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ABSTRACT: A novel shock-resistant, self-generating triboelectric nanogenerator
(SS-TENG) with high-speed impact energy-harvesting and safeguarding properties
was developed by assembling Kevlar fiber and conductive shear-stiffening gel. The
SS-TENG with energy-harvesting property generated a maximum power density of
5.3 mW/m2 with a voltage of 13.1 V under oscillator compression and could light up
light-emitting diode arrays. Owing to the energy absorption effect, the as-designed
SS-TENG could dissipate impact forces from 2880 to 1460 N, showing anti-impact
performance under the drop hammer impact. It also sensed the loading forces by
outputting 36.4 V. Functionalized as a self-powered sensor, SS-TENG monitored
various human movements and provided protection from hammer impact.
Interestingly, a wearable sole array with high sensitivity and a fast response could
distinguish toe in/out motions. More importantly, this functional SS-TENG
presented excellent anti-impact behavior, which dissipated 94% of kinetic energy
under bullet-shooting excitation. It also gathered high speed ballistic energy, which
outputted a maximum power density of 3 mW/m2. To this end, this SS-TENG with a protection effect and the ability to harvest
various impact energy showed promising applications in new power sources, intelligent wearable systems, and safeguard areas.

KEYWORDS: triboelectric nanogenerator, impact energy, shear-stiffening gel, Kevlar fiber, wearable sensor

■ INTRODUCTION

In recent years, energy crisis led by the exhausting fossil fuels
propels scientists to develop clean and renewable power
sources to meet the energy requirements of human society.1−6

Among all the developed power devices, triboelectric nano-
generators (TENGs) show favorable application as alternative
sustainable power sources in different areas.7−11 Based on the
triboelectric effect and electrostatic induction, TENG can
convert various kinetic energy into electricity. Especially, with
the increasing use of advanced soft electronics, wearable
TENGs, owing to their advantages of high flexibility and
efficiency, could be attached on the human body showing
important potential for application as portable power
sources.12−15

Textile, owing to the advantages of softness, low price, and
wearing comfort, is an ideal candidate for designing wearable
TENG devices. A portable TENG made of nylon and Dacron
fabric could effectively harvest body motion energy and
generate a voltage as high as 2 kV.16 Smart TENGs relying on
cotton socks could capture and reveal more direct sensory
information on the human body including physiological
motions, contact force, and sweat levels.17 The introduction
of polyacrylonitrile into TENG endowed the device with

machine-washable and breathable properties.18 Besides, as
miniaturization and integration is more favorable for wearable
devices, various all-in-one textile-based TENGs have been
further developed by taking advantage of the superiority of
fibers. Besides harvesting energy, the polyester fiber-based
TENG also showed good disinfection performance toward
bacteria.19 Because of the flame-retardant yarn, a 3D
honeycomb-structured TENG could work as a self-powered
escape in fire rescue.20 These results indicate functional textiles
will endow TENGs with additional properties that widen their
practical applications. However, currently reported TENG
devices only harvest slight mechanical energy, which include
human motion,21 water dropping,22 and wind blowing23

energy. The triboelectric performance of most textile-TENGs
easily fails under loading forces because of their weak
mechanical properties.
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Harmful mechanical collisions are widespread in daily life.
These impacts, such as medium-speed car accidents and high-
velocity bullet shooting, are always dangerous to human
beings. Thus, body armor materials have become a hot
research topic in recent years. Shear-thickening fluids were
considered to be ideal smart materials for human body
protection and they were studied in previous works.24−26

Moreover, intelligent shear-stiffening gel (SSG), as a
viscoelastic polymer, can change its modulus by four orders
of magnitude.27 The reversible soft−rigid transition property
guarantees its promising application in safeguard systems.
Recently, aramid Kevlar fibers with a high modulus, small
fracture strain, and low density have been applied in protective
areas.28−31 Combining Kevlar with SSG has been proved to be
a successful strategy for enhancing the anti-impact properties
of the composites.32 However, a previous study mainly focused
on the anti-impact property of SSG/Kevlar under the impact
speeds lower than 5 m/s, ignoring the mechanical performance
under high-speed shooting. Besides, external power should be
necessarily supplied to actuate the piezoresistive-Kevlar/SSG
fiber sensor to monitor external impact forces and human
movements. Because the current wearable TENGs were invalid
under impact conditions, high-speed kinetic energy could not
be harvested by them. They also could not detect consecutive
impact excitation as self-powered sensors.33−35 Some func-
tional TENGs with excellent self-healing properties could
recover their triboelectric as well as mechanical properties after
destruction, which surely prolonged their lifespan.36,37

