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Smart gloves are gloves with sensing devices that perceive the movements and touch of the hand through artificial
intelligence technology and enable interaction with other devices. By wearing the device, it can autonomously
recognize the user's movement intention and assist user in completing actions such as clenching fists and lifting
objects. With the rapid development of internet technology, flexible wearable electronic devices have a wide
range of applications in health supervision, motion detection, and other fields. To improve the power source
performance of wearable electronic devices, this study proposed a flexible wearable biometric smart glove based
on a friction nanogenerator. The study innovatively prepared a flexible wearable biometric smart device based
on two different structures including traditional fabric and porous fiber and achieved multifunctional applications
such as harvesting and signal sensing of external energy through friction nanogenerators. The results showed that
there was a maximum average power at an external load resistance of 1 when the power density was about 3.98
mW/m?, The devices short-circuit current was continuously stabilized at about 40 nA when the pressure
magnitude was 10 N in the cycling experiment. When the frequency was varied in the interval from 1 to 4 Hz, the
open circuit voltage magnitude was stable at around 57.8 V. The current in a short circuit had the highest value of
about 0.4 pA when the frequency was 4 Hz. The classification accuracy rate of the smart glove for biometric
recognition was as high as 98.3%. The results indicated that the smart glove designed in the study had good,
stabilized performance and could operate for a long time, while having a high classification accuracy rate for
biometric identification. The results provided new and improved ideas for the development and application of
friction nanogenerators, and contributed to the creation of bendable wearable electronics.
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Introduction sources is a must for the modern economy's and

society's sustained development. Currently, most

The rapid development of the world economy products have been powered by external power
has led energy to become a more important sources [1, 2]. However, with the widespread
material basis and factor of production. While adoption of wearable devices, the traditional
energy brings enormous economic benefits to power supply model is beginning to suffer from
mankind, it also inevitably brings various inevitable drawbacks, such as the inability to
potential hazards to the environment. Therefore, meet the long life span required by the devices
the search for new, clean, and renewable power and the lack of sustainability [3, 4]. In addition,
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with the rapid development of science and
technology, new energy technologies and smart
wearable devices have become hot spots in
research. Among them, triboelectric
nanogenerator (TENG) technology, as a means of
efficiently converting mechanical energy into
electrical energy, has shown great potential in
the fields of energy collection and sensors. The
rapid development of biometric technology has
brought new possibilities for personalized
medicine and health monitoring. Among them,
TENG uses the surface charge generated when
two different materials come into contact and
the electric field that changes with time to drive
the flow of electrons in the external circuit. This
power generation technology is capable of
harvesting energy from the surrounding
environment and converting mechanical energy
into energy to drive wearable electronic
applications [5]. Since its introduction, TENG has
been used in several energy fields and has also
received a lot of attention from researchers.
Zhang's team conducted a comprehensive
analysis on the development of fiber-based
nanogenerators to enrich the research on
nanogenerators. Strategies and principles for
increasing the output capacity of nanogenerators
made of fiber were summarized, and the results
found that fiber-based nanogenerators could
effectively mitigate the environmental pollution
problem [6]. Luo et al. prepared a novel self-
healing TENG by integrating polycaprolactone
(PCL) material with flexible silver nanowires. The
process utilized two electrodes with different
structural properties to improve the self-healing
capabilities of its friction surface and conductive
layer. The results showed that the healable PCL
polymeric material was able to self-repair by
heating and softening, effectively extending the
service life of the TENG [7]. An et al. suggested a
system based on the self-powered system of the
TENG. To address problems such as low
conversion efficiency, various aspects such as
mechanical structure and electrode materials
were explored, while the applications of TENG in
sensing and wearable devices were summarized.
It was found that the high effective charge
density of TENG could significantly improve the
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performance of self-powered systems [8]. Chen
et al. analyzed multiple gallium nitride based
semiconductors for the unclear energy transfer
and conversion mechanism. The external output
current always flew from GaN to Si or Al, which
indicated that the interfacial electric field created
by the friction charge really dominated the
carrier transport direction [9].

