 blink click “S” instantaneous
21 swift right  right direction 28.9

22 blink click “Enter” instantaneous

the cursor speed (pointer speed on screen) was kept slow and
set to 1 pixel every 30 ms, which, on average, is translated to
one character every ca. 23 s. This resulted in a total typing time
of over 2 min for a 6-character word.

The cursor speed was gradually increased in subsequent trials to
identify the upper limit on typing speed with the developed
wearable eye mouse system. The fundamental constraint on in-
creasing the cursor speed is the inherent transient response of
electrooculograms and the detection algorithm to account for
this behavior. On the occasion of an eye movement, a certain

amount of time is required for the corresponding EOG signal to

h
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complete its waveform and reach a steady state, upon which the
detection algorithm classifies the performed eye movement and
executes the designated action. For instance, considering the
case of a blink, which is attributed to the mouse click or
“select” action, at cursor speeds above a maximum threshold,
there is the possibility that the user attempts to click and select a
specific letter but misses it due to the latency in command
execution. In our trials with a trained participant, the cursor
speed was optimized such that the participant was able to
correctly type one character per approx. 10 s, which corre-
sponds to a typing speed of six characters per minute (CPM), a
more than two-fold increase in the typing speed compared to the
first trial. This is a reasonably good speed for a thresholding-
based algorithm approach in which a pattern detection accuracy
of up to 100% was achieved, and in alignment with earlier
EOG-based spellers, which range from 2.4 to 12 CPM [26].

If the eye mouse is to be used only to facilitate the typing on a
virtual keyboard, then, to readily increase the typing speed even
for a non-trained user, some software-level realizations can be
implemented by applying a fixed coordinate system. That is, the
cursor moves only to specific locations of the buttons of the
virtual keyboard. For example, in a standard QWERTY
keyboard, instead of performing one swift left eye movement to
initiate continuous movement of the cursor from letter “A” to
letter “K,” one can perform seven swifts left movements to
traverse the cursor one at a time to its nearest neighbor in the
initiated direction of movement (Figure 4a). Alternatively, five
swift right movements can be performed to do the same task but
in a comparatively faster way (Figure 4b).

To illustrate this, five volunteers have participated in a study to
test the system by writing randomly generated six-letter se-
quences, summarized in Table 2, together with the typing dura-
tion. To train the volunteers, they were shortly briefed about
which eye movement corresponds to which action, and they
were asked to explore the device before the actual experiment,
by trying to write their names. All volunteers reported they felt

comfortable using the device shortly within merely 2-3 min.

@) u s o} f g

start &=—> —_— —_— ) =) —p —p end

|
(b)

<+—o start

end &= R ]

!

Figure 4: Diagram showing the two possible cursor movement directions to go from letter “A” to “K” in a standard QWERTY keyboard layout; path (a)
could be implemented by seven swift left eye movements, and path (b) provides a faster route to reach the same destination by five swift right eye

movements.
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The shortest typing duration was 55 s, and the longest was 76 s,
with an average typing speed of ca. 62 s for six characters or
approx. 6 CPM. By implementing letter and word prediction
algorithms, a further increase in typing speed can be expected
[27].

Table 2: Summary of generated random letter sequences with corre-
sponding typing duration using eye movements.

Subject Random letter sequence Duration [s]
1 phnexv 55
2 gznbay 69
3 lawxst 58
4 emjbchb 53
5 ghebvz 76

In recent years, there have been many studies on skin-compati-
ble, body-worn devices, collectively referred to as wearable
electronics, for applications ranging from energy harvesting to
human health and motion monitoring [28-34]. In a second
demonstration, we have investigated the potential of the de-
veloped graphene textile-based wearable system as an assistive
device to remotely control objects, including the steering of a
wheelchair using eye movements, which is critical for ALS
patients. To show the feasibility of the developed system, the
motion of an Arduino-based, custom-designed four-wheeled
robot was controlled (Figure 5). In this experiment, eye blink
and swift left and right eye movements initiate forward and

center

&
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backward motions, while slow right and left movements enable
rotation to the right and left sides.

To record the signals, both the robot and the acquisition unit
were paired with a laptop running the previously designed GUI
with slight modifications for enabling simultaneous communi-
cation of the GUI with robot and EOG acquisition unit. Howev-
er, in actual usage cases, the laptop can be eliminated by
directly connecting the EOG unit to the robot. At the robot end,
incoming commands are delivered to a DC motor driver (L298,
STMicroelectronics, Switzerland) in the form of pulse-width
modulation (PWM) signals with a configured duty cycle value
(i.e., speed), which can be changed through settings. To
simplify HRI and to improve the user control experience,
forward/backward movements and rotation of the robot were
preset at a given distance (ca. 15 cm) and a given angle (ca.
45°), both of which can be adjusted in the GUI. Based on this
configuration, eye movements were used to steer the robot
along the exit path of a maze without crossing the boundaries
marked with black tape (Figure 6).

A total of 41 eye movements including 19 swift left EMs
(forward), two swift right EMs (backward), seven slow left
EMs (turn left), eleven slow right EMs (turn right), and a single
blink (forward) action were performed and recorded over a
duration of ca. 200 s. Analysis of the extracted video frames
along with the recorded EOG waveforms revealed a detection
accuracy of approx. 98%. Only one out of 41 eye movements
was misinterpreted with the developed system, demonstrating

EOG-based wearable
HCI/HMI/HRI

graphene
¥ textiles

- } » :J‘ 3
| \_J
embedged\&' &Ey‘ /

electronics

(i) Swift left EM or Blink (ii)
Move forwards (1)

Swift right EM
Move backwards ()

(i) Slow left EM (iv) Slow right EM
tate Lef ) Rotate right (—)

Figure 5: Overview of the second technology demonstrator for the wearable graphene textile-based assistive device for HMI applications. A four-
wheeled robot is remotely controlled and steered in a maze. (a) Scenario-specific eye movements (EMs) allow one to steer the robot in different direc-
tions as follows: (i) swift left EM or blinking trigger forward motion ( 1), (ii) swift right EM triggers backward motion ( | ), (iii) slow left EM triggers rota-
tion to the left (<), (iv) slow right EM triggers rotation to the right (—). Insets show images of the eye during different movements. This includes eyes
when fixated at the center, while performing a voluntary blink, while performing a right move and fixated at the right, and while performing a left move
and fixated at the left; (b) picture of the wearable eye tracker including smart headband with graphene textile electrodes and embedded electronics

housed by an acrylic holder all mounted on the head.
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Figure 6: Snapshots of the robot car at different instances and plot of the recorded EOG trace during steering of the robot over a duration of more
than 3 min with interpretations for the different eye movements (EMs) labeled in the waveform (video available in Supporting Information File 1).

the near excellent performance of the truly wearable headband
prototype for human—robot interaction and control.

Conclusion

In contrast to well-established vision-based gaze tracking, we
demonstrate electrooculography (EOG) with truly wearable
graphene textiles, enabling an effective, low-cost, low-power,
body-worn embedded system with small form factor to monitor
and utilize eye movements for the remote control of objects.
EOG allows for a recording of ocular biopotentials regardless of
ambient lighting conditions, camera line of sight, or the pres-
ence of obstacles. Even when the subject’s eyes are closed,
seamless detection and harnessing of eye movements for object
control without the need for a camera is possible. Along with
the advantages of being soft and wearable in the form of a smart

textile-based accessory with peripheral electronics, the de-
veloped EOG system can be utilized in virtual reality environ-
ments and serve as a valuable communication platform for
people with disabilities such as amyotrophic lateral sclerosis
(ALS). In this study, we also demonstrated a proof of concept
of “active” graphene textile electrodes and achieved initial
results that warrant room for detailed investigation. Additional-
ly, in the current work, the information obtained from EOG
remains coarse, the users are static, and signal processing is yet
to be optimized for mobile scenarios, which indicates future
research directions. We envision that further developments will
be possible with the results presented in this work, which lay
down the foundations regarding the use of wearable graphene
textiles in control applications tailored explicitly to EOG-based
human—computer/robot interaction (HCI/HRI).
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Supporting Information File 1

Video showing the steering and control of robot car.
[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-14-S1.mp4]

Acknowledgements

This article is based on the M.Sc. thesis of the first co-author.
The experimental procedures involving volunteer human
subjects described in this research are followed by the ethical
principles outlined in the Helsinki Declaration of 1964, as
revised in 2013, and participants gave their informed consent
for inclusion before they participated in the study. The authors
gratefully thank the participants involved in this study.

Funding
This work was supported in part by the Sabanci University

research fund.

ORCID® iDs

Ata Jedari Golparvar - https://orcid.org/0000-0002-1107-6380
Murat Kaya Yapici - https://orcid.org/0000-0003-4328-5985

References

1. ALS Association.
http://www.alsa.org/about-als/facts-you-should-know.html (accessed
Aug 3, 2019).

2. Whitmire, E.; Trutoiu, L.; Cavin, R.; Perek, D.; Scally, B.; Phillips, J.;
Patel, S. EyeContact: scleral coil eye tracking for virtual reality. In
Proceedings of the 2016 ACM International Symposium on Wearable
Computers, Association for Computing Machinery: New York, NY,
USA, 2016; pp 184—191. doi:10.1145/2971763.2971771

3. Ryan, J. D.; Riggs, L.; McQuiggan, D. A. J. Visualized Exp. 2010,
No. 42, €2108. doi:10.3791/2108

4. Pfeiffer, T.; Latoschik, M. E.; Wachsmuth, I.

J. Virtual Reality Broadcast. 2008, 5, No. 16.
doi:10.20385/1860-2037/5.2008.16

5. Borghetti, D.; Bruni, A.; Fabbrini, M.; Murri, L.; Sartucci, F.

Comput. Biol. Med. 2007, 37, 1765-1770.
doi:10.1016/j.compbiomed.2007.05.003

6. Malmivuo, J.; Plonsey, R. Bioelectromagnetism: Principles and
Applications of Bioelectric and Biomagnetic Fields; Oxford University
Press: New York, 1995.
doi:10.1093/acprof:0s0/9780195058239.001.0001

7. Hakkinen, V.; Hirvonen, K.; Hasan, J.; Kataja, M.; Varri, A.; Loula, P.;
Eskola, H. Electroencephalogr. Clin. Neurophysiol. 1993, 86, 294-300.
doi:10.1016/0013-4694(93)90111-8

Beilstein J. Nanotechnol. 2021, 12, 180-189.

8. Abbas, S. N.; Abo-Zahhad, M. Eye Blinking EOG Signals as
Biometrics. In Biometric Security and Privacy; Jiang, R.;
Al-maadeed, S.; Bouridane, A.; Crookes, D.; Beghdadi, A., Eds.; Signal
Processing for Security Technologies; Springer International
Publishing: Cham, Switzerland, 2017; pp 121-140.
doi:10.1007/978-3-319-47301-7_5

9. Soundariya, R. S.; Renuga, R. Adv. Nat. Appl. Sci. 2017, 11, 38-43.

10. Acar, G.; Ozturk, O.; Golparvar, A. J.; Elboshra, T. A.; Béhringer, K.;
Yapici, M. K. Electronics (Basel, Switz.) 2019, 8, 479.
doi:10.3390/electronics8050479

11. Bissoli, A.; Lavino-Junior, D.; Sime, M.; Encarnagéo, L.;

Bastos-Filho, T. Sensors 2019, 19, 859. doi:10.3390/s19040859
12.Lucena, S.; Conzelmann, P. Computer USB-Mouse Emulation Using
EOG. In Proceedings of the Instrumentation Systems, Circuits and

Transducers (INSCIT), Sao Paulo, Brazil; 2019.
doi:10.1109/inscit.2019.8868754

13.Barbara, N.; Camilleri, T. A.; Camilleri, K. P.

Biomed. Signal Process. Control 2019, 47, 159-167.
doi:10.1016/j.bspc.2018.07.005

14.Huang, Q.; Chen, Y.; Zhang, Z.; He, S.; Zhang, R; Liu, J.; Zhang, Y.;
Shao, M.; Li, Y. J. Neural Eng. 2019, 16, 026021.
doi:10.1088/1741-2552/aafc88

15.Samann, F. E.; Hadi, M. S. J. Duhok Univ. 2018, 21, 54—64.
doi:10.26682/sjuod.2018.21.1.5

16.Kumar, D.; Sharma, A. Electrooculogram-based virtual reality game
control using blink detection and gaze calibration. In Proceedings of the
International Conference on Advances in Computing, Communications
and Informatics (ICACCI), Jaipur, India; 2016.
doi:10.1109/icacci.2016.7732407

17.Valeriani, D.; Matran-Fernandez, A. Towards a wearable device for
controlling a smartphone with eye winks. In Proceedings of the
Computer Science and Electronic Engineering Conference (CEEC),
Colchester, UK; 2015. doi:10.1109/ceec.2015.7332697

18. Venkataramanan, S.; Prabhat, P.; Choudhury, S. R.; Nemade, H. B.;
Sahambi, J. Biomedical instrumentation based on electrooculogram
(EOG) signal processing and application to a hospital alarm system. In
Proceedings of the International Conference on Intelligent Sensing and
Information, Chennai, India; 2005. doi:10.1109/icisip.2005.1529512

19.Chang, W.-D.; Cha, H.-S.; Kim, D. Y.; Kim, S. H.; Im, C.-H.

J. NeuroEng. Rehabil. 2017, 14, 89. doi:10.1186/s12984-017-0303-5

20. Golparvar, A. J.; Yapici, M. K. [EEE Sens. J. 2018, 18, 8971-8978.
doi:10.1109/jsen.2018.2868879

21.Homayounfar, S. Z.; Rostaminia, S.; Kiaghadi, A.; Chen, X.;
Alexander, E. T.; Ganesan, D.; Andrew, T. L. Matter 2020, 3,
1275-1298. doi:10.1016/j.matt.2020.07.030

22. Golparvar, A.; Yapici, M. K. Wearable graphene textile-enabled EOG
sensing. In Proceedings of the IEEE Sensors Conferenc, 2017.
doi:10.1109/icsens.2017.8234242

28. Yapici, M. K.; Alkhidir, T.; Samad, Y. A,; Liao, K. Sens. Actuators, B
2015, 221, 1469-1474. doi:10.1016/j.snb.2015.07.111

24. Yapici, M. K.; Golparvar, A. Wearable graphene textile-based
electro-ocular monitoring and object interaction system. US Pat. Appl.
10824230, Nov 3, 2020.