However, these polymer-based TENGs still could not maintain
violent impact and harvest the energy. Thus, it may be possible
to develop all-in-one functional TENGs with good protection
and the ability to collect various kinds of dynamic impact
energies by combining SSG with Kevlar fibers.
In this work, a shock-resistant, self-generating TENG, based

on Kevlar fiber and conductive shear stiffening gel (c-SSG),

was developed. Under oscillator loadings of 60 N and 10 Hz,
the maximum power density of SS-TENG could reach 5.3
mW/m2 with a voltage of 13.1 V. Besides, SS-TENG effectively
absorbed and dissipated drop hammer impact force by 60.8%,
providing protection for humans. With the increasing of falling
heights, the electrical signals also increased with the maximum
value of 63.8 V. Therefore, the wearable SS-TENG as well as
the based-sole array could sense and analyze various human
motions. Finally, the SS-TENG device showed excellent anti-
ballistic property, which resisted bullet shooting with 76.3 m/s.
It also harvested the harsh impact energy by generating a
power density of 3 mW/m2 and these voltage signals could be
used to assess external impact.

■ EXPERIMENTS AND CHARACTERIZATION

Materials. Hydroxyl silicone oil and boric acid were
purchased from Sinopharm Chemical Reagent Co. Ltd,
Shanghai, China. Carbon nanotubes (CNTs) with a diameter
of 8−13 nm and a length of 8−10 μm were provided by
Conductive Materials of Heluelida Co. Ltd, Xinxiang City,
Henan province, China. The fabric used in this paper was the
plain-woven aramid Kevlar fabric with an areal density of 200
g/m2. It was also commercially available. All the chemical
reagents were of analytical purity and were used as received
without further purification.

Fabrication of c-SSG. First, hydroxyl silicone oil and boric
acid were vigorously stirred, followed by adding different
amounts of CNTs. The mixture was heated in an oven at 180
°C. Then, octanoic acid was precisely dropped into the
hydroxy silicone oil during the reaction using a pipette. The
dosage of octanoic acid was calculated based on the
requirement of 250 μL per 100 g of hydroxy silicone oil.
After homogeneously mixing, the composite was heated for
another 30 min. The resulting polymer was cooled to room

Figure 1. (a) Fabrication schematic of c-SSG/Kevlar-based SS-TENG. The c-SSG was (b) flexible and soft; (c) storage modulus of SSG with
different mass ratios of CNTs under shear forces; (d) c-SSG impedance as a function of CNT contents; (e−g) digital photographs of the healing
process for c-SSG.
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temperature and blended using a two roll mill (Taihu Rubber
Machinery Inc., China, Model XK-160) to obtain c-SSG.
Preparation of c-SSG/Kevlar-Based SS-TENG. c-SSG

was molded into a cuboid with a cross-sectional size of 60 × 60
mm2 and a thickness of 2 mm. A conductive wire was placed
between two c-SSGs, and they were wrapped with Kevlar. The
Kevlar was sewn along the edges of c-SSG. Thus, a c-SSG/
Kevlar-based SS-TENG was obtained.
Characterization. The microstructures of nanoparticles

and SS-TENGs were characterized by scanning electron
microscopy (SEM) (Gemini SEM 500, ZEISS). Rheological
properties of the polymer matrix were measured using a
commercial rheometer (Physica MCR 301, Anton Paar Co.,
Austria). The tested samples were fixed into a cylinder with a
diameter of 20 mm and a thickness of 0.85 mm. The shear
frequency varied from 0.1 to 100 Hz. The triboelectric tests
were conducted using an oscillator (JZK-10) (bought from
Sinocera Piezotronics INC, China) and the corresponding
output signals were recorded using a digital multimeter (DMM
6001). Signals are processed by using a low-pass filter. The
energy-collecting and safeguarding properties of the SS-TENG
device were explored using a drop hammer test system. In the
high-speed bullet impact experiment, a gas gun was used to fire
the bullet. A laser velocimeter was applied to measure the
initial velocity of a bullet. SS-TENG was fixed to a steel frame
and the wire from SS-TENG was connected with a digital
oscilloscope, which was used to record voltage signals. The
damage and residual speed of bullets after passing through the
SS-TENG were recorded using a high-speed video camera.