On the other hand, the range of applications for
flexible wearable devices is expanding. Zhu et al.
proposed a flexible soft glove with multimodal
feedback to reduce the complexity of glove
system operation. The study designed a single
basic structure with the improvement, and the
results showed that the constructed glove
system could detect hand movements in real
time and recognize objects quickly, which
significantly enhanced human perception [10].
Additional study proposed a portable smart pen
integrated with a frictional potential shift vector
sensor to enable tracking of human-computer
interaction and biometric handwriting
trajectories. The device could authenticate
different users through their unique handwriting
patterns, ultimately enabling improved human-
machine interface and cyber security [11]. Wang
and Qi conducted a series of econometric
analysis of the relevant literatures to explore the
fundamentals and research hotspots in the field
of wearable devices. It was found that the
current research focused on wearable devices
spread across various aspects such as
information acquisition and sensor materials.
The application of wearable devices was
beneficial for  further  applications  of
telemedicine and precision medicine in the
future [12]. Huang et al. proposed a novel sensor
power supply device to extend the duration of
wearable gadgets' power supplies. The device
achieved reliable and stable monitoring of the
human body by generating uninterrupted power
supply. The data showed that the wearable
device was able to monitor the human body
more accurately and present health reports in
the device application [13]. TENG has become a
popular technology in energy research due to its
excellent performance and safety. The biometric
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functions and power supply improvements of
flexible wearable electronic devices have
become urgently needed technologies at this
stage.

The human body is constantly in motion, which
generates abundant mechanical energy that can
be harvested using TENG. With the development
of technology, an important research direction
for electronic devices is the realization of
wearable and biometric functions. Current
research in this specific field mainly focuses on
TENG energy efficiency improvement, material
innovation, and practical design of wearable
devices. Although some progress has been
achieved, there are still problems such as low
energy conversion efficiency, poor device
stability, and biometric recognition accuracy,
which are in need to be improved. This research
innovatively combined TENG with flexible fabrics
to build a smart glove system that could achieve
self-powering using multidisciplinary methods to
improve energy conversion efficiency, enhance
the stability and comfort of the equipment, and
improve the accuracy of biometric identification.
The results of this study not only promoted the
development of TENG technology and biometric
technology, but also had important impacts on
different scientific fields including intelligent
health monitoring, personalized medicine, and
human-computer interaction. Through this
proposed efficient and stable smart glove,
humans could better achieve energy self-
sufficiency while providing users with more
accurate and convenient health monitoring
services.

Materials and Methods

Friction generator based on starting effect

Nanogenerators are devices driven by the
displacement currents in Maxwell's set of
equations and can transform mechanical energy
into electrical energy effectively [14]. Maxwell's
displacement current was expressed in equation

(1).
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where P was the polarization field density. & was
the material's dielectric constant. g, was the

vacuum dielectric constant. D was the
displacement field. £ was the electric field. For
homogeneous dielectrics, P :(a—ao)E, D=¢E .

TENG utilizes Maxwell's displacement current as
its propelling force, converting mechanical
energy into electrical energy. Unlike the
conduction of free electron currents and
considering the presence of polarized charges in
dielectrics such as frictional and piezoelectric
materials, the displacement currents have a
polarized charge density due to the presence of
surface electrostatic charges, thus yielding the
modified Maxwell displacement current in
equation (2).
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where Ps was the polarized charge density. ¢, %E

was the induced current generated by a varying

P
electric field. % was the current produced by

the polarization field on the dielectric material's
surface because of incoming electrostatic charge.
When two materials with different polarities rub
against each other, the same number of charges
of opposite polarity will appear on their surfaces,
a phenomenon known as the "frictional charging
effect". Taking the example of the contact
separation mode existing between two media,
the electric field between the two media was
expressed with the electric field at the gap in
equation (3).