25. Golparvar, A. J.; Yapici, M. K. J. Electrochem. Soc. 2019, 166,
B3184-B3193. doi:10.1149/2.0241907jes

188


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-12-14-S1.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-12-14-S1.mp4
https://orcid.org/0000-0002-1107-6380
https://orcid.org/0000-0003-4328-5985
http://www.alsa.org/about-als/facts-you-should-know.html
https://doi.org/10.1145%2F2971763.2971771
https://doi.org/10.3791%2F2108
https://doi.org/10.20385%2F1860-2037%2F5.2008.16
https://doi.org/10.1016%2Fj.compbiomed.2007.05.003
https://doi.org/10.1093%2Facprof%3Aoso%2F9780195058239.001.0001
https://doi.org/10.1016%2F0013-4694%2893%2990111-8
https://doi.org/10.1007%2F978-3-319-47301-7_5
https://doi.org/10.3390%2Felectronics8050479
https://doi.org/10.3390%2Fs19040859
https://doi.org/10.1109%2Finscit.2019.8868754
https://doi.org/10.1016%2Fj.bspc.2018.07.005
https://doi.org/10.1088%2F1741-2552%2Faafc88
https://doi.org/10.26682%2Fsjuod.2018.21.1.5
https://doi.org/10.1109%2Ficacci.2016.7732407
https://doi.org/10.1109%2Fceec.2015.7332697
https://doi.org/10.1109%2Ficisip.2005.1529512
https://doi.org/10.1186%2Fs12984-017-0303-5
https://doi.org/10.1109%2Fjsen.2018.2868879
https://doi.org/10.1016%2Fj.matt.2020.07.030
https://doi.org/10.1109%2Ficsens.2017.8234242
https://doi.org/10.1016%2Fj.snb.2015.07.111
https://doi.org/10.1149%2F2.0241907jes

26. Saif, M. B.; Felzer, T. Replacement of the Standard Computer
Keyboard and Mouse by Eye Blinks. In Computers Helping People with
Special Needs; Miesenberger, K.; Bihler, C.; Penaz, P., Eds.; ICCHP
2016. Lecture Notes in Computer Science, Vol. 9769; Springer
International Publishing: Cham, Switzerland, 2016; pp 457—463.
doi:10.1007/978-3-319-41267-2_64

27.MacKenzie, I. S.; Zhang, X. Eye typing using word and letter prediction
and a fixation algorithm. In Proceedings of the Symposium on Eye
tracking research & applications, Georgia, U.S.; 2008.
doi:10.1145/1344471.1344484

28.Tang, Y.; Zhou, H.; Sun, X.; Diao, N.; Wang, J.; Zhang, B.; Qin, C.;
Liang, E.; Mao, Y. Adv. Funct. Mater. 2020, 30, 1907893.
doi:10.1002/adfm.201907893

29.Zhang, B.; Tang, Y.; Dai, R.; Wang, H.; Sun, X.; Qin, C.; Pan, Z,;
Liang, E.; Mao, Y. Nano Energy 2019, 64, 103953.
doi:10.1016/j.nanoen.2019.103953

30.Cui, X.; Zhao, T.; Yang, S.; Xie, G.; Zhang, Z.; Zhang, Y.; Sang, S.;
Lin, Z.-H.; Zhang, W.; Zhang, H. Nano Energy 2020, 78, 105381.
doi:10.1016/j.nanoen.2020.105381

31.Guo, R.; Zhang, H.; Cao, S.; Cui, X.; Yan, Z.; Sang, S. Mater. Des.
2019, 782, 108025. doi:10.1016/j.matdes.2019.108025

32.Zhu, M.; Lou, M.; Yu, J.; Li, Z.; Ding, B. Nano Energy 2020, 78,
105208. doi:10.1016/j.nanoen.2020.105208

33.Zhu, M.; Lou, M.; Abdalla, |.; Yu, J.; Li, Z.; Ding, B. Nano Energy 2020,
69, 104429. doi:10.1016/j.nanoen.2019.104429

34.Lou, M.; Abdalla, I.; Zhu, M.; Wei, X.; Yu, J.; Li, Z.; Ding, B.

ACS Appl. Mater. Interfaces 2020, 12, 19965-19973.
doi:10.1021/acsami.0c03670

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the author(s) and source are credited and that
individual graphics may be subject to special legal

provisions.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano/terms)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.12.14

Beilstein J. Nanotechnol. 2021, 12, 180-189.

189


https://doi.org/10.1007%2F978-3-319-41267-2_64
https://doi.org/10.1145%2F1344471.1344484
https://doi.org/10.1002%2Fadfm.201907893
https://doi.org/10.1016%2Fj.nanoen.2019.103953
https://doi.org/10.1016%2Fj.nanoen.2020.105381
https://doi.org/10.1016%2Fj.matdes.2019.108025
https://doi.org/10.1016%2Fj.nanoen.2020.105208
https://doi.org/10.1016%2Fj.nanoen.2019.104429
https://doi.org/10.1021%2Facsami.0c03670
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano/terms
https://doi.org/10.3762/bjnano.12.14

(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Intracranial recording in patients with aphasia using
nanomaterial-based flexible electronics:
promises and challenges

Qingchun Wang and Wai Ting Siok™

Review

Address: Beilstein J. Nanotechnol. 2021, 12, 330-342.

Department of Linguistics, The University of Hong Kong, Hong Kong, https://doi.org/10.3762/bjnano.12.27

China
Received: 31 December 2020

Email: Accepted: 18 March 2021

Wai Ting Siok” - siok@hku.hk Published: 08 April 2021

* Corresponding author This article is part of the thematic issue "Nanogenerators and flexible
electronics".

Keywords:

aphasia; flexible electronics; intracranial electroencephalography Guest Editor: Y. Mao

(iIEEG); language processing; neuroimaging techniques
© 2021 Wang and Siok; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract

In recent years, researchers have studied how nanotechnology could enhance neuroimaging techniques. The application of nanoma-
terial-based flexible electronics has the potential to advance conventional intracranial electroencephalography (iEEG) by utilising
brain-compatible soft nanomaterials. The resultant technique has significantly high spatial and temporal resolution, both of which
enhance the localisation of brain functions and the mapping of dynamic language processing. This review presents findings on
aphasia, an impairment in language and communication, and discusses how different brain imaging techniques, including positron
emission tomography, magnetic resonance imaging, and iEEG, have advanced our understanding of the neural networks under-
lying language and reading processing. We then outline the strengths and weaknesses of iEEG in studying human cognition and the
development of intracranial recordings that use brain-compatible flexible electrodes. We close by discussing the potential advan-
tages and challenges of future investigations adopting nanomaterial-based flexible electronics for intracranial recording in patients
with aphasia.

Introduction

Aphasia is an impairment in language and communication, According to the US National Aphasia Association, approxi-
which results from damage to specific brain regions responsi- mately two million members, or 0.6%, of the US population
ble for language [1]. Brain damage can be caused by stroke, suffer from aphasia, with new cases increasing at a rate of
tumours, seizures, infection, degeneration, or traumatic brain  approximately 180,000 per year; also, approximately one third

injury, with stroke being the most common cause of aphasia. of stroke patients have aphasia. It is projected that by 2030,
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approximately 4% of US adults will have a stroke [2]. Accord-
ingly, the incidence of aphasia worldwide is expected to
increase in the coming decades. Since individuals with aphasia
differ greatly in the severity, pattern, and associated lesions of
their disorder, it is important to determine the precise location
of the lesions and to map the affected brain circuits related to
the individuals’ language deficits. The scientific study of
aphasia, aphasiology, is important not only because it helps in
the formulation of the best treatment methods for restoring the
lost cognitive functions of individuals with aphasia but also
because it provides another window into the brain mechanisms
of language.

Over the last century, researchers from multiple disciplines, in-
cluding biology, psychology, neuroscience, linguistics, and
cognitive science, have attempted to understand the nature of
aphasia. The research techniques used include classical post-
mortem and histological procedures, and modern neuroimaging
methods such as positron emission tomography (PET), magnet-
ic resonance imaging (MRI), functional magnetic resonance
imaging (fMRI), diffusion tensor imaging (DTI), electroen-
cephalography (EEG), magnetoencephalography (MEG), and
intracranial electroencephalography (iEEG). Each of these
methods has pros and cons, and each is used to achieve specific
results. MRI and DTI provide in vivo measures of brain
anatomy and permit direct examination of how anatomical vari-
ations may relate to differences in cognitive functioning. DTT is
sensitive to the MR signal of water molecules on a micrometre
scale to determine water diffusion in different dimensions in
terms of magnitude and direction. DTI offers an opportunity to
measure the microstructural characteristics of white matter and
allows for the examination of how distinct brain regions are
correlated. fMRI and PET extend traditional structural imaging
to include maps of human brain function that reveal brain
regions involved in the performance of a particular cognitive
task. PET and fMRI have good spatial resolution and are useful
for localising functional brain activation but have poor temporal
resolution. In contrast, EEG has good temporal resolution, but
its spatial resolution is rather poor. By placing electrodes on the
scalp, EEG detects electrical activations of the brain. EEG has
been used rather extensively in clinical settings to diagnose
conditions such as epilepsy, brain tumours or damage, stroke,
seizures, and sleep disorders by detecting aberrant EEG activity
[3]. However, the quality of brain signals recorded from deep
subcortical regions, such as the insula and hippocampus,

remains questionable [4].

Similar to EEG, iEEG also uses electrodes to detect brain neural
activity, but the electrodes are either placed on the surface of
the brain or implanted inside the brain. With high temporal and

spatial resolution, iEEG is an important tool for localising brain
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regions of interest [5]. However, because of its invasive nature,
iEEG signals can only be recorded in patients for presurgical
evaluation and functional mapping, and the electrodes must be
implanted for clinical but not research purposes. These rules
have restricted the location of electrodes that can be placed and
have limited our understanding of more complex neural
networks such as language processing that require accurate and
precise recording of neuronal activity covering almost the
whole brain.

The application of novel nanomaterials has the potential to
overcome the limitations of conventional electrode arrays.
IEEG electrode arrays electroplated with nanoparticles could
lower impedance and allow for a closer contact with cortical
cells, thereby providing more accurate recordings of cortical ac-
tivity [6]. Preclinical tests using animals (rats or primates) have
shown that nanomaterial-based electronics could boost the
spatiotemporal accuracy and resolution of brain imaging signals
[7]. In general, iEEG electrode arrays made of nanomaterials
are thinner, lighter, and more flexible and sensitive; these char-
acteristics lead to higher spatial and temporal resolution than
that of conventional electrode arrays [6,7]. These features make
them less harmful to brain tissue [6], indicating their potential
application in the human brain.

In this review, we first introduce classical neuropsychological
research on aphasia. We then discuss how non-invasive
neuroimaging methods have advanced our understanding of the
brain mechanisms of language processing and review the find-
ings of iEEG studies. Finally, we discuss the advantages and
limitations of iEEG and discuss how novel nanotechnology may
facilitate the study of aphasia.

Review
A Dbrief review of classical neuropsycholog-
ical research on aphasia

The seminal report on aphasia by the French surgeon Paul
Broca in 1861 [8] marks the first empirical proof for the func-
tional brain regions of language. Broca observed in his patient,
nicknamed Tan, that a brain lesion in the ventroposterior
portion of the left frontal lobe would lead to speech production
difficulties. Tan had intact language comprehension and mental
functions but could only produce the sound “tan”. In a later
autopsy report of twelve patients with similar symptoms, Broca
[9] proposed that the left ventral frontal region was a speech
centre for language articulation and production. Broca’s
proposal was provocative in his time as the brain was believed
to function holistically with no localisation of cognitive func-
tions [10]. Inspired by the proposal of his mentor Theodor
Meynert that the left superior temporal gyrus (STG) might be
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important in speech comprehension, the German physician Carl
Wernicke [11] also believed that there were localised brain
regions for language functions but argued that Broca’s area was
not the only localised speech centre [12]. Wernicke performed
an autopsy on a female patient who suffered from comprehen-
sion difficulties (she could not understand others’ speech or use
the right words for expression) but could speak volubly. He
found that the patient had obstruction of the Sylvian artery, and
her left STG was damaged. Wernicke termed this type of
aphasia sensory aphasia, now known as Wernicke’s aphasia, as
he believed that the STG (or Wernicke’s area) was a sensory
speech area that stored the sound images of object names (or
word pronunciations). Destruction of Wernicke’s area leads to
difficulty in understanding concepts or word meanings as word
pronunciations are lost and could not be used to retrieve word
meanings. This loss of word pronunciation also leads to an
inability to produce meaningful speech because concepts could
not be linked to word pronunciations and could not be trans-
lated into motor movements for articulation.

Based on the findings that there were localised regions for
speech functions such as motor and sensory speech experience,
Wernicke [11] proposed a neurobiological model of language
functions that comprises a motor speech centre (i.e., Broca’s
area) and a sensory speech centre (i.e., Wernicke’s area), a path-
way connecting the two speech centres, an input pathway from
auditory nerves to Wernicke’s area, and an output pathway from
Broca’s area to motor nerves. He also included memory areas
for tactile and optical images, both being parts of the concept or
semantic network that do not have localised representations but
that are distributed over the whole brain. The tactile memory
area (for handwriting) has connections with Broca’s area,
whereas the optical memory area (for reading) has connections
with both Wernicke’s and Broca’s areas. This information-pro-
cessing type of model outlines a very preliminary framework of
language production and comprehension. It depicts the path-
ways for listening, speaking, reading and writing, and explains
how sensory and motor aphasia, alexia (acquired reading disor-
ders) and agraphia (acquired writing disorders) might be
caused. Wernicke also differentiated between disorders caused
by a lesion in the speech areas and those caused by damage to
the pathway connecting the two speech areas. The former leads
to a receptive or expressive problem. The latter leads to conduc-
tion aphasia, which is a difficulty in speech repetition with
intact comprehension and expression. Although Wernicke did
not have empirical evidence to support the existence of conduc-
tion aphasia when he proposed the model, his prediction led to
the discovery of this rare form of aphasia [12].

Wernicke’s model was later found to be inadequate in

explaining several special types of aphasia, such as pure word
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deafness (PWD) and transcortical sensory aphasia (TSA).
Patients with PWD cannot understand and repeat speech but can
understand written texts and speak normally [12]. TSA has
symptoms similar to Wernicke’s aphasia, except that TSA
patients can repeat speech normally [12]. To account for these
new types of aphasia, Lichtheim [12] modified Wernicke’s
model by including a pathway connecting the primary auditory
cortex with Wernicke’s area and a pathway connecting Broca’s
area with the motor cortex. He also added a concept centre to
the model; the centre represents diffused, interconnected path-
ways and memory images, as depicted by Wernicke (Figure 1).
The Wernicke-Lichtheim model could account for not only
mechanisms of normal language comprehension and produc-
tion but also the causes of the main forms of aphasic syndromes
such as motor and receptive aphasia as well as alexia and
agraphia. It has also led to the prediction of new aphasic types
such as semantic dementia (loss of word meanings).

Visual images for

The concept centre words and letters

B

Motor images for
speech articulation
M A Auditory images for

words and letters
Motor images for

handwriting E

m
Motor nerves

d
Acoustic nerves

Figure 1: Wernicke’s-Lichtheim model (redrawn from [12], Figure 2).
A: The Wernicke’s area. M: The Broca’s area. a: The pathway
connecting Broca’s area and the motor nerves. m: The pathway
connecting the acoustic nerves and Wernicke’s area.

With the advancement of techniques for microscopic examina-
tion of brain sections (i.e., histology), the associations between
brain anatomy and functions became better known. Theodor
Meynert pioneered the histological examination of the human
brain in 1867 by using a blue dye to observe neuron cells in
distinct portions of the cerebral cortex [13]. He observed that
different parts of the cerebral cortex had different cell struc-
tures and found that sensory input was received at posterior
cerebral regions, and motor output was produced at the anterior
brain regions [14]. Since then, numerous brain cytoarchitecture
maps have been proposed, including Alfred Campbell’s brain
map with 14 areas [15], Elliot Smith’s brain map with 50 areas
[16], and Korbinian Brodmann’s brain map with 52 areas [17].
Brodmann examined more than 60 mammalian species and
divided the cerebral cortex into different areas based on

regional variations in cells, labelling each area with a number
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(from 1 to 52). These regions are now known as Brodmann
areas (BAs). Brodmann believed that each area should serve a
specific function, and many of them were later found to have a
specific role in processing. Although the cortical structure is
found to be more complex and heterogeneous than Brodmann
suggested, his cytoarchitecture maps remain popular and useful
today.