■ RESULTS AND DISCUSSION
Characterization of c-SSG. Figure 1a shows the schematic

of the preparation procedures of SS-TENG. Briefly, the CNT
was introduced into SSG and mixed by a two roll mill. Then, c-
SSG was molded into a rectangular shape with a volume of 60
× 60 × 2 mm3 using a metal mold [Figure 1a(I)]. A

conductive wire was fixed between two c-SSGs. Because of the
viscoelasticity and chemical interaction of hydrogen bonds, the
two stuck c-SSGs could clamp the wire [Figure 1a(II,III)]. The
wearable SS-TENG was assembled by stitching two Kevlar
fabrics with the conductive c-SSG layer [Figure 1a(IV)].
Besides, the microstructures of the composites were also
studied. The SEM image of neat Kevlar fabric is shown in
Figure S1a. Obviously, Kevlar bundle was smooth and there
were small gaps between the fibers. Figure S1b shows the SEM
image of CNTs. These carbon nanotubes with linear
nanostructures entangled with each other. Pure SSG was also
smooth (Figure S1c). In this work, CNTs were introduced into
SSG at high temperature. Upon increasing the mass fractions
from 1 to 3%, more CNTs were observed to uniformly disperse
on the SSG matrix (Figure S1d−f).
c-SSG was flexible and soft, which could deform by its own

weight (Figure 1b). However, this unique polymer turned to
stiff under impact conditions and effectively resisted the
hammer strike [Figure S2a(I,II)]. Then, it bounded several
times owing to the release of storage energy [Figure
S2a(III,IV)]. The height of the material slightly changed
during this process. Thus, the as-designed c-SSG presented
shock-resistance and energy storage properties. For the pure
SSG, when the shear frequency was 0.1 Hz, the initial storage
modulus (Gmin′ ) was 2.6 kPa, presenting a soft viscosity state.
As soon as the shear frequency reached 100 Hz, the maximum
storage modulus (Gmax′ ) increased to 0.3 MPa, exhibiting a
typical shear-stiffening effect. Thus, pure SSG was so soft that
it could hardly sustain its shape. SSG with a height of 1.5 cm
collapsed into a flat shape within 48 h (inset figure in Figure
1c). Interestingly, SSG with CNTs showed high stability,
which could remain stable during this period. Undoubtedly,
the rheological properties of the composites were increased by
introducing CNTs. For example, the Gmax′ values of c-SSG with
2 and 3% CNTs were 0.46 and 0.51 MPa, respectively. Besides,

Figure 2. (a) Working mechanism of SS-TENG; (b) the as-designed c-SSG/Kevlar-based SS-TENG; (c) voltage, current, and (d) output power
under various external resistance; (e) SS-TENG harvested mechanical energy and lit up LEDs; (f−h) cycling stability of SS-TENG at 9 MΩ.
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c-SSG exhibited ideal stability under cyclic excitation
frequencies of 0.1 and 100 Hz (Figure S2b).
On the other hand, the conductivity of c-SSG was

dramatically improved as the CNT mass fraction increased
(Figure 1d). Pure SSG was insulated and the impedance was
11.5 GΩ. However, it decreased to 0.1 MΩ when 1% CNT was
introduced. If the CNT mass fraction increased to 3%, the
impedance value was as low as 766.5 Ω. The stable current−
voltage curve indicated its resistance was 0.6 kΩ (Figure S2c).
Besides, a circuit composed of a battery, a light-emitting diode
(LED), and c-SSG was applied to explore the self-healing
property of the composite. c-SSG enabled to act as a
conductive wire to help to light up an LED (Figure 1e).
After cutting off c-SSG, the LED went out (Figure 1f).
However, the bulb was lit again by reconnecting the two
separated polymers, indicating its ideal self-healing property
(Figure 1g). Based on the above results, c-SSG with CNTs of
3% was appropriate for further study.
Energy-Harvesting Performance of SS-TENG in

Oscillator Compression Mode. The harvesting energy
mechanism of SS-TENG in one cycle process is presented in
Figure 2a. Based on the coupling effect of triboelectrification
and electrostatic induction, the initial contact-induced charge
transferred on the interface of PDMS and SS-TENG owing to
their different electron affinity. It generated negative tribo-
electric charges on SS-TENG and positive ones on PDMS
[Figure 2a(I)]. After the positive PDMS left, a potential
difference between SS-TENG and the ground resulted in the
flow of free electrons [Figure 2a(II)]. The system turned to
electrostatic equilibrium when PDMS left far away and free
electrons ran out [Figure 2a(III)]. Once PDMS approached
Kevlar again, the increased potential in c-SSG could drive the
free electrons to flow back from the ground, which generated a
negative current signal until the system reversed to the initial

state [Figure 2a(IV)]. This contact-separation movement was
common in daily life. Therefore, the as-designed SS-TENG
could be used to harvest mechanical energy and convert them
into environmentally friendly electrical energy.
The resistance-dependent triboelectric performance of c-

SSG/Kevlar-based SS-TENG was further systematically ex-
plored. The SS-TENG mentioned above is presented in Figure
2b. SS-TENG was attached on a flat panel and followed by
excitation using an oscillator. A force sensor was installed near
the probe of the oscillator to record the loading force. The
contact force was set at 60 N and the frequency was 10 Hz.
When the external resistance increased from 1 kΩ to 1 GΩ, the
voltage signal measured using the digital multimeter