E,=0,(zt)/&,E,, =0,(z,t)/ &, a)

E,=(0,(zt)-0,)! 5

where E;; and E;; were the electric fields existing
between dielectric 1 and 2. E; was the electric
field at the gap between the two dielectrics’
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separation. Based on this, the difference in the
two electrodes' respective voltages was shown in
equation (4).

v :o-l(z,t){%+i—j+z[o-l(z,t)fo-cjlgo (4)

1

where V was the relative voltage difference.
&, &, represented the dielectric constants of

the two dielectrics. d; and d, were the thickness
of the two dielectrics. o, (z,t) represented the

electrostatic field established by the frictional
charge driving the flow of electrons through the
external load, resulting in the electrodes' buildup
of free electrons, as a function of the distance
between the two dielectrics z(t). If the dielectric
was transformed for the relative voltage
difference in the case of a short circuit, the
transfer current density between the interiors of
the different materials was obtained as below.
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(5)

Because of the transport equation in the external
circuit caused by the frictional electric field and
the presence of the external load resistance, the
density of the supplementary output current was
obtained by Ohm's law in equation (6).

RAWI 2o,/ &, _0—1(2't)[d1 l&+d, /& +d; /83] (6)

where A was the electrode's surface area. z was
determined by the time of the applied force
dynamic processt function.

Biometric keyboard based on flexible wearable
fabrics

A biometric keyboard is a type of keyboard that
utilizes biometric features for identity
verification. It can confirm the user's identity by
identifying their biometric features such as
fingerprints, iris, and voiceprints, thereby
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enhancing the security of the system. To
breakthrough the sensor technology based on
flexible fabrics and to achieve the detection of
human dynamic electrocardiogram (ECG) signals,
the research combined TENG with flexible
wearable sensor devices, resulting in a biometric
keyboard that was self-powered, comfortable to
wear, and having the advantages of human-
computer interaction [15, 16]. Conventional
fabrics are mostly made up of cotton, silk, and
polyester insulating materials by means of
weaving. The surface structure is not flat, which
makes the preparation of continuous patterned
conductive pole fabrics particularly difficult. To
ensure the quality of the woven fabrics, this
study choose to prepare bottom electrode
fabrics by means of screen printing. A carbon
nanotube (CNT) dispersion with the same
properties but at a lower concentration of 0.16
wt/% was chosen to prepare the CNT fabric
through a series of experiments. The pre-treated
polyester fabric was placed in
polytetrafluoroethylene solution (PTFE) and left
to stand for 3 minutes before being placed in a
blast drying oven for pre-drying at 70°C for 5
minutes. The process was repeated twice, and
the polyester fabric was then dried at 150°C for 2
hours to obtain the friction layer. The entire
device was sandwiched in a "sandwich"
structure. The resulting CNT fabric was
connected in series with the light-emitting diodes
(LEDs) to a constant 3 v external power supply
and the LEDs were able to emit light properly.
The three-dimensional structure of the CNT in
relation to the resistance was shown in Figure 1.
The device's three components made up its
overall resistance, namely the resistance of the
bottom silver electrode (Refectrode), the contact
resistance resulting from the contact interface
between the CNT fabric and the bottom silver
electrode (Rcontact), and the resistance of the CNT
fabric itself (Rfim). The relationship between the
three components and the total resistance (Rtotar)
was shown in equation (7).

Rtotal ~ Relectrode + Rcontact + Rfilm (7)
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Figure 1. The 3-D structure and equivalent circuit diagram of the device.

Due to the high electrical conductivity of the
bottom silver electrode, the resistance present
was much less than the remaining two
resistances. A simplified resistance relationship
was obtained in equation (8).

Rtotal ~ Rcomact + RfiIm (8)

Typically, the contact resistance has a higher
value compared to CNT fabrics which, due to
their greater flexibility and stretchability, are
usually squeezed out of shape and thus become
more compact. Using the capacitive model of
TENG as a basis, a TENG circuit could be equated
to a model of a capacitor, which denoted that a
voltage V was placed between the capacitor's
two electrode plates, at which point the
capacitance changed over time causing the
charge on the electrode plates Q to change,

which in turn led to the external circuit's current
flow, as expressed in equation (9).

29 _odv,\do_,do (9)
dt  dt o dt | dt

where A was the area of the metal electrode. o,

was the charge density induced by the metal
electrode. When only the frequency of contact
separation was varied, A was a constant. The
charge density induced by the metal electrode
per unit time, however, changed with frequency,
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so the final short-circuit current varied with
frequency, further demonstrating the validity of
the capacitance model [17]. Also, to further
explore the applicability of the fabric TENG-
flexible wearable biometric electronic device, the
study used the fabric TENG as a self-driven
pedometer device and stitched it together with a
common commercial sock and wore it on the foot
of a test subject. The study used the Fourier
transform to analyze the resulting disparate raw
electrical signals. The specific wavelet transform
was shown in equation (10).