In the last century, neurologists have developed theories of lan-
guage localisation based on clinical observations and know-
ledge of the cytoarchitecture of the cerebral cortex. The theo-
ries describe typical and atypical language processing mecha-
nisms and offer testable predictions of new aphasic patterns
such as conduction aphasia and semantic dementia. Further
clinical observations, in turn, provide new data for reinforcing
and revising theories. Though many of these neurobiological
models have been found to be incorrect and have become obso-
lete, they still provide a fundamental and schematic under-
standing of the processing involved in comprehension and pro-
duction in both auditory and visual modalities. However, inter-
pretations of these findings should be cautious since patholog-
ical and healthy brains are different. The language mechanisms
deduced from this approach might not reflect the typical brain
network. In addition, subjects of those post-mortem brain
studies generally had comorbid cognitive or neurological disor-
ders; thus, the brain anomalies observed in them might not be

associated with their language deficits.

fMRI and PET studies on language

processing

During the last three decades, our understanding of the func-
tional anatomy of language has been extensively enhanced by
neuroimaging techniques. These techniques, including PET and
fMRI, provide opportunities to observe brain activity noninva-
sively in healthy people through careful experimental design.
For example, neuroimaging studies of English reading have
generally shown that adults recruit left-lateralised brain regions
during silent or overt reading, including the inferior frontal,
occipitotemporal, and temporoparietal regions [18-21]. The left
inferior frontal regions (LIFG), that is, Broca’s area, and the left
posterior superior temporal gyrus (LpSTG), that is, Wernicke’s
area, serve speech and reading functions. The LIFG, com-
prising BAs 44, 45, and 47, is involved in multiple functions,
including articulatory recoding [22-24], syntactic functions and
semantic functions [25], as well as executive functions such as
inhibitory control [26,27] and response selection [28]. The
LpSTG (or BA 22) is involved in phonemic and rule-based
analysis [29,30]. The left angular gyrus (BA 39), the region
believed to be a centre for visual word images [31-33], is
involved in cross-modal tasks such as visual thyming and audi-

tory spelling tasks [34,35]. The occipitotemporal region,
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covering the visual word form area (VWFA), is more activated
for written units (either words or letters) than line drawings
matching in visual complexity [36,37]. This region is hypothe-
sised to be specialised for orthographic processing [38] and is
likely a region that stores visual word images [39], although
recent findings have shown that the VWFA is also involved in
other cognitive functions, such as attention [40] and nonortho-
graphic visual processing [41]. Though these methods are use-
ful in localising brain functions, they cannot determine the
temporal characteristics of signals. Indeed, in recent years, the
modular view of brain functions has fallen out of favour, and
researchers generally believe that various brain regions func-
tion simultaneously and interactively. New analysis methods,
such as functional connectivity and dynamic causal modelling,
have been used to model dynamic brain networks. To better ex-
amine the temporal relation of cortical activities, iEEG would
be an ideal method.

Intracranial studies on aphasia

Characteristics of intracranial recording

The iEEG technique provides a promising opportunity to vali-
date and extend current findings from other neuroimaging
modalities [42]. The iEEG signal can detect neural activity at
the millimetre scale and temporal movement at the millisecond
scale. As it provides precise spatial and temporal information
about cortical activation and interaction, iEEG is a perfect
complement to other invasive or non-invasive neuroimaging

methods.

There are two forms of iEEG in terms of the implantation of
electrodes. One is called electrocorticography (ECoG), which
uses subdural grids or strips of electrodes applied to the cortical
surface of the brain. The other is called stereotaxic EEG
(sEEG), which uses depth electrodes stereotactically implanted
in targeted regions deep inside the brain [42]. Accordingly,
ECoG can cover a broader range of brain regions on the cortical
surface but may not be used to detect signals from deep brain
structures. In contrast, SEEG is advantageous for recording
signals from deep brain structures, but electrode placement is
more restricted for SEEG than for ECoG. These features cause
sEEG to be used less frequently in investigations of higher-level
cognitive functions such as language processing. Thus, we
focus mainly on studies using ECoG in this review.

ECoG has been used to investigate the onset zone of seizures in
patients with epilepsy for decades [43]. This technique was
pioneered by neurologists Wilder Penfield and Herbert Jasper in
the early 1950s as part of the Montreal Procedure, a special
treatment for severe epilepsy. It remains an important method in
epilepsy surgeries for preoperative evaluation and functional

cortex mapping [44]. ECoG uses strips and grids of electrodes
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applied to the cortical surface in either subdural or epidural
space (Figure 2a) [42]. For example, in a recent iEEG study
(Figure 2b), multicontact sensors were implanted in different
brain regions to collect data from patients who suffered from
pharmacoresistant focal epilepsies [45]. ECoG offers high
spatial resolution. The ECoG grid and strip electrodes can cover
a large area of the cortex, and as many as 100-200 electrodes
can be used [42]. However, in actual applications, the clinical
needs of the patients determine the appropriate grid size and
electrode placement. Since most epilepsy patients have left
temporal lobe or frontal lobe seizures, electrodes are more com-
monly implanted in the left hemisphere, covering the medial
temporal and frontal cortices. Thus, the parietal, occipital, and
deeper brain regions, such as the hippocampus and insula, are
less frequently covered [42]. This limitation has significantly
restricted the use of ECoG in mapping of widely distributed
cognitive networks, such as that for language processing.

Compared to metabolic imaging techniques such as fMRI or
PET, ECoG has an excellent temporal resolution at the
millisecond scale. ECoG data have a typical sampling rate of
1,000-3,000 Hz. This high temporal resolution offers an oppor-
tunity to observe the rapid dynamics of neural activities in
precisely localized brain regions. ECoG has a much higher
signal-to-noise ratio (SNR) than other modalities, such as fMRI
or scalp EEG. The SNR of ECoG is 100 times higher than that
of scalp EEG due to the reduction of environmental and physio-
logical noise such as muscle contractions or skin potentials
[42,46]. ECoG electrodes are characterised by a circular plate
shape, with a diameter of 1.2 to 3 mm, and the centres of two
adjacent electrodes are approximately 4 to 10 mm apart [42].
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These features enable ECoG electrodes to capture the cell popu-
lation over a relatively large and diverse range.

The abovementioned characteristics of ECoG have made it a
promising recording technique for real-time functional brain
mapping. It permits real-time functional mapping of cognitive
functions and dynamically images neural pathways between
brain regions during cognitive processing, in contrast to fMRI
and PET, which offer a static image of functional activity with-
out temporal information. In addition to clinical applications,
ECoG provides novel interpretations of functional brain locali-
sation. For instance, a study with five epileptic patients
implanted with subdural electrodes in their dominant hemi-
sphere of language demonstrated the potential of using ECoG to
temporally and spatially segregate complex cognitive functions
within a designated brain region [47]. During ECoG recording,
these patients performed different cognitive tasks, which
included naming pictures, recognising animal sounds,
answering questions, naming visual words, and repeating
spoken words. The results showed that ECoG could temporally
and spatially segregate the cortical subregions within the left
posterior inferior frontal gyrus (LPIFG) regarding different
cognitive functions. The visual system located in the occipital
lobe would be a good candidate for evaluation by ECoG to
study its highly modular but interconnected hierarchical
networks [48].

iEEG to examine the neuronal representation of
reading

As mentioned previously, the ventral occipitotemporal (VOT)
region is involved in visual word or orthographic processing

Figure 2: iEEG detects brain activity by implanting electrodes on the cortical surface. (a) Strips and grids of electrodes are used for iEEG recording.
Figure 2a was reprinted from [42], Nature Neuroscience, vol. 21, by J. Parvizi; S. Kastner, “Promises and limitations of human intracranial electroen-
cephalography”, Copyright (2018), with permission from Springer Nature. (b) Multicontact sensors could be implanted for iEEG recording. Sensor
group cortical surface (CS) are strips and grids of electrodes, and sensor groups trans-occipital (TO) and orthogonal-to-mesial (OM) represent
in-depth electrodes. Figure 2b was reprinted from [45], Physiological Measurement, vol. 39, by A. Sanz-Garcia; T. Rings; K. Lehnertz, “Impact of type
of intracranial EEG sensors on link strengths of evolving functional brain networks”, article no. 074003, published 13 July 2018, https://doi.org/
10.1088/1361-6579/aace94; © Institute of Physics and Engineering in Medicine. Reproduced with permission of IOP Publishing. All rights reserved.
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[38,39], although whether this region plays specific roles in
visual word identification remains a hotly debated topic [49].
To address this issue, Nobre et al. [S0] examined ECoG activi-
ty at the VOT cortex of 27 patients with epilepsy during sen-
tence reading, word detection, semantic priming, and object
perception. The authors found a region in the posterior fusiform
gyrus responding equally to word and nonword strings, likely
responsible for prelexical letter integration. In contrast, a region
in the anterior fusiform gyrus was sensitive to word lexicality
(words > nonwords), semantic content, and context. This region
could be responsible for concept representation addressable by
visual or multimodal images of words. Both regions showed
stronger activity to letter strings than objects, implying their
specific role in orthographic processing [50,51].

Based on previous neuroimaging studies with epileptic patients,
Cohen et al. [51] proposed the visual word form area (VWFA)
hypothesis using behavioural, fMRI, and scalp EEG techniques
to evaluate five healthy subjects and two patients who had
posterior callosal lesions. They observed from the two patients
whose VWFA activity, which occurred 150-160 ms after stimu-
lus onset, could be triggered by words presented in the right
visual field (RVF) but not the left visual field (LVF). These
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patients had posterior callosum damage that disconnected their
bilateral visual systems. As a result, the information presented
to the LVF could not be transmitted to the left hemisphere for
orthographic processing. This suggests that the VWFA specific
for orthographic processing is confined to the left hemisphere.

More recent studies have contributed novel findings to support
the VWFA hypothesis. Empirical evidence has illustrated that
the left mid-fusiform gyrus (ImFG) has a critical role in reading
[52,53]. Hirshorn et al. [54] presented iEEG data from four
neurological patients with electrodes implanted in their ImFG to
demonstrate the involvement of ImFG in word processing
(Figure 3a). Four medically intractable epilepsy patients under-
went iEEG recordings. The patients viewed three types of visual
images (body, word, and phase-scrambled images) and were
asked to identify the images that were repeatedly presented. The
results showed a strong early-stage sensitivity to word stimuli at
100-400 ms (Figure 3b). Notably, one patient (termed “Patient
1”’) underwent surgical removal of tissue around the location of
the implanted ventral temporal (VT) electrode. Patient 1 per-
formed multiple naming tasks, including word naming and a set
of multiple stimuli pre- and post-surgery at 1.5 weeks, 6 weeks
and 3 months. Patient 1 showed reading deficits after the
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Figure 3: iEEG recording of patients with medically intractable epilepsy. (a) Electrodes were implanted in the ventral temporal cortex of the patients.
(b) The signals showed a strong early-stage sensitivity to words at 100-400 ms. (c) The results from the word length and naming task showed that
Patient 1 suffered from acquired alexia after surgery. Figure 3 was adapted from [54], Proceedings of the National Academy of Sciences of the United
States of America, vol. 113, By E. A. Hirshorn; Y. Li; M. J. Ward; R. M. Richardson; J. A. Fiez; A. S. Ghuman, “Decoding and disrupting left
midfusiform gyrus activity during word recognition”, pp 8162—-8167, with permission from National Academy of Sciences.
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removal of tissues surrounding the VT electrode (Figure 3c). In
a follow-up analysis using machine learning methods to exam-
ine the patients’ iEEG signals at the VWFA responding to
words that differed in the degree of visual similarity, the
researchers found that, shortly after stimulus onset (from
approximately 100 to 430 ms), discriminating between words
that shared no letters would activate the VWFA, but discrimi-
nating between those that differed by only one letter would not.
However, at a later time window (from approximately 360 to
640 ms), discriminating between any two words would activate
the VWFA. This pattern of results suggests that the VWFA pro-
cesses orthographic information dynamically, shifting from a
coarse, lexical-based analysis to fine-grained, sublexical-based
processing. Thus, the language network is not only widely dis-
tributed across brain regions but is also dynamic. IEEG is a use-
ful technique to capture this dynamic nature of language pro-
cessing.

Successful reading relies on rapid phonological and semantic
encoding of written words [55]. Neuroimaging studies of
healthy subjects have detected neural activity in the left superi-
or temporal gyrus and the right superior temporal regions when
the subjects are processing phonological information [56].
Semantic processing activates more widely distributed brain
regions, including the bilateral temporal and inferior frontal
areas [57]. Although most of the neuroimaging findings are
acquired using non-invasive techniques such as fMRI or PET,
iEEG data can substantiate temporal and spatial characteristics
of the non-invasive methods. McDonald et al. [58] conducted a
multimodal imaging study to investigate word processing in
both healthy people and patients with epilepsy. Twelve healthy
participants completed a semantics judgement task while being
evaluated with fMRI and MEG, and six patients performed the
same task while being evaluated with iEEG. The fMRI and
MEG results showed spatial concordance within the bilateral
occipitotemporal and medial temporal cortex, the left prefrontal
cortex, and the left posterior temporal cortex. IEEG recordings
were used to validate the fMRI and MEG measurements.
Responses from the abovementioned regions supported the time
course of the fMRI and MEG results.

Semantics is a broad concept that covers many different types
of information and could be modal or modality-specific (e.g.,
speech). Thus, there are different forms of semantic processing,
such as concreteness judgment (abstract vs concrete words),
object categorisation (living vs non-living things), meaning
relatedness (table—chair vs table—choir) and meaning associa-
tion (blue—sky). Also, different semantic processing entails dif-
ferent functional networks [57]. Previous neuroimaging
research has investigated semantic processing in language pro-

duction. However, the results derived from these studies are
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inconsistent because of the influence of the completed task [59],
design of the experiment [60], or the object context [61,62].
Some studies have reported that multiple brain regions, such as
occipitotemporal region, posterior parietal cortex, and prefrontal
cortex, are involved in semantic processing. Nevertheless, other
studies have suggested that the left temporal cortex was the
main brain region for semantic processing [63].

As it simultaneously provides insight into the spatial and
temporal aspects of semantic processing, iEEG is a promising
method to reveal the dynamics of natural semantic processing.
Khachatryan et al. [64] recorded neural signals from the scalp
and cortex of nine epileptic subjects to study the activation of
semantic and perceptual priming (Figure 4). Patients completed
a semantic judgment task and also behavioural tasks. Scalp
EEG data were collected simultaneously with iEEG data, as
intracranial recordings can only be implanted in rare brain
regions for clinical purposes. Scalp EEG data have shown that
the perceptual priming effect is exhibited in early time windows
(N100 and P200). In contrast, the semantic priming effect can
only be detected in later (N400 and P600) time windows. For
the iEEG data, Khachatryan et al. [64] conducted three
analyses, including ERP analysis, time-frequency analysis and
classification analysis. As shown in Figure 4, ERP analysis sug-
gested that semantic priming occurs more in the left temporal
cortex, whereas the distribution of perceptual priming is rather
broad. Time—frequency analysis revealed early participation of
the right basal occipitotemporal cortex during object processing
and engagement of the left temporal cortex for the semantic and
perceptual priming effect. Last, the left temporal cortex showed
the highest accuracy of semantic priming in the classification
analysis. Thus, the study concluded that semantic and percep-
tual priming could trigger partially overlapping brain regions
during visual object processing.

Phonological processing is crucial for efficient reading compre-
hension and visual word recognition [65]. Extensive
neuroimaging research has revealed the precise location of the
cortex and the timing of access to phonological information
when recognising visual words. Previous neuroimaging studies
have documented brain responses to phonological information
in the bilateral superior temporal gyri, left lateralised supramar-
ginal gyrus and left lateralised inferior frontal cortex [66,67].
Furthermore, the relative time course of orthographic, phono-
logical, and semantic activation during word identification
remains a focus of debate in reading research [68]. Phonolog-
ical processing is argued to provide the initial access required
for word recognition in natural language processing [69]. With
high temporal and spatial resolution, iEEG data provide direct
information about how and when phonological processing

occurs when recognising visual words. Mainy et al. [70]
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Figure 4: ERP analysis suggests semantic priming centralises in the left temporal cortex, whereas perceptual priming is widespread. (a) ERP analy-

sis suggests the spatial and temporal distribution of semantic and perceptual
Results for single channel classification analysis. Figure 4 was reprinted from
Hnazaee; E. Carette; |. Dauwe; A. Meurs; P. Boon; D. van Roost; M. M. Van

priming effects. (b) Results of multichannel classification analysis. (c)
[64], Neurolmage, vol. 203, by E. Khachatryan; B. Wittevrongel; M. F.
Hulle, “Semantic and perceptual priming activate partially overlapping

brain networks as revealed by direct cortical recordings in humans”, article no. 116204, Copyright (2019), with permission from Elsevier.

collected iEEG recordings from ten drug-resistant epileptic
patients to reveal the measure of brain activation in the temporal
and frontal lobes when processing visual words. To investigate
this aspect of phonological processing, patients completed a
language decision task involving unreal words while they were
evaluated with iEEG. Based on the pattern of gamma-band
responses they observed, phonological processing occurred at

approximately 400 ms, which was maximally 200 ms after
visual analysis. Activations of neuronal populations were ob-
served in the posterior region of Broca’s area, the mid and ante-
rior regions of the superior temporal gyrus, and the lateral
prefrontal cortex. The results are compatible with previous
neuroimaging findings [71,72] and show a clear time course of
orthographic, phonological, and semantic processing.
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The development of intracranial recordings
using flexible electronics

Nanotechnology has facilitated the application of neuroimaging
by developing brain-compatible neural devices. A novel device
fabricated from soft nanomaterials is capable of accurately
measuring cortical activity and obtaining in-depth information
from target brain regions [73]. These soft nanomaterials are
suitable for the invasive iEEG neuroimaging method to detect
neurological disorders. Nanomaterial-based flexible intracra-
nial electrodes have been developed also to improve ECoG
measurements [74,75]. For instance, conventional ECoG
requires the removal of skull bone, which could result in brain
damage. Flexible ECoG electrodes have been developed that
can reliably attach to the cortex without removing skull bone,

improving the recording signals [76].

Based on a flexible microelectrode array, a wrapping electrode
array that can be inserted beneath the skull iWEBS) was fabri-
cated to map cortical connectivity in a wide region, as presented
in Figure 5a. The microelectrode array was made of patterned
Au wires passivated with SU-8 photoresist on a flexible poly-
imide (PI) substrate (Figure 5b). The thickness of iWEBSis was

muscle Monitoring
EMG Behaviors
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only 14.5 pym with 2 pm SU-8 and 12.5 um PI layers. The
bifurcated flap shape was used to achieve good penetration and
attachment to the cortical surface and avoid injuring blood
vessels on the brain midline (Figure Sc, left). The width of the
Au lines was designed to be 100 pm to reach a low impedance
value and enhance the signal-to-noise ratio (Figure Sc, right).
The real-time signals of cortical activities in different medical
and drug-induced epileptic states were precisely measured when
the iWEBS array was used in freely moving mice. Combined
with optogenetic mapping techniques, long-range cortical inter-
actions were successfully mapped. The application of these
flexible electronics in intracranial recording provides insight
and opportunity into the study of patients with challenging

neural disorders, including aphasia.

Other than insertable devices, researchers have been devel-
oping ultrathin intracranial electrodes that could reduce me-
chanical brain damage. Moreover, some electronics have been
tested in animal models [77-81]. Although the human brain is
exceedingly distinct from the mouse brain, given the larger size
and more complex network, it is possible to replicate the above-

mentioned techniques in humans with technical development.

SuU-8
(Passivation)

Au Metal Line
(Electrode)

Polyimide
(Substrate)

Figure 5: Features of the iWEBS array. (a) Implantation in free-moving mice. (b) Layer components. (c) Structure of recording units. Figure 5 was
adapted with permission from [76], Copyright 2016 American Chemical Society.
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Moreover, the highly flexible nature of novel electronics allows
for the observation of interactions between distant cortical sites.
As discussed above, the disconnection of brain regions may also
result in aphasia. Compared to conventional intracranial elec-
trodes, novel electronics such as multichannel ECoG microelec-
trode arrays provide larger coverage of the brain with excep-
tional thinness and considerable safety improvements [82].
With the facilitation of nanotechnologys, it is possible to obtain a

precise picture of the brain network of reading.

Conclusion

The iEEG technique is a tool that can be used to investigate the
neural mechanisms underlying the reading process. Compared
to other neuroimaging methods, such as fMRI or PET, iEEG
has the advantage of high temporal and spatial resolution.
Therefore, iEEG recording provides reliable anatomical preci-
sion with more accurate signals. iEEG is especially crucial for
understanding the neural mechanism of reading since real-time
recording is important for such sophisticated cognitive function.
In addition, iEEG recording provides valuable validation to
neuroimaging research of reading processing. Although numer-
ous efforts employing multiple neuroimaging methods have
been devoted to the elucidation of the anatomical pathway of
reading, some results tend to be inconsistent.

Critical limitations of iEEG must be considered when adopting
this method. As discussed above, successful reading relies on
complex neural processing, including orthographic, semantic
and phonological processing. To examine the neurological path-
way of reading at different linguistic levels, an explicit experi-
mental design is required. However, iEEG electrodes can only
be implanted for clinical purposes. Restricted by configuration,
location, and duration of implantation, language tasks must be
concise and brief; such tasks may fail to provide sufficient
information to address the issue. The lack of data is another lim-
itation for current iEEG studies. The implantation of electrodes
is suitable for a small portion of brain-damaged patients with
language deficits. Among these patients, those with severe brain
damage cannot complete behavioural tasks that are correlated
with neuroimaging data. For epileptic patients, only a few will
receive neurosurgical treatment that entails brain ablation and
implantation with ECoG electrodes. Some epileptic patients are
able to partake in language experiments during surgery and
participate in behavioural tasks before or after surgery. Fortu-
nately, clinical institutions, such as the US National Institutes of
Health and National Science Foundation, have made efforts to
build a common platform that encourages researchers to share
data across laboratories. A larger number of participants will be
recruited to perform identical tasks, thereby illustrating the
research question more thoroughly. Broader usage of iEEG is

also limited by technique issues. For instance, an adequate num-
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ber of electrodes should be implanted to accurately detect
neural activity [83]. Nevertheless, conventional electrodes are
usually 5-10 mm apart; this spacing does not allow information
to be read precisely. Furthermore, due to the limitation of the
implanted electrodes, iEEG can only be applied to a small
portion of the brain with a focus on certain regions. However, a
growing number of neuroimaging studies have shown that
multiple brain regions far beyond Broca’s area and Wernicke’s
area are responsible for language processing. Thus, advanced
electrodes that are safe and reliably cover a larger range of the

brain are required.

As a continuously evolving field, nanotechnology presents a
promising strategy to overcome the current technical limita-
tions of the iEEG method. Flexible electronics have been gener-
ated that can be invasively implanted in the brain to collect
recordings and simulations of neural activities with high
quality. For instance, new models are advanced with signifi-
cantly reduced thickness, which enables reliable contact with
the cortex surface. Thus, more accurate recordings can be
acquired. Furthermore, long-term implantation has been used in
nonhuman primates or rats that presented steady neural
decoding for a long time [84]. The development allows for the
observation of brain activity in freely moving animals.
Researchers are able to investigate the correlation between be-
haviour and neural networks. The adaption of nanomaterial-
based flexible electronics in iEEG recordings offers a great op-
portunity to overcome current research limitations and reach

new milestones in the future.

Notably, most of the products have been tested in animal
models at present. Although animal models have provided
fundamental descriptions of neural mechanisms in most sensory
and cognitive domains, language, particularly reading, is a more
sophisticated brain function exclusive to humans. The adaption
of novel flexible electrodes that are specific to the human brain
is challenged by the distinct differences between the human and
animal brains. For instance, the human brain is significantly
larger, has more surface area, contains more neurons and is
structurally more complex than that of mice. It is unclear
whether flexible electrodes can be expanded to cover a larger
cortical surface to collect stable and high-quality neural signals.
It is also unclear whether enlarged novel electrodes would
release excessive heat and cause damage to the brain, espe-
cially during long-term implantation. Further investigations are
required to design electronics that are compatible with the
human brain for intracranial recording. Fortunately, with the
advancement of brain imaging technology, it is highly possible
to gain a more precise understanding of the neuronal mecha-
nism of language processing. Sustained research progress in

neuroimaging and nanomaterials will facilitate further investi-
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gation of brain functions. Ultimately, it is only a matter of time

before the gap between research and clinical application is

closed.
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Wearable triboelectric nanogenerators (TENGs) have recently attracted great interest because they can convert human biomechan-

ical energy into sustainable electricity. However, there is a need for improvement regarding the output performance and the com-

plex fabrication of TENG devices. Here, a triboelectric nanogenerator in single-electrode mode is fabricated by a simple strategy,

which involves a sandwich structure of silicone rubber and silver-coated glass microspheres (S-TENG). The S-TENG exhibits a

remarkable performance in harvesting human motion energy and as flexible tactile sensor. By optimizing the device parameters and

operating conditions, the maximum open-circuit voltage and short-circuit current of the S-TENG can reach up to 370 V and 9.5 pA,

respectively. The S-TENG with good stretchability (300%) can be produced in different shapes and placed on various parts of the

body to harvest mechanical energy for charging capacitors and powering LED lights or scientific calculators. In addition, the good

robustness of the S-TENG satisfies the needs of reliability for flexible tactile sensors in realizing human—machine interfaces. This

work expands the potential application of S-TENGs from wearable electronics and smart sensing systems to real-time robotics

control and virtual reality/augmented reality interactions.

Introduction
Traditional batteries cannot provide a durable and reliable

power supply for small portable electronic devices, personal-

ized healthcare, and Internet-of-Things (IoT) devices [1-6].

Thanks to the progress in low-power technology, the power

consumption of microelectronic devices has dropped to the

level of micro- or nanowatts, which makes the use of environ-
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mentally friendly energy a good and practical strategy. Multiple
sources of energy could be used, such as wind energy [7], solar
energy [8], thermal energy [9], electromagnetic energy [10],
and mechanical energy [11], among which mechanical energy is
created almost everywhere. Mechanical energy has many
obvious advantages over other energy forms, such as high
energy density, wide distribution, and simple acquisition.
Regarding this, it is desirable to develop wearable devices that
convert mechanical energy from human body motion into elec-
tricity [12].

Triboelectric nanogenerators (TENGs), with a wide range of
material choices and simple device structures, capture the
energy of human motion in real time [13]. This form of energy
conversion can not only provide sustainable power for elec-
tronic systems, but also provide reliable solutions for active
sensing and human—computer interfaces [14]. A stretchable
TENG with double-helix structure was previously designed. It
consisted of silver-coated glass microspheres (SCGMs) and
silicone rubber as stretchable conductive thread (SCT) and a
silicone rubber-coated SCT as the other triboelectric thread
[15]. This TENG can convert the biomechanical energy from
human joint motions. The elastomer matrix guarantees that the
TENG can be applied in stretchable electronic systems. The
TENG generates an open-circuit voltage of 3.82 V and a short-
circuit current of 65.8 nA. There are two more references
focused on stretchable TENGs utilizing SCGMs to harvest
biomechanical energy [16,17]. Zhang et al. invented a closed-
structure TENG made of stretchable materials for harvesting
human motion energy and monitoring [17]. It can produce an
open-circuit voltage up to 150 V and an optimal instantaneous
power density of 44.6 mW/m?2. From the abovementioned refer-
ences [15,16], it can be seen that the output performance
remains to be improved despite the complex fabrication proce-
dure of the TENG devices. More recently, Qian et al. proposed
a nylon-regulated TENG in contact-separated working mode,
whose open-circuit voltage and short-circuit current can reach
up to 1.17 kV and 138 pA, respectively [16]. Although this is a
tremendous advancement in output performance, the contact-
separated working mode with double electrodes makes it diffi-
cult to connect the current conducting wires to moving objects
when trying to harvest mechanical energy. Besides, the
organic—inorganic composites prepared by embedding
relatively hard SCGMs into a soft silicone rubber matrix reduce
the stretchability of the TENG devices, which is adverse
regarding wearables. Therefore, further investigations to en-
hance the stretchability of TENGs by innovative design are still
required.

In this work, we developed a single-electrode mode, stretchable

triboelectric nanogenerator (S-TENG) using a simple strategy.
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The single-electrode mode enables the TENG to scavenge
energy from the irregular mechanical motion of a free object,
independent of electrode position and shape [18,19]. The
S-TENG with sandwich structure consists of silicone rubber and
SCGMs. The latter are either used as electrode or triboelectric
layer. The S-TENG can charge commercial capacitors and
power LED lights and scientific calculators and has three
distinct advantages. These advantages are: (a) It can be made
into multiple shapes and placed on various parts of the body to
harvest mechanical energy, requires only a simple fabrication
process, (b) it shows stable output and long working life, which
provides sustainable electricity, and (c) due to the unique struc-
tural design of the device and the high elasticity of the silicone
rubber, the S-TENG can be stretched easily to 300% to realize a
conformal assembly in stretchable electronic systems. The
distinct advantages of the S-TENG indicate broad application
prospects in wearable electronics and smart sensing systems.

Results and Discussion

Figure 1a is the schematic of the structural design of the
S-TENG. The device is composed of three layers, that is, the
top layer and the bottom layer of silicone rubber and the middle
layer of SCGMs. The scanning electron microscopy (SEM)
image (Figure 1b) and the energy dispersive X-ray spectrosco-
py (EDS) measurement (Figure 1c) show that the SCGMs are
evenly dispersed across the silicone rubber. Figure 1d presents
the flow chart for the fabrication of the S-TENG. Silicone
rubber and SCGMs are filled in a 3D-printed mold and cured.
After that, the device is removed from the mold.