W, () =J‘j:'/’j.k (t) f(t)dt
() =y () +w, () +ws () + v (1)

(10)

where j(j=12,3,4) was a positive integer. k
was the number of variations at a given scale.
f (t) was the voltage signal in the corresponding

original state. y,,y,,w,,, were the detailed
components of the voltage decomposition.

Stretchable TENG-biometric smart glove based
on a porous structure

Smart gloves are devices worn on the hands that
can sense the movements and postures of the
hands. It can recognize finger movements and
gestures through built-in sensors and algorithms,
thereby achieving interaction with computers or
other intelligent devices. Combining a biometric
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Figure 2. Principles of preparing the bottom electrode fabric by screen printing.

keyboard with smart gloves can achieve a more
secure and convenient identity verification
system. Users can authenticate their gestures by
using smart gloves, and the system can verify
their identity based on finger movements and
postures. Meanwhile, biometric keyboards can

be wused for further verification, such as
confirming the user's identity through
fingerprints or voiceprints. This combined

approach not only provides a higher level of
security, but also provides a more natural and
intuitive user experience. Flexible electronic
devices require TENGs that can accommodate
many forms of deformation, including bending,
stretching, and shrinking. A stretchable fiber
TENG with a porous structure had been designed
and a stretchable electrode had been prepared
by the template method, winding the yarn and a
porous fiber with a diameter of only 2.5 mm [18]
(Figure 2). During the actual movement of the
human body, the amount of pressure exerted by
the outside world was not fixed and therefore the
TENG generated short-circuit current
phenomena during its operation. A quantitative
analysis of the changes in pressure and short-
circuit current could be divided into two phases
with different sensitivities. Equation (11)
displayed the expression for the short-circuit
current sensitivity.
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(11)
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where S was the short-circuit current sensitivity.

61 was the amount of change in current. 6F
was the amount of change in external pressure.
The definition of current was given in equation
(12).

I = nesv (12)
where n was the number of charges transferred
in the circuit. e was the charge of the electrons. s
was the cross-sectional area through the
transferred charges. v was the speed at which the
transferred charges move through the circuit (i.e.
how fast the electrons are transferred). The n, e,
s in the study were kept constant and the output
power produced by the TENG on the
corresponding load was only maximum when the
external load and the TENG matched each other.
The load power density was calculated using
different sized resistors in series with this fiber
and was shown in equation (13).
P=1°R/L (13)
where | was the current flowing through the
external load. R was the resistance associated
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Figure 3. Contrasting the open circuit voltage and short circuit current in various scenarios.

with the external load. L was the length of the
porous fiber. When the external load resistance
was small, the external circuit must be short-
circuited as the internal resistance of the TENG
tended to positive infinity, so the change in
current was always small and closer to zero even
if the resistance to external stress was raised. The
opposite was true when the external load had a
high resistance. Based on TENG's capacitance
model, it could be equated to the capacitance
[19]. As the capacitance increased, the rate of
increase of the voltage across the capacitor
decreased. The energy stored in the capacitor at
100 s was calculated in equation (14).

EZ%UZXC (14)

where U was the voltage across the capacitor. C
was the size of the capacitor. It could be
calculated that, when the time was 100 s and the
size of the capacitor was 6.8 uF, the maximum
energy stored by the capacitor could reach 0.51
mJ.