The S-TENG can be cut into different shapes for possible appli-
cations. The device can be stretched to 300% of the initial
length (Video 1, Supporting Information File 1). Also, it can be
rolled and twisted easily, as shown in Figure le.

Figure 2a illustrates the electricity generation mechanism of the
single-electrode mode S-TENG, which is based on a conjunc-
tion of contact triboelectrification and electrostatic induction
[2,20-23]. In the initial state (Figure 2a-I), the frictional layer
and the S-TENG are in balance without potential difference.
When the frictional layer contacts the silicone rubber
(Figure 2a-II), the positive charges in the frictional layer are
equal to the negative charges in the silicone rubber. Once the
surfaces of frictional layer and silicon rubber are separating
(Figure 2a-III), the negative charges on the silicone rubber sur-
face drive the electrons of the SCGMs to flow to ground, gener-
ating a reverse triboelectric potential. When frictional layer and
silicone rubber are entirely separated, the electrostatic equilib-
rium between the SCGMs and ground is re-established, no
output signal can be observed (Figure 2a-1V). When the fric-

tional layer is close to the silicone rubber, the electrons will
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Figure 1: (a) The structural design of the single-electrode mode TENG. (b) SEM and (c) EDS measurements of the SCGM surface. (d) Flow chart for
the fabrication process of the S-TENG. (e) Photographs of the S-TENG (original, stretched, twisted and rolled).

transfer from ground to the SCGMs and generate a positive
potential through the triboelectric effect. Finally, the charge dis-
tributions of the two surfaces return to the initial stage.

In order to measure the electrical output of the S-TENG, a piece
of 30 x 40 mm? was stuck onto an acrylic plate that was fixed
on a linear motor. With the linear motor, displacement and
motion frequency of the other triboelectric layer relative to the
silicon rubber can be controlled. The open-circuit voltage (Voc)
peaks remain unchanged when the frequency varies from 1 to
2.5 Hz (Figure 2b-I). The short-circuit current (Igc) increases
from 1 to 4.2 pA when the frequency goes from 1 to 2.5 Hz
(Figure 2b-1II). The peak values of V¢ and Igc go up to nearly
200 V and 4.2 pA, respectively, at 2.5 Hz, as shown in
Figure 2c-1 and 2c-II. Based on Maxwell’s displacement cur-
rent, with the increasing number of contact/separation cycles
during a unit of time, the charge movement rate between elec-
trode and ground is increasing. Therefore, the Igc of the
S-TENG can be increased at high frequencies.

The size plays a crucial role regarding the electrical output of
the S-TENG. The output of the S-TENG was studied

while changing the size from 10 x 10 mm? to 80 x 80 mm?2. As
shown in Figure 3a and Figure 3b, under a force of 50 N,
both V¢ and Igc increase when the contact area increases.
When the contact area is 80 x 80 mm?, V¢ and Igc reach
up to about 370 V and 9.5 pA, respectively. The S-TENG
can be used as a large wearable device. With bigger contact
area, more charges and, consequently, higher Igc values
are generated. Vgc and Igc both increase proportionally
to the contact area from 10 x 10 mm? to 50 x 50 mm?2. Howev-
er, Voc and Igc of 80 x 80 mm? are not proportionally in-
creased. This may be attributed to the fact that the large device
collapses easily in a non-uniform manner. Specifically, the
upper and lower surfaces may not contact or separate effi-
ciently, which causes the actual contact area to be smaller than
expected [17].

Different devices were prepared by adjusting the ratio between
silicone rubber and SCGMs (1:1, 1:1.5, 1:2, 1:2.5). As can be
seen from Figure 3¢ and Figure 3d, when the mass ratio be-
tween silicone rubber and SCGMs is 1:1.5, V¢ and Igc reach
the largest values of 250 V and 6 uA, respectively, under a
force of 150 N. As the content of SCGMs continues to increase,
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Figure 3: Open-circuit voltage and short-circuit current of the S-TENG (a, b) as functions of the contact area, (c, d) as function of the ratio between
silicone rubber and silver-coated glass microspheres, and (e, f) as function of the applied force.

Voc and Igc gradually decrease. The larger amount of SCGMs
causes less air in the same volume. Hence, there is less friction

between silicone rubber and SCGMs.

The applied force is another factor that impacts Vgc and Isc. As
shown in Figure 3e and Figure 3f, when the applied force is in-
creased from 20 to 100 N, the V¢ values increase from 85 to
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Figure 4: (a) Voltage of different capacitors (2.2, 4.7, 10, and 33 pF) as function of the charging time with the rectified S-TENG output. The inset
shows the circuit diagram of the charging system. (b) Cyclic stability of the S-TENG for about 3000 cycles. The inset shows enlarged vies of the
middle and the last five cycles. (c) Voltage/current trends and (d) output power of the S-TENG under different load resistances. The maximum power
is 308 W under an external load resistance of 2 MQ. (e) Photograph of the custom-made resistance test platform. (f) Sheet resistance under tensile
strain from 0 to 300%.
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S-TENG output. The voltage reaches a saturation value of 14 V
for charging a 2.2 pF capacitor.

Reliability is a key parameter considering the practical applica-
tion of the S-TENG. As depicted in Figure 4b, the I5c values of
the device do not decline after 3000 cycles for 25 min, demon-
strating the long-term stable operation of the S-TENG on the
human body. The impedance matching experiment was de-
signed to measure the powering capability of the S-TENG with
different resistances. Figure 4c,d shows the relationship be-
tween load resistance and Igc, Voc, and power of the S-TENG
(30 x 40 mm?). With the resistance in parallel changing from
1000 Q to 1 GQ, Vg increases from 0.6 to 147 V and Igc
decreases from 5.6 to 0.45 pA. The output power (blue line) is
calculated as P = U-I. The instantaneous power can achieve a
peak value of 308 uyW (Voc = 109 V and Isc = 2.8 pA) with an
external load resistance of 2 MQ. As can be seen from
Figure 4e and Figure 4f, the resistance linearly increases from
0.35 to 1.18 Q/cm? when the tensile strain reaches 300%. In the
process, the thickness of the SCGM layer becomes thinner and
the resistance of the S-TENG increases linearly. When the
S-TENG is further stretched, the slope of the curve falls again
because the relative variation of the SCGM layer decreases.
After releasing the strain, the resistance is recovered at
0.11 Q/cm? resulting from a hysteresis in the rearrangement
of the SCGMs. Although the curves between sheet resistance
and tensile strain have different shapes, the resistance value
before and after stretching is of the same order, exhibiting
the excellent flexibility and mechanical robustness of the
S-TENG.

Applications of S-TENG

Charging performance and monitoring human
motion

The electrical output of S-TENGs has been used to power small
electronic components [17]. In Video 2 (Supporting Informa-
tion File 2) the S-TENG is connected to a linear motor. 235
LEDs connected in series can be lit up after rectification of the
output. Because of the video frame rate, some LEDs that light
up are not captured. Figure 5a and Video 3 (Supporting Infor-
mation File 3) show that a scientific calculator is powered on
after padding the S-TENG for eight seconds. If the S-TENG
device continued to generate electrical output, the calculator
would work for a longer time when needed. Figure 5b and
Video 4 (Supporting Information File 4) show that LEDs
showing the word “HENU” are lit when they are connected to
the S-TENG.

The S-TENG can be put into shoes to monitor human move-
ment [24]. An S-TENG device with a diameter of 50 mm and a

thickness of 3 mm is suitable to be worn regularly. As shown in
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Video 5 (Supporting Information File 5), the primary move-
ment of a human being is recorded. The current of the S-TENG
for walking and jumping is 1.5 and 2 pA, respectively, as
shown in Figure 5c. Two forward electrical signals can be
captured every one second during walking. From the graph, the
backward-signal Igc generated by the three exercise modes is
higher than the forward-signal Igc. The air mixed with SCGMs
of the S-TENG is squeezed during the process of stamping con-
tinuously. Thus, the S-TENG cannot be recovered to the orig-
inal state. Different motions produce different signals. The Igc
generated by jumping is higher than that generated by walking,
due to the larger applied force under intense exercise condi-
tions.

The S-TENG device can be potentially applied to harvest
energy from different human motions and yield motion statis-
tics. These data can be used for the analysis of physical exer-
tion and exercise intensity by using a micro-processing unit that
includes analog-to-digital conversion and wireless transmission.
From the number of steps a person takes each day, the number
of calories burned through exercise can be estimated. A person
can keep trying to lose weight using the device. Also, the
S-TENG device can monitor the rehabilitation training of post-
op patients who need to avoid excessive physical training that
may be harmful to heart or lung. It can also be used to check
heartbeat and breathing rate, which are low-intensity move-

ments, for comprehensive health analysis and evaluation [17].

The S-TENG can be placed in different positions of the human
body to harvest motion energy with stimulation from another
triboelectric layer, such as clothing or the hand. An S-TENG
with an area of 100 x 100 mm? was placed on the waist of a
person. As shown in Figure 5d and Video 6 (Supporting Infor-
mation File 6), the S-TENG can light up 235 LEDs by the con-
tinuously padding the device in single-electrode contact-separa-
tion mode. The S-TENG also can be placed on elbow and knee
joints and harvest body motion energy for wearable devices
[25].

Sensing applications

The S-TENG provides an effective power source for electronic
devices. Another potential application for the S-TENG is as
flexible tactile sensor that can serve as electronic skin for a
more comfortable interactive experience between humans and
external objects by sensing all kinds of information, such as
size, shape, and texture [26,27]. The flexible tactile sensor can
generate electrical signals in response to different mechanical
stimuli for the self-supply with energy. An S-TENG with an
area of 20 x 20 mm?2 was placed on each of five fingertips, as
exhibited in Figure 6a. When the thumb touches index finger,

middle finger, ring finger and small finger in turn, the resulting
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Figure 5: Optical image of the power supplied by padding the S-TENG with the hand for (a) a calculator and (b) LEDs showing “HENU”. The inset
shows the circuit diagram of the rectifier. (c) Demonstration of the S-TENG to detect human motion; (1, Il) the position of the S-TENG in a shoe, and
(1) powered LEDs; (IV) current output of the S-TENG during the two different motions. (d) The S-TENG can be fixed at the waist of a human and can

light up 235 LEDs.

Isc is 1, 1.2, 0.8, and 0.3 pA, respectively, as depicted in
Figure 6b.

A single-electrode S-TENG was installed on the finger of a
robotic hand [26], as shown in Figure 6¢,d and Video 7 and
Video 8 (Supporting Information File 7, Supporting Informa-
tion File 8). An electrical signal is generated when the robot
touches an object. When the output signal passes through the
signal-processing circuit, the digital waveform can be obtained.
The current level (high or low) indicates whether finger and
object are in contact. Further data processing can realize basic
contact perception. Figure 6e shows the circuit diagram of the
signal-processing unit.

Experimental
In this work, a simple method for fabricating a TENG is pro-

posed. First, a layer of cured silicone rubber film (Smoth-on,

Ecoflex 00-20) was prepared. Gel A and gel B were mixed
together with a volume ratio of 1:1 in a container for 5 min.
Then the mixture was poured into a mold with rectangular
groove (30 x 40 mm?) manufactured by a 3D printer, and a
vacuuming operation was performed for 5 min to eliminate any
entrapped air. After curing for 30 min at 50 °C, the rectangular
silicone sheet was peeled off from the mold slowly. Second,
SCGMs (diameter of 30 um, Shenzhen Changxinda Shielding
Materials Co. LTD) with good electrical conductivity were
spread evenly over the surface. Finally, different films were
prepared by adjusting the ratio between silicone and rubber/
SCGMs (1:1, 1:1.5, 1:2, 1:2.5).

Characterization and measurements

The values of Vpc and Igc were measured by using an elec-
trometer (Keithley 6514) and the data acquisition device. The
force was applied by a linear motor (Linmot E1100) and a force
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Figure 6: (a) The position of the S-TENGs on the fingers. (b) Current output of the thumb touching the other fingers. (c, d) Potential application of the
S-TENG in robotic sensing. (e) The circuit diagram of the signal processing unit.

detector. The TENG was attached onto the fixed end of a linear
motor. Sensing measurements used LabVIEW programs to
record information. The sheet resistance of the flexible SCGM/
silicone rubber electrode was measured using the M-3 Mini
four-probe tester. SEM (JSM-7001F) was used for morphology
characterization of the surface of the SCGMs.

Conclusion

In summary, an easily manufactured, inexpensive and stretch-
able single-electrode mode S-TENG was designed and fabri-
cated, of which the electrode was made of a conductive fabric.
The top and bottom layers of the sandwich structure are sili-
cone rubber and the middle layer are SCGMs both as conduct-
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ing layer and frictional layer. The peak values of V¢ and Igc of
the S-TENG are nearly 200 V and 4.2 pA at a frequency of
2.5 Hz. Moreover, the device has good long-term stability with
almost no degradation of the electrical output after 3000 cycles.
In addition, the S-TENG can light up 235 LEDs and power a
commercial calculator by padding the S-TENG with the hand.
The S-TENG device can be made into various shapes and sizes,
and can be freely placed on different parts of body to harvest
human motion energy. It has been proven that the device is suit-
able for wearable energy harvesting. A large-scale device could
be used to power portable electronic devices.

Supporting Information

Supporting Information File 1

Video S1: Stretchability of the S-TENG.
[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S1.mp4]

Supporting Information File 2

Video S2: Power LEDs.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S2.mp4]

Supporting Information File 3

Video S3: Power a calculator.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S3.mp4]

Supporting Information File 4

Video S4: Light up letters of “HENU”.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S4.mp4]

Supporting Information File 5

Video S5: Placement in a shoe.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S5.mp4]

Supporting Information File 6

Video S6: Attachment to the waist.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S6.mp4]

Supporting Information File 7

Video S7: Robotic sensing.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S7.mp4]
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Supporting Information File 8

Video S8: Human—computer interaction.
[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-32-S8.mp4]
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Safety concerns require the frequently check for leaks in gas pipelines. Also, in coal mines the type gases permeating from the

ground need to be monitored. Triboelectric nanogenerators (TENGs) can be applied for gas sensing without external power supply.

In this paper, a two-dimensional model of a TENG was established, and a gas jet a rectangular cross section was added between two

triboelectric materials. The TENG could generate distinguishable electrical signals according to the different types of gas and the

different gas injection areas. This work contributes to the area of self-powered gas sensing.

Introduction

With economic development and social progress, there is an in-
creasing demand for wearable [1-4], medical [5], and portable
electronic devices [6,7]. The power supply is an important part
of modern electronic equipment. A traditional battery has the
disadvantages of short work life and heavy pollution. Therefore,
it is extremely urgent to find a green and sustainable power
supply for microelectronic devices.

Triboelectric nanogenerators (TENGs) can collect and convert
different forms of energy (e.g., human motion [8-10], vibration
[11], rotation [12], wind [13], and water [14]) into electric
energy [15-17], thus expanding the range of energy production

to a more microscopic scale [18] and improving the rate of
utilization [19]. Characterized by low cost, light weight, envi-
ronmental safety, and high conversion efficiency under low fre-
quency, TENGs can provide continuous power supply for wear-
able devices [20], medical devices, and microelectronic systems
[21]. In addition, triboelectric nanogenerators can also be used
as sensors [22]. TENGs, originally proposed by Prof. Zhongling
Wang [23], are microgenerators that convert mechanical energy
into electrical energy based on the triboelectric effect [24]. In
most TENG simulations, a triboelectric polymer material is in
direct contact with an electrode layer with very small separa-

tion distance (less than 1 mm) [25], and the effective contact
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area of the friction material is increased by texturing its surface
[26,27] to improve its electrical output. This setup is widely
applied in vertical contact separation mode [28,29], sliding
mode [30,31], single electrode mode [32-34], and independent
layer mode [35]. In order to explain the charge transfer process
between two friction materials in contact, various models have
been proposed and explored, such as electron cloud model [36-
38], ion transfer model [39], and material transfer model [40].

It is attractive that, in addition to providing power for elec-
tronic devices, TENGs can also be used as self-powered sensors
for pressure, vibration, speed, chemicals, and body motion.
Regarding leaks in gas pipelines or harmful gases in under-
ground coal mines, it is necessary to detect the presence of a
specific gas or the content of gas in ambient air. Therefore, gas
sensors are usually indispensable in safety systems. Ordinary
sensors need to be charged externally, and once the power is
used up, the gas sensor loses its function. TENGs generate elec-
tricity that can be used for developing self-powered gas sensors.

In this paper, in order to explore the sensing of different gases
by TENGs, a gas jet of rectangular cross section was added to
the two-dimensional model of a TENG. The TENG generates
electrical signals depending on the type of gas and the cross
section of the gas injection area. Further, in order to eliminate

Beilstein J. Nanotechnol. 2021, 12, 507-516.

the inevitable topological change during the actual movement of
the TENG, an air gap was established in COMSOL to construct
the two-dimensional model of the TENG. Based on the assump-
tion that the surface charge density of the triboelectric nanogen-
erator is constant, the potential was calculated by using finite el-
ement methods and the Poisson equation of static electricity,
and the influence of the change in the shape of the triboelectric
material was simulated.

Results and Discussion

Triboelectric nanogenerators generate electricity through con-
tact electrification and electrostatic induction. Contact electrifi-
cation refers to the electron transfer between two different mate-
rials in contact because the atoms are so close together. An elec-
tric field is generated after friction electrification, and electro-
static induction is caused by the electric field. The charge flow
of a TENG is shown in Figure 1. When the two triboelectric
materials contact each other, different charges are generated on
the surface. When they are separated, the induced electrons of
the upper surface electrode will flow to the lower surface elec-
trode, forming a current flow. When the two triboelectric mate-
rials approach, the electrons of the electrode on the lower sur-
face will flow back to the electrode on the upper surface,
forming a downward current until the two triboelectric materi-
als contact each other.

) () (1)
electrode
electrode
Pressed Releasing 7
-
electrode —
electrode
Pressed lReleased
W) av)
electrode
electrode
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electrode

Figure 1: Charge flow in a triboelectric nanogenerator.
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A simplified model of a two-dimensional TENG was set up in
COMSOL (Figure 2). Two rectangles represent the triboelec-
tric materials with different dielectric constants. The length and

width are set as 50 mm and 0.1 mm, respectively. By changing
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Figure 2: Two-dimensional model of a contact separation TENG.
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the distance (ds), we simulate the process of the triboelectric
materials approaching and moving away from each other.
Figure 3a is the surface potential distribution diagram of the
triboelectric materials of a TENG at a distance of 1 mm. Due to
the influence of the relative permittivity, the material with the
lower relative permittivity is negatively charged, while the other
triboelectric material is positively charged. When the distance
between the two dielectric materials varies, the field intensity
caused by the charge also varies. The corresponding electric
potential decreases with decreasing distance and increases with
increasing distance. Figure 3b is the electric potential distribu-
tion diagram when the distance is 0.1 mm. In the simulation, we
measured the potential difference between the outer surfaces of
the two dielectric materials as ds is gradually increased from 0.1
to 1 mm, as shown in Figure 3¢, which also reflects the influ-
ence of the distance between the two triboelectric materials on
the potential.

In practice, it is difficult to directly test the influence of the
shape of the triboelectric material on the electric potential due
to the influence of various factors. Here, we set the shape of the
upper triboelectric material to be an isosceles triangle and a

right-angled triangle, the height is set to 1 mm, and the other pa-
rameters are the same as in Figure 2, as shown in Figure 4.

2500

2000

1500

1000

0.1 02 03 04 0.5 06 0.7 0.8 09 1
ds(mm)

Figure 3: Simulation diagram for (a) ds = 1 mm and (b) ds = 0.1 mm. (c) Potential difference between the outer surfaces of the upper and the lower

triboelectric materials as a function of ds.
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Figure 4: Two-dimensional TENG model with (a) isosceles triangle and (b) right-angled triangle TENG model.

The three models were simulated and compared in COMSOL
while ignoring edge effects. As can be seen from Figure Sa—c,
the electric potential of the rectangle and the isosceles triangles
is symmetrically distributed along the central axis, while that of
the right-angled triangle is asymmetrically distributed.
Figure 5b shows that the two sides of the isosceles triangle have
the same potential. According to Figure 5c, the potential distri-
bution at the hypotenuse of the right-angled triangle is different
from that at the side perpendicular to the horizontal plane. The
potentials at the hypotenuse and the right side of the right-
angled triangle were simulated for ds values of 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, and 1 mm, and the potential difference
was calculated. Figure 5d shows that the electric potentials at
the hypotenuse and the right side of the triangle increase with
an increase of ds. Also, the potential difference increases.
Therefore, if an external circuit can be built, then the load can
be directly connected to the right side and the hypotenuse of the
right-angled triangle and the transfer of electrons can be driven
by the potential difference between the two sides. Figure Se,f
shows the electric potential in the simulation of rectangle,
isosceles triangle, and right-angled triangle. The electric poten-
tials obtained for the three models are basically the same, but it
can be found that the electric potential calculated for the rectan-
gular TENG is higher than those calculated for the triangles.
Figure 5f is the potential difference obtained by subtracting the
potential of the isosceles triangle TENG and that of the
hypotenuse of the right-angled triangle TENG. The potential
difference is all positive, and the potential difference increases
as ds increases. The potential of the hypotenuse of the right-
angled triangle TENG is smaller than that of the right-angled

side, but as the distance ds increases, the gap between the

potentials of the two sides decreases until the potential of the
hypotenuse is greater than that of the right-angled side. It can be
concluded that the rectangular TENG is economical and can
achieve good electronic output.

We considered designing a TENG-based gas sensor that could
be used to detect different gases under real-life conditions.
When, in contact separation mode, two triboelectric materials
approach or move away from each other, other substances, such
as water vapor, carbon dioxide, and other gases, can pass
through the gap. We present a simulation with water vapor
under ideal conditions, that is, the surface charge density may
be changed during the experiment. A simplified two-dimen-
sional sensor model is shown in Figure 6a. A rectangular gas
injection area was added to the model in Figure 2. It was used to
study the influence of gas type and gas injection area on the
electrical potential of the TENG. The potential distribution ob-
tained from COMSOL is shown in Figure 6b.

The injection of carbon dioxide into the air gap of the TENG
was simulated to quantitatively analyze the gas injection area.
The effect on the TENG potential was first considered as a
function of the gas injection area (indicated here by the side
length of the rectangle) and the distance between the two tribo-
electric materials, as shown in Figure 7a. When gas injection
area changes, the TENG potential also changes slightly.
Figure 7b—d shows that, with constant distance between the two
triboelectric materials, an increase in the size of the gas injec-
tion area leads to a decrease of the electric potential, suggesting
that the TENG gas sensor can be used to measure the size of a

gas leak.
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Figure 7e shows the TENG potential as a function of the dis-
tance ds. For ds = 0.1 mm, the difference in TENG potential is
the largest (approximately 2.5 V). When ds increases, the poten-
tial difference between a gas injection area of 0.02 mm and a
gas injection area of 0.1 mm decreases, eventually reaching
1 V. This suggests that when the distance between the two
triboelectric materials is large enough relative to the size of the
gas injection area, the size of the gas injection area has little
effect on the sensing function. Therefore, if the gas injection
area needs to be measured, it should be first estimated, then an
appropriate TENG distance ds needs to be found.

The potential differences of the TENG with a rectangular gas
injection area with different side lengths are compared in
Figure 7f. The curves are closer to a quadratic function when
ds = 0.1 mm. Based on the knowledge of differential derivation
in mathematics, Figure 7b can be speculated to be a cubic
curve. The curves of the four potential differences are closer to
linear curves for ds = 0.2-1.0 mm. Similarly, it can be inferred

that Figure 7c and Figure 7d are curves of a quadratic function.

We compared the TENG with carbon dioxide, water vapor, and
nitrogen as injection gases. Figure 8 shows the potential differ-
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ence of the TENG with different gases at the same distance ds.
The potential values of the TENG with carbon dioxide and
water vapor are similar. The potential of the TENG with
nitrogen is significantly higher. Without any gas, the potential
of the TENG is even higher. It is noted that the relative dielec-
tric constants of these three gases are different. That of carbon
dioxide is the largest, followed by those of water vapor and
nitrogen, which explain the results shown in Figure 8. It can
also be concluded from these figures that the difference in
power potential between the four types of TENG decreases with
the increase of ds.

Figure 9a is the schematic diagram of an isosceles triangle
TENG with a gas jet. Figure 9b is the corresponding simulation
of the potential. In order to compare the effects of the two
shapes of TENG on sensing different gases, we simulate the
TENG with gas jets when ds is 0.1 mm, 0.5 mm, and 1 mm, as
shown in Figure 9c—e. It can be seen from these three figures
that a small distance between the triboelectric materials is
helpful for distinguishing different gases. It is noted that water
or humidity can degrade the surface charge density of the elec-
trification surfaces in an actual experiment. We will carry out
further investigations in the future.
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Figure 8: (a) The potential of TENG with different injected gases at (a) ds = 0.1 mm, (b) ds = 0.5 mm, and (c) ds =1 mm.
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Conclusion

Simulations of three differently shaped TENGs were carried out
in this paper. In order to investigate the sensing of different
gases with sensors based on these TENGS, an injected gas jet
with rectangular cross section was added to the two-dimen-
sional model of the TENG. The size of the gas jet influences the
potential of the TENG. However, when the distance between
the triboelectric materials is large enough, a change of the gas
jet cross section has only little effect on the TENG potential.
The simulation results also show that the type of gas influences
the potential of the TENG depending on the relative permit-
tivity of the gas. This work is helpful for the development of
self-powered TENG-bases gas sensors.
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Self-powered sensors can provide energy and environmental data for applications regarding the Internet of Things, big data, and

artificial intelligence. Nanogenerators provide excellent material compatibility, which also leads to a rich variety of nanogenerator-

based self-powered sensors. This article reviews the development of nanogenerator-based self-powered sensors for the collection of

human physiological data and external environmental data. Nanogenerator-based self-powered sensors can be designed to detect

physiological data as wearable and implantable devices. Nanogenerator-based self-powered sensors are a solution for collecting

data and expanding data dimensions in a future intelligent society. The future key challenges and potential solutions regarding

nanogenerator-based self-powered sensors are discussed.

Introduction

Self-powered sensor systems can harvest and convert environ-
mental energy to electricity, which enables sensor operation
without external power source [1,2]. Nanogenerators (NGs) can
effectively harvest energy various low-frequency mechanical
motions from the environment. NG-based self-powered sensors
act as data collection units for traffic [3-11], meteorological
environment [12-21], human movement [22-27], viscera [28-

30], body fluid composition [31-39], biological nerve impulses

[40], and gas sensors [18-20]. Self-powered sensors based
on NGs can analyze objects from a new perspective. The
materials of NG come from a wide range of sources, such as
wood [41,42], paper [43-46], waste milk carton [15], and skin
[47-49]. Thus, low-cost self-powered sensors can be deployed
on a large scale and are a good candidate for data sources for
the Internet of things (IoT), big data, and artificial intelligence
(AI).
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NGs can be used as both pressure sensors and as energy
supplies. Triboelectric nanogenerators (TENGs) were used as
electronic skin for pressure detection and material identifica-
tion [50,51]. Pressure sensors based on piezoelectric nanogener-
ators (PENGs) were used to detect tiny pressure deviations from
water droplets [52,53], wind flow [53-56], or even human pulse
waveforms [57,58]. NG-based self-powered sensors can be
applied in traffic monitoring [3,59-61], and road and bridge
monitoring [4,59]. Data regarding the driving status of vehicles,
the operating status of vehicle components, and the driver usage
habits are related to the safety of vehicle driving and the experi-
ence of the driver [5-11].

The principle of operation of TENGs is the triboelectrification/
contact electrification (CE) process [62-64]. TENGs have four
working modes: the common vertical contact-separation mode,
the single-electrode mode, the contact-sliding mode, and the
freestanding-triboelectric-layer mode [2,65]. TENGs can be
made of many different materials with low manufacturing cost,
environmental friendliness, and low maintenance cost. TENG-
based sensors can collect multidimensional and large-scale data,
which are a novel data source for big data and Al. Especially,
TENGs are good candidates for designing Al sensors [66].

Human physiological
data collection

Self-powered Sensor for
Data Collection

Environmental data
collection

wearable sensor

implantable sensor

Hydrological sensor

Traffic sensor data

Beilstein J. Nanotechnol. 2021, 12, 680—-693.

TENGS can be used as an energy source for traditional sensors
to collect tiny amounts of energy from the environment, such as
from liquid droplets [67]. The performance of TENGs can be
improved through material optimization and charge-accumula-
tion strategies [4,62,64,68,69]. In addition, TENGs can be
directly used as sensors. For example, TENGs can collect irreg-
ular and low-frequency wave energy to generate electricity from
blue energy [70]. Self-powered sensors based on TENGs can
collect hydrological data such as wave information [12,13],
water quality [14,15], and ion concentration [16,17,71], which
can be used for weather forecasting, disaster warning, and water
quality protection. In addition, long-term monitoring and collec-
tion of hydrological data can also provide a certain reference for
the design of sterilization and algae removal [72], wastewater
treatment [73,74], and electrochemical corrosion protection of
metal surfaces and battery cathodes [56,75,76]. TENG-based
special flexible pressure sensors can be placed on the surface of
human skin to monitor the physiological activities of the human
body, such as joint bending, extension, and body rotation [22-
26,77].

Figure 1 shows the application NG-based self-powered sensors
in the collection of human physiological and of environmental

Self-powered

Self-powered
electronic skin

Self-powered

i

data collection

Buoy

Guide Rail
Sealing Device |
Connecting Rod]

Gas sensor data
collection

s

-

collection

Figure 1: The development of nanogenerator-based self-powered sensors in the collection of human physiological data and of environmental data.
Figure 1a was reproduced with permission from [28], Copyright 2016 American Chemical Society. Figure 1b is adapted from [22]. Copyright © 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Zhen Wen et al., “TA Wrinkled PEDOT:PSS Film Based Stretchable
and Transparent Triboelectric Nanogenerator for Wearable Energy Harvesters and Active Motion Sensors”, Advanced Functional Materials, John
Wiley and Sons. Figure 1c is reproduced from [51] (© 2020 Yang Wang et al., some rights reserved; exclusive licensee American Association for the
Advancement of Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY)
https://creativecommons.org/licenses/by/4.0/). Figure 1d reproduced with permission from [12], Copyright 2016 American Chemical Society. Figure 1e
was reproduced from [3], Nano Energy, vol. 2, by L. Lin, Y. Hu, C. Xu, Y. Zhang, R. Zhang, X. Wen, Z. L. Wang, “Transparent flexible nanogenerator
as self-powered sensor for transportation monitoring”, pages no. 75-81, Copyright (2012), with permission from Elsevier. Figure 1f was republished
from [18] (X. Xue et al., “Surface free-carrier screening effect on the output of a ZnO nanowire nanogenerator and its potential as a self-powered
active gas sensor”, Nanotechnology, vol. 24, no. 22, 225501, published on 30 April 2013, https://doi.org/10.1088/0957-4484/24/22/225501 © 2013
IOP Publishing Ltd. Publishing. Reproduced with permission via Copyright Clearance Center. All rights reserved.
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data. On this basis, developments and challenges of future
NG-based self-powered sensors in data-driven intelligent

systems are proposed.