Results and discussion

Analysis of the electrical output performance of
the TENG under different conditions

Since the constructed devices' electrical output
performance is impacted by various friction layer
materials, a total of four different friction layer
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materials were selected for comparison
experiments. The four materials were untreated
cotton fabric, untreated polyester fabric,
polyester fabric soaked once in PTFE solution,
and polyester fabric soaked twice in PTFE
solution. Under the same circumstances, the
fluctuation of open circuit voltage and short
circuit current was investigated (Figure 3). The
open circuit voltages produced by the various
friction layers were shown in Figure 3a. The open-
circuit voltages of the different friction layer
materials were in a steady state at the
corresponding times. The friction-generated
open circuit voltage between the untreated
cotton fabric and the skin on the human surface
was 2.51 V during the 0-5 s. The open circuit
voltage generated by friction between the
untreated polyester fabric was 9.82 V during the
5-10 s. The open circuit voltage for the polyester
fabric soaked once in PTFE solution was 11.95 V
during the 10-15 s. The open circuit voltage for
the 15-20 s showed the short-circuit currents
generated by different friction layers (Figure 3b).
As the material rubbed against human skin, the
short-circuit current output showed a sharp
change in the phenomenon. The minimum short-
circuit currents for cotton, polyester, once-
soaked and twice-soaked polyester fabrics were
5.12, -19.58, -22.34, and -40.97 nA, respectively.
The results indicated that the electrical output of
the twice-soaked polyester fabric was better,
which might be due to the fact that PTFE was a
highly electronegative substance in the sequence
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Figure 5. Cycling experiments of the device.

of frictional electricity and had better charge
adsorption properties compared to the
untreated polyester fabric versus the cotton
fabric.

At the same time, under the change of pressure,
the short-circuit current of the device exhibited a
characteristic curve change (Figure 4). In the first
stage, due to the porous structure of the fibers,
TENG underwent significant deformation under
small pressure changes, resulting in more
frictional charges and short-circuit currents.
When too much pressure was applied, the
porous structure of the fibers was basically
compressed, but due to the elasticity of the fiber
silicone rubber material itself, the short-circuit
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current would still increase with the increase of
pressure. In addition, the open-circuit voltage
and short-circuit current produced by the device
steadily increased with the increasing PTFE
concentration. For the TENG, when the external
load was compatible with the TENG, the
maximum output power was accessible, so the
power output of the different resistors was then
analyzed. The instantaneous current density and
power density in proportion to external load
resistance was shown in Figure 5. As the
resistance increased, the current first tended to a
more stable state, and then began to drop
rapidly. When the external load's resistance
exceeds 100, the average output current was
approximately 0. Meanwhile, the increase in
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Figure 6. Short circuit current and open circuit voltage fluctuate at various frequencies.

resistance made the load power show a trend of
rising and then falling. There was a maximum
average power at a load resistance of 1 when the
power density was about 3.98 mW/m?. At the
same time, the contact separation mode of the
fabric TENG ensured that the electrical output
generated by the device in each cycle came from
contact electrification. Therefore, the cyclic
experiment of the device was performed for
testing. In the cyclic test, the conditions for each
contact separation were not consistent with a
pressure force of 10 N. As the number of contact
separations increased, the magnitude of the
short-circuit current did not change significantly
and remained stable around 40 nA, which
indicated that the designed equipment had good
stability performance and could operate for a
long time. In addition, the frequency of human
movement was irregular and difficult to maintain
consistency. The frequency loaded on the device
was an important factor affecting the electrical
output performance of the device. Therefore, the
study gradually increased the frequency of
loading pressure from 1 to 4 Hz to mimic the
frequency of pressure generated by human
movement. The open-circuit voltage hardly
changed at all as the frequency continued to
increase (Figure 6a). When the frequency was
varied in the interval from 1 to 4 Hz, the open
circuit voltage was around 57.8 V in size, which
was probably because the amount of frictional
charge generated in the friction layer was the
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same under the same pressure conditions and
only when the frequency was changed, the
amount of charge transferred between the two
charges was also the same at this time, so the
steady open circuit voltage between the two
electrodes. The short-circuit current gradually
started to increase as the frequency changes
(Figure 6b). With a 4 Hz frequency, the short-
circuit current had a maximum value of
approximately 0.4 pA, probably because the
open-circuit voltage increased when the
resistance and other factors remained constant,
causing the short-circuit current to increase.