Review
Human physiological data collection based

on self-powered sensors

Self-powered wearable sensors and electronic skin
Self-powered wearable sensors to collect human motion data
can provide a data set for medical diagnosis and rehabilitation,
sports training, human motion recognition, respiratory monitor-
ing, and human 3D motion modeling [78-80]. These data can be
used for real-time detection of human health or human—comput-
er interaction [81,82]. Wen et al. [22] manufactured a trans-
parent and stretchable wrinkled (maximum strain approxi-
mately 100%) TENG (WP-TENG) based on a poly(3,4-ethyl-
enedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS)
electrode and installed the WP-TENG-based self-powered
motion sensor at different positions of a human arm. The
WP-TENG was placed on the skin above the muscles of the
arm, as shown in Figure 2a. When the arm is bent, the muscles
stretch the sensor to a larger contact area, and a voltage varia-
tion is generated by the sensor. An output voltage of about 23 V
is generated. When the arm is released, the voltage returns to
zero. The peak voltage varies with the bending angle of the
elbow, as shown in Figure 2b, and the frequency of joint
motion, as shown in Figure 2¢. The self-powered motion sensor
can obtain the bending angle of the elbow joint through the
peak voltage output, and monitor the motion frequency in real
time by counting the peaks. Furthermore, self-powered motion
sensors can be used for gesture recognition [78,83,84]. The
combination of a self-powered motion sensor and a back-end
data processing system based on machine learning (ML) can
realize sign language recognition for people with language
impairment. Zhou et al. [84] fabricated a stretchable sensor for
sign language recognition. The stretchable sensor is installed on
a glove by using a flexible material. When the fingers move,
each finger generates an electrical signal. These signals are clas-
sified by using ML algorithms to obtain the text, and finally the
text is converted into speech output. The method of ML pro-
cessing uses a principal component analysis (PCA) algorithm
for feature extraction and a support vector machine (SVM)
algorithm for gesture recognition, with a recognition accuracy
of 98.63% and recognition time of less than 1s. The front-end
sensor could be replaced by a more advanced self-powered
pressure/touch sensor based on PENGs/TENGs, which
combined with back-end ML technology, can help disabled
people to live and communicate normally. Self-powered motion
sensors can also collect the weak mechanical energy generated

in other physiological activities of the human body, such as

Beilstein J. Nanotechnol. 2021, 12, 680-693.

heartbeat, breathing, and vocal cords [85,86]. Without external
power supply, the back-end data processing technology can
realize real-time detection and early warning of human health
[87]. For example, voice can be recognized by vocal cord vibra-
tion, which can be recorded with a biosensor attached to the
skin of the throat. Voice print recognition and speech recogni-
tion can be realized by employing back-end data processing
technology [88].

PENG/TENG-based self-powered sensors are flexible and
highly sensitive, which can reduce inconveniences of a sensor
system during physical training [41]. Back-end intelligent anal-
ysis technology can be used to quickly detect the large amount
of data collected to reconstruct muscle movement and accu-
rately obtain exercise habits. For example, the movements of
athletes can be detected and identified in real time using Al
classification techniques [89]. Big data analysis technology can
monitor the training status of athletes in real time and provide
training suggestions [83].

TENGs have high sensitivity, and a slight strain can cause the
output signal of TENGs to change. Self-powered sensors based
on TENGs are feasible signal monitoring sensors for facial ac-
tivity, breathing, vocal cord vibration, heartbeat, and other small
physiological activities. Small physiological signals, such as
facial activity data, can be used for monitoring the driver status
to prevent non-hazardous driving and improve driving safety. In
2018, Meng et al. [10] proposed a TENG-based self-powered
pressure sensor that can detect situations such as the driver step-
ping on the accelerator or blinking. In 2020, Lu et al. [11]
further proposed a transparent stretchable self-powered sensor
based on a polyacrylamide TENG (PL-TENG), which is used to
detect driver fatigue and distraction while driving and then to
alert the driver. Different actions of the driver, such as winking,
opening mouth, nodding, and turning neck will cause the
PL-TENG to output electrical signals with corresponding fea-
tures. The output voltage can be processed by a recurrent neural
network (RNN) and judged by multiple sensors to improve the
driving safety. The TENG-based self-powered pressure sensor
is more sensitive, more stable, and less costly than the near-in-
frared illuminator, with far-reaching implications for traffic
safety.

TENG-based electronic skin has more functions. Inspired by the
plasticity of human skin nerve signals, the researchers proposed
a single-electrode TENG (SE-TENG) as an intelligent neuro-
morphic sensor using reduced graphene oxide [90]. Reduced
graphene oxide can act as electronic trap, and the output infor-
mation of the sensor contains real-time stimulation information
and information about previous stimulations. The sensor can

generate voltage pulses similar to biological mechanoreceptors
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Figure 2a—c was reproduced from [22] (for permission, please see the caption of Figure 1b). (b) The sensor is installed on the elbow to detect differ-
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ent bending angles of the elbow. Voltage signals of different magnitudes are generated when the elbow is bent at different angles [22]. (c) The sensor

is installed on the elbow. The elbow is bent and released at different frequencies and the voltage signals are generated at different frequencies [22].
(d) The biologic potential generated by external pressure and an intelligent neuromorphic sensor [90]. Figure 2d and Figure 2e were reprinted with
permission from [90], Copyright 2020 American Chemical Society. (e) The output of the sensor changing with the increase of pressure times [90].
(f) The output voltage generated when in contact with different materials [51]. Figure 2f and Figure 2g were reproduced from [51] (for permission,
please see the caption of Figure 1c) (g) A multi-functional self-powered sensor detects pressure and temperature and generates output signals [51].

(h) The output current of smelling electronic skin exposed to air and ethanol at a concentration of 60 ppm [91]. Figure 2h—j was reproduced from [91].
Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Xinyu Xue et al., “Outputting Olfactory Bionic Elec-
tric Impulse by PANI/PTFE/PANI Sandwich Nanostructures and their Application as Flexible, Smelling Electronic Skin”, Advanced Functional Materi-

als, John Wiley and Sons. (i) The output voltage of smelling electronic skin as the ethanol concentration increases [91]. (j) The response of smelling

electronic skin to several volatile organic compounds [91].
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under external pressure, as shown in Figure 2d. The upper panel
of Figure 2d is the biological action potential, and the lower
panel of Figure 2d is the voltage pulse generated by the sensor.
The output monotonously increases with pressure. The output
voltage reaches a saturation value after a certain number
of sensor actuations, as shown in Figure 2e. This intelligent
neuromorphic sensor that mimics synaptic enhancement and
memory can be used as a human skin tactile sensing solution,
providing rich data for artificial intelligence. Wang et al. pro-
posed a hydrophobic polytetrafluoroethylene film and sponge-
like graphene/polydimethylsiloxane composite material to
prepare a multifunctional self-powered sensor [51]. The sensor
can infer the performance of the material through the difference
in the output of the electrical signal generated by contact with
different materials, as shown in Figure 2f. The sensor can also

measure pressure and temperature as shown in Figure 2g.

Electronic skin can also collect composition information of
substances in the air. Xue et al. proposed a TENG-based
smelling electronic skin that generates electrical impulses when
exposed to gas flow or pressure [91]. The material of the elec-
tronic skin can react with volatile organic compounds (VOCs)
in the air, such as ethanol, as shown in Figure 2h. In addition to
detecting whether the air contains VOCs, the output open-
circuit voltage of the smelling electronic skin is also negatively
correlated with the concentration of the VOCs, as shown in
Figure 2i. The smelling electronic skin responds to a variety of
VOCs, such as methanol, propanol, butanol, and chloroform, as
shown in Figure 2j.

Self-powered implantable sensors

Physiological data can be used for health monitoring. When
analyzing the components in body fluids, such as glucose,
external sensors will lose accuracy due to interference from
other components in body fluids [92]. An internal blood glucose
sensor would be more reliable. Given the many possible TENG
materials, materials with good biocompatibility can used for
implantable self-powered physiological sensors. The sensors
can be powered by the mechanical energy from the biological
activity of the organism, and provide physiological data. An
implantable heart monitoring sensor based on a TENG can
work stably for a long time, providing a solution for long-term
heart monitoring. Zheng et al. proposed an implantable TENG
(iTENG) to realize wireless heart monitoring in vivo [28]. The
iTENG is not cytotoxic. The packaging material of the iTENG
showed good biocompatibility in mouse fibroblasts. The iTENG
was implanted between heart and pericardium of a Yorkshire
pig to monitor the heartbeat signal. The iTENG can be driven
by heartbeat movement, collect the heartbeat signal and send it
wirelessly to the data-receiving end outside the body, as shown

in Figure 3a. The output voltage is synchronous with the elec-
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trocardiogram (ECG) signal, as shown in Figure 3b. The
iTENG provided a stable electrical signal output for more than
72 h in this case.

The changes of endocardial pressure (EP) have important clini-
cal significance for patients with impaired heart function. The
self-powered endocardial pressure sensor (SEPS) converts the
energy of blood flow into electrical energy in the heart, which is
used to detect changes in EP in real time [29]. The SEPS was
implanted in the left atrium of a Yorkshire pig. Figure 3c shows
the output voltages during cardiac contraction and relaxation.
The changes in the output voltage signal are completely
synchronous with the changes in the femoral arterial pressure
(FAP) and ECG signals. After epinephrine is injected, the FAP
rises, while the peak value of the SEPS output voltage slowly
decreases, as shown in Figure 3d. The opposite trends of the
two are synchronous, so the output voltage of SEPS can be used
as an indicator of epinephrine efficiency. The SEPS can accu-
rately monitor the EP of the ventricle in real time. Through
sudden changes in the EP, life-threatening arrhythmias can be

detected in a timely manner.

Compared with the heart, the physiological activity of the
gastrointestinal tract is weaker. Traditional TENGs are affected
by the heart and respiration, and it is difficult to obtain accurate
information on the physiological activity of the gastrointestinal
tract. Cheng et al. proposed an asymmetrical and ultrasensitive
TENG (ATNG), which can monitor tiny gastrointestinal move-
ments and collect gastrointestinal data [30]. The ATNG was
implanted into the abdominal cavity of a rabbit, and the
duodenal peristalsis signal of the rabbit was monitored, as
shown in Figure 3e. Comparison with the frequency-domain
transform of the traditional TENG output signal implanted in
the same position shows that the 0.58 Hz signal captured by the
traditional TENG is a breathing signal. The ATNG can capture
the gastrointestinal movement signal with the small 0.32 Hz
intestinal movement signal and eliminate the interference of
breathing. Under anesthesia, glucose solution was injected into
the stomach of the rabbit. After 5 min, the gastrointestinal peri-
stalsis becomes intense, and after 10 min, the peristaltic
recovery becomes smooth (Figure 3f). It shows that the ATNG
can monitor the weak activity of the gastrointestinal tract of a
rabbit and can provide data on weak physiological activities.

An important indicator of human health is the composition of
body fluids. The large amount of mechanical energy generated
by the human body can also be used to drive a self-powered
body fluid sensor to collect body fluid data [31-38]. In addition
to the real-time detection of body fluids by self-powered tech-
nology, the self-powered technology can be used to deliver

drugs to the patient according to changes in the chemical com-
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Figure 3: Self-powered implantable sensors in vivo. (a) Structure of heart data sensor based on an iTENG, implantable wireless transmitter (IWT) and
power management unit (PMU) [28]. (b) Comparison of the output of the iTENG and ECG signal [28]. Figure 3a,b was reproduced with permission
from [28] (for permission, please see the caption of Figure 1a). (c) Correspondence between ECG, FAP, and SEPS output signals [29]. Figure 3c,d
was reproduced from [29]. Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Zhou Li et al., “Tran-
scatheter Self-Powered Ultrasensitive Endocardial Pressure Sensor”, Advanced Functional Materials, John Wiley and Sons. (d) The change of ECG,
FAP, and SEPS output voltage after epinephrine injection [29]. (e) When the ATNG is implanted in rabbits, the activity of the rabbit intestines causes
changes in output signal of the ATNG [30]. Figure 3e,f were reproduced from [30]. Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Wein-
heim. Used with permission from Zhong Lin Wang et al., “Mechanically Asymmetrical Triboelectric Nanogenerator for Self -Powered Monitoring of In
Vivo Microscale Weak Movement”, Advanced Functional Materials, John Wiley and Sons. (f) The electrical signal generated by the activity of the
intestine after glucose injection under anesthesia [30].
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position of the body fluids [93,94]. This self-powered experien-
tial health management and treatment system is a development
direction of future medicine. Zhang et al. [31] developed a
self-powered implantable blood glucose meter based on the
piezo-enzymatic-reaction coupling effect of GOx@ZnO (GOx:
glucose oxidase) nanowires. By collecting the mechanical
energy generated by human movement, the output voltage pro-
vided information about blood glucose concentration. As shown
in Figure 4a, the output voltage of the self-powered blood
glucose meter is inversely proportional to the glucose concen-
tration. After implanting the device in a mouse, the output of
the device changes with the blood glucose concentration, as
shown in Figure 4b, which proves the feasibility of the device to
collect blood glucose data.

Sweat data analysis is one of the directions to analyze the physi-
cal state of athletes. For example, lactic acid levels in the sweat
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of athletes are analyzed to determine whether they are tired and
engaged in aerobic or anaerobic exercise. Guan et al. [37] pro-
posed a self-powered analyzer that can detect changes in lactic
acid in sweat. As shown in Figure 4c, the output voltage of the
analyzer is proportional to the lactic acid concentration. The
analyzer attached to the surface of human body uses the evapo-
ration of sweat during human exercise to generate electricity,
and its output performance is affected by the concentration of
lactic acid in the sweat, as shown in Figure 4d. According to the
change of output voltage data, big data analysis can be per-
formed on the exercise status of the athlete. Training status and
exercise intensity information can be obtained in real time. This
is a new solution for big data sensing in sports. The mechanical
energy generated by blood flow or body motion also can drive
sensors for monitoring various indicators of body fluids. Pan et
al. [35] proposed a self-powered blood pressure sensor that uses
mechanical energy and biochemical energy. The fiber nanogen-
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Figure 4: Structure and performance of self-powered body fluid sensors. (a) The system composition of the implantable skin-like glucometer and the
voltage output in different concentrations of glucose [31]. Figure 4a,b was reproduced from [31] (© 2018 W. Zhang et al., published by Springer
Nature, distributed under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

(b) Implantable skin-like glucometer implanted in a mouse and the voltage output of the device under different blood glucose concentrations [31].

(c) The output voltage performance of sweat-evaporation-biosensing sensors in different concentrations of lactic acid [37]. Figure 4c,d was adapted
from [37], Nano Energy, vol. 59, by H. Guan, T. Zhong, H. He, T. Zhao, L. Xing, Y. Zhang, X. Xue, “A self-powered wearable sweat-evaporation-
biosensing analyzer for building sports big data”, pages no. 754-761, Copyright (2019), with permission from Elsevier. (d) Real-time voltage output
generated by the sweat-evaporation-biosensing sensor when three people are cycling [37]. (e) The FBFC converts glucose to produce DC output, the
FNG produces AC output from the same periodic pressure, and the hybrid system output of FBFC and FNG in series [35]. Figure 4e,f was repro-
duced from [35]. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Caofeng Pan et al., “Fiber-Based
Hybrid Nanogenerators for/as Self-Powered Systems in Biological Liquid”, Angewandte Chemie International Edition, John Wiley and Sons. (f) Output

of the hybrid system under different pressures [35].
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erator (FNG) and the fiber biofuel cell (FBFC) are fully inte-
grated on a single carbon fiber. The FNG converts the periodi-
cally applied pressure in the liquid into an alternating current
(AC) output, and the FBFC converts glucose in the blood into
electrical energy to generate a direct current (DC) output.
Figure 4e shows the output performance of FBFC and FNG,
and the output performance of two devices in series. The output
of FNG as a pressure sensor with pressure changes is shown in
Figure 4f. The output is proportional to the pressure. By
collecting mechanical energy and biochemical energy in the
environment of the human body, this sensor can stably and con-
tinuously collect pressure data from human blood vessels and
other body fluid environments. The NGs can be used for human

health monitoring and blood pressure data analysis.

Environmental data collection based on

self-powered sensors

Environmental sensors can be used for collecting and process-
ing data of electricity and gas maintenance, vehicle safety, and
weather forecasting. The collection of environmental data
requires real-time, long-term monitoring. Compared with tradi-
tional sensors, self-powered sensors based on PENGs/TENGs
can convert mechanical energy into electricity. At the same
time, they can also obtain environmental information. PENG/
TENG-based self-powered sensors can be placed on roads and
bridges, which can be powered by mechanical energy from
traffic flow and bridge vibration. Self-powered sensors can be
used to collect real-time data of vehicle speed, acceleration and
tire status. Self-powered sensors can collect hydrological and
meteorological data, providing powerful data tools for ambient
intelligence in the future, such as improving driving safety,

accurate weather forecasts, and disaster warning.

Self-powered hydrological and gas sensors

Zhang et al. reported a triboelectric ocean-wave spectrum
sensor (TOSS) [12]. The structure of the device is shown in
Figure 5a. The TOSS collects wave data from a buoy. While
ocean waves move the buoy up and down, charges are gener-
ated in a TENG, as shown in Figure 5b. The generated charges
are linearly correlated with the wave heights, as shown in
Figure 5c. From this linear relationship, the wave height data
can be obtained, including period and speed of waves.

Environmentally friendly, portable, easy-to-deploy, and low-
cost TENGs are novel devices for water quality monitoring.
Zhou et al. proposed the use of waste materials to make an arc-
shaped TENG (AS-TENG) [15]. The AS-TENG can provide
energy for a pH sensor in water. The system can trigger an
alarm when the pH value is lower than 5. Lee et al. proposed a
based Hg2* ion sensor based on ZnO nanowires and carbon

nanotubes for detecting toxic pollutants [17]. The ZnO nano-
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wire (NW) array acted as power source. When Hg?" ions were
detected, the system powered a light-emitting diode (LED). Li
et al. designed a self-powered heavy metal ion triboelectric
nanosensor [16]. By adding three ligand molecules to the
surface of nanoporous anodic aluminum oxide, the detection
sensitivity for Cu?*, Pb2*, and Cr3* reached 0.005 x 107°,
0.003 x 107%, and 0.004 x 107® M, respectively. The self-
powered tribo-nanosensor generates different output voltages
according to the ion concentration, as shown in Figure 5d. The
TENGs are a low-cost and environmentally friendly solution for
detecting heavy metal ions. The kinetic energy generated by the
flow of waste water is converted into electricity through a
water-driven triboelectric nanogenerator (WD-TENG). Thus,
heavy metal ions in waste water can be removed without
external power consumption. The self-powered sensor collects
water quality information such as ion concentration in the water

as a data source for hydrological analysis.

PENG/TENG-based pressure sensors can accurately sense pres-
sure changes through the output response signal. Gas molecules
can be adsorbed on the surface of piezoelectric/triboelectric ma-
terials, causing changes in the carrier density [95]. Thus, the gas
concentration can be obtained from the output voltage of the
PENG/TENGs. The output of a PENG based on ZnO NWs is
largely influenced by the surface carrier density on the surface
of the nanowires. The adsorption of gas molecules can change
the surface carrier density by the shielding effect, so the output
of the sensor is very sensitive to the gas concentration. Com-
pared with traditional metal oxide semiconductor (MOS) gas
sensors, the PENG/TENG-based self-powered gas sensor has a
lower power consumption, requires no heating, and exhibits
high stability and high sensitivity.

In 2013, Xue et al. proposed a ZnO NWs PENG-based self-
powered gas sensor [18]. The response of the unpackaged
PENG sensor was studied under exposure to oxygen (O,),
hydrogen sulfide (H,S) gas, and water vapor. The sensitivity to
H,S gas was as low as 100 ppm. The design of the whole self-
powered sensor system consists of three parts. A ZnO NW array
as the piezoelectric energy generation module, Ti foil and Al
layer as electrodes, and kapton boards as supporting frame.
Under the same deformation conditions, the sensitivity S of a
PENG/TENG can be simply defined as:

v, -V,
S[%]ZuXIOO%, (1)
Vg

where V, is the piezoelectric output voltage in dry air (the con-
centration of the gas to be measured is 0 ppm), and Vy is the

piezoelectric output voltage during exposure to the test gas. The
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Figure 5: Self-powered hydrological and gas sensor for environmental data collection. (a) The appearance structure of TOSS [12]. Figure 5a—c was
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lons in Wastewater”, Advanced Materials, John Wiley and Sons. (e) Output voltage of the self-powered sensor under different H>S gas concentra-
tions at room temperature. The sensitivity S varies with HoS gas concentration [18]. Figure 5e was reproduced from [18] (for permission, please see
the caption of Figure 1f). (f) Piezoelectric output voltage relationship of the device when In,03/ZnO NW is exposed to dry air and HaS gas of various
concentrations at room temperature [20]. Figure 5f was reproduced with permission from [20], Copyright 2014 American Chemical Society. (g) Sensi-
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permission from [21], Copyright 2015 American Chemical Society.
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sensitivity of above ZnO-based self-powered sensor is 127.3%  on a NiO/ZnO heterojunction nanowire array showed high
under 1000 ppm H,S. The piezoelectric output of sensor de-  sensitivity and fast response [19]. At room temperature, the
creased with increase of the concentration of the tested gas, as  piezoelectric voltage of the NiO/ZnO NW array was reduced
shown in Figure 5e. In 2016, a self-powered gas sensor based  from 0.388 V (in dry air) to 0.061 V (at 1000 ppm H,S), and the
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response was approximately 10 times that of naked the ZnO
NW array. An In,O3/ZnO heterostructure was prepared the
sensitivity of which was 925% [20]. Figure 5f shows the piezo-
electric output voltage of InpO3/ZnO NW array exposed to dry
air and H,S gas of various concentrations at room temperature.
Compared with the gas adsorption reaction of ZnO material, the
conversion of Inp03/Zn0O to In;S3/Zn0O has a stronger regu-

lating effect on the piezoelectric filtration of free carriers.

A ZnO-based self-powered gas sensor (SPGS) can be used to
detect H,S, NH3 [96,97], ethanol [91,98-100], CO, [101,102]
and other gases [103-105]. A ZnSnO3/ZnO NW-based PENG
was used to detect liquefied petroleum gas (LPG) with high
sensitivity, selectivity, and reliability [21]. The sensitivity of
ZnSn03/ZnO (1 h) NWs in 4000 ppm H,S, Hj, ethanol, metha-
nol, LPG, and saturated water vapor was measured. The sensi-
tivity of ZnSn0O3/ZnO NW for LPG is much higher than for
other gases, as shown in Figure 5g. Modaresinezhad et al. used
a DC nanogenerator based on ZnO nanosheets as room-temper-

ature self-powered humidity sensor [103].

This new type of self-powered gas sensors will be an important
development direction for the next generation of gas sensors
[95]. In addition, the above self-powered sensors show that they
are easier to deploy and consume less power than traditional
MOS gas sensors. Because of this, self-powered sensors can be
deployed in large numbers, and a large number of self-powered
sensors will generate a massive amount of data. Through big
data and Al analysis the back-end data processing capability
can be enhanced. Moreover, Al technology can also enhance
the performance of sensor.

Traffic sensors

PENGS are also applicable in intelligent transportation systems.
Self-powered vehicle sensors based on PENGs/TENGs can
collect the signal of force changes when the vehicle status
changes. In 2011, Hu et al. [5] proposed a flexible PENG that
was attached to a vehicle tire. During rotation of the tire, the
electrical pulses were generated by the PENG. These electrical
signals can be used as sensor outputs to calculate the vehicle
speed and provide energy for an external system. The PENG
consisted of top and bottom Cr/Au electrodes, ZnO NWs on the
electrodes and a flexible polyester substrate. Figure 6a shows
the PENG fixed to the inner surface of the tire with adhesive
tape. The output voltage of the PENG changed with the defor-
mation of the tire during rolling. Figure 6b shows the output
open-circuit voltage during tire movement. Speed information
of the vehicle can be obtained from the output voltage.

Speed and acceleration sensors based on PENGs/TENGs were

used to detect the driving status. Acceleration information can
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be obtained from the tire movement of the vehicle. Zhang et al.
proposed a self-powered acceleration sensor based on liquid-
metal triboelectric nanogenerator (LM-TENG), which can
directly detect horizontal and vertical accelerations [6]. When a
vehicle crashes, the force and position data of the vehicle can be
obtained through the acceleration sensor. This acceleration
sensor can be used to detect the acceleration of a vehicle
climbing uphill. This application can provide data support for
the vertical motion information for future 3D car navigation. A
driving safety warning system can detect the tire pressure to de-
termine whether the vehicle has too high or unbalanced load
[7]. To detect the state of wheels at high friction and at high
speed, sensors based on a harsh-environmental TENG (he-
TENG) can be included in a self-powered smart brake system.
TENG-based vehicle sensors can collect data on driving habits,
such as the frequency of using brake pedal and accelerator pedal
under different road conditions [8]. Thus, TENG-based warning
and brake systems may be designed for future autonomous
vehicles.

Intelligent transportation is emerging with the development of
IoT technology [106]. Traditional sensor networks are powered
by batteries or energy grids. Thus, the deployment and mainte-
nance of sensors will bring challenges for intelligent transporta-
tion systems. PENGs/TENGs can gain energy from vibrations
without the need for an energy grid. In 2013, Lin et al. [3] pro-
posed a transparent and flexible PENG (TFNG) based on a flex-
ible polydimethylsiloxane (PDMS) substrate and ZnO NWs. It
could be deployed on the road for speed and weight detection,
as well as collecting mechanical energy from rolling wheels to
power a LCD. Figure 6¢ shows the output voltage signal when
the wheel runs over the TFNG. The output of TFNG has good
durability, as shown in Figure 6d. The principle of measuring
vehicle speed and weight is shown in Figure 6e. Two TFNGs
with a distance of AS = 0.6 m were placed on the road. When
the vehicle passed the TFNGs, two peak waveforms were
generated. The speed can be calculated from the peak time
difference At between two waveforms: v = AS/At. Figure 6f
shows the output voltage at vehicle speeds of 1 and 1.5 m/s. The
output voltage of the TFNG is proportional to the weight of the
vehicle, as shown in Figure 6g. A TENG-based self-powered
sensor can also be deployed to detect bridge vibrations [68].
When the bridge vibrations are within the safety limit, the
TENG generates AC signals for power supply and analysis of
vibration characteristics. When the vibration exceeds a
threshold, the output signal becomes a DC signal and an alarm
is triggered.

To sum up, self-powered sensors based on NGs have great

prospects as intelligent traffic sensors, and they show excellent

performance in traffic monitoring. Abundant sensor data can
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Figure 6: NG-based self-powered traffic sensor. (a) PENG attached to a tire with adhesive tape [5]. Figure 6a,b was reproduced from [5]. Copyright ©

2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Youfan Hu et al.,

“A Nanogenerator for Energy Harvesting from

a Rotating Tire and its Application as a Self-Powered Pressure/Speed Sensor”, Advanced Materials, John Wiley and Sons. (b) The output voltage of a
PENG and the LCD powered by the PENG when the tire rotates [5]. (c) The voltage output after the sensor is pressed by the wheel once [3].

Figure 6¢c—g was reproduced from [3], (for permission, please see the caption of Figure 1e). (d) After being rolled over by wheels for an extended
period of time, the output voltage of the TFNG changes only slightly [3]. (e) Schematic diagram of measuring speed via a TFNG [3]. (f) Voltage output
of the TENG as a function of the time at different vehicle speeds [3]. (g) Relationship between vehicle weight and output voltage of the TFNG [3].

establish smart transportation and improve driving safety and
convenience. Also they are the basis of data for autonomous
driving.

Key challenges and potential solutions for future
self-powered sensors

In the future, NG-based self-powered sensors can be used in the
collection of external environment data and human physiologi-
cal data. NG-based self-powered sensors are good candidates
for “smart dust”, which requires independent continuous work
and the collection massive data [107]. We propose several key
challenges and directions for the future development of

NG-based self-powered sensors:

1. Application-specific integrated circuits (ASICs) designed
for TENG sensors.

energy, chemical energy, thermal energy, and light energy,

The energy, such as mechanical

that can be gained from the environment maybe limited

and random. TENG sensors require ASICs with fast
power-up, high performance and low energy consumption.
The key properties of the ASICs should be ultra-short
power-on time and ultrafast processing, while the
performance should be higher than that of traditional
ICs. Thus, the ASICs will have a smaller average power
consumption. It is necessary to design energy management,
information processing, and communications ASICs for TENG
applications.

2. The embedded operating system based on adaptive
energy unit. The random energy from the environment makes it
difficult for TENG sensors to work continuously. A low-power
high-performance sampling algorithm could collect the main
data. It is necessary to develop new theories and algorithms for
TENG sensors. The embedded operating system would be
based on these new theories and algorithms, which effectively

control information and energy flows.
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3. Al for TENG-based self-powered sensors. The bottleneck
of the self-powered systems is the quality of data due to the
randomness of the energy from the environment. Al algorithms
could learn the complete information features and complete the
missing information in the TENG sensor data. Al algorithms for
energy management are also an important topic for TENG ap-
plications.

4. New communication systems designed for TENG sensors.
TENG-based self-powered sensors have great advantages for
large-scale deployment. The transmission of massive data will
rise challenges. Efficient and low-power communication
systems are necessary. Another solution is compressing data for
communication, which reduces the scale of data transmission.
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