Application of TENG-flexible wearable biometric
smart gloves

TENG can use low frequency movements to
convert mechanical energy generated by the
human body into electrical energy to maintain
the device in long term standby. The study
analyzed the designed pressure-sensitive keypad
of a smart glove by simulating human movement
through a simple hand-tapping motion. A
demonstration of a pressure-sensitive keyboard
for a smart glove that consisted of four porous
fibers as weft yarns (i = 1, 2, 3, 4) with three
porous fibers as warp yarns (j = 5, 6, 7) were
shown in Figure 7. Adjacent yarns were
separated from each other using plain cotton
threads to minimize interference with each
other. The intersection of the warp and weft
yarns was the key contact of the pressure
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sensitive keypad inside each smart glove. When
the letter "T" was pressed with the smart glove,
the device generated the maximum voltage
signal at the weft (i = 4) and warp (j = 6)
respectively. Based on this particular property, it
was determined that the position of the key was
"0/T", which meant that the fabric keypad in the
prepared smart glove had a high pressure

100

7 19+4 7
1-W\fv—~—w—~
3IC :
- L
3._,_}1__~_w
6/H 1
Y TR

9/S

A 2
Y 1
0123456789101123
Time/s
Correct
prediction
Incorrect
prediction
S T
sensitivity. When less finger pressure was

applied, the output was displayed as a letter,
while, when more pressure was applied, the
smart keyboard was able to act as a wearable
computing device. The research device was
further applied to actual sign language
operations for intelligent recognition of sign
language. The confusion matrix of the smart
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glove was demonstrated in Figure 8. The results
showed that, when the actual gesture of the
operator was E, there was a 7% probability that it
would be incorrectly classified as gesture T,
which was because the gestures of T and E were
more similar, and the electrical signal output
obtained from both would then be more similar.
A comprehensive analysis of the classification
effect of the research system showed that the
prediction accuracy of the classification could
reach 98.3%. To further verify the amount of
pressure the smart glove could withstand in
practice, the response of the voltage generated
by the glove when placed under different
external pressure conditions was studied. The
results showed that, when the external pressure
was 10 kPa, the maximum output voltage was
1.13 V. When the external pressure reached 22
kPa, the maximum output voltage was 3.92 V.
When the external pressure reached 50 kPa, the
maximum output voltage reached 4.11 V. From
the overall change of the voltage curve, when the
pressure was less than 22 kPa, the voltage output
of the smart glove increased more. At pressures
greater than 22 kPa, the TENG-Smart Glove
voltage output signal increased less, which meant
that the TENG had reached a limit in its ability to
respond to higher pressures. 22 kPa of external
pressure was sufficient to ensure that the TENG-
Smart Glove was able to deliver the basic power
required in everyday life. This further validated
the stability of the smart glove's output, which
had good prospects for application in the flexible
electronics market.

+ 10kPa 14kPa

6F ——-18Pa T 22kPa
5} — 35kPa — .. — 50KkPa
2t
s4r IR
‘% 3 [ // ~\\
= # §

2': /'///—\\\»\\\‘.

1F / - ~ ‘\\

0 5 1 1 1 1 1L 1 ~ o~y >

02 04 06 08 1.0 1.2 1.4 16 1.8

Time (s)

Figure 9. Voltage response of smart gloves under different external
pressures.
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Conclusion

To reduce the energy consumption of
conventional electronic wearables, this study
proposed a new self-powered system for flexible
wearable biometric smart gloves based on TENG
technology. The process was based on flexible
fabric and porous fibers, respectively, to prepare
a flexible wearable TENG and to collect electrical
signal output for use in human-computer
interaction among  sensor  applications,
ultimately realizing the biometric function. The
results showed that the twice soaked polyester
fabric had better electrical output performance.
When the frequency was 4 Hz, the short-circuit
current was around 0.4 pA. The durability of the
device and the resistance to water washing
experiments did not show significant changes in
the short-circuit current and open-circuit voltage
generated by the device. When the resistance of
the external load reached 100, the average
output current was approximately 0. When the
resistance of the external load was 1, there was
the maximum average power with a power
density of approximately 3.98 mW/m? (j = 6),
which indicated that the key position was at
"0/T". In terms of voltage response, the study
device was able to respond to a pressure of 22
kPa and had good starting efficiency. All these
results indicated that the electrical output of the
research device was superior and could be used
for versatile applications. However, the study
was limited to the capture and energy harvesting
of electrical signals from human movement and
did not integrate the detection of various
conditions such as temperature and humidity.
Therefore, further research is needed to extend
the experimental scope.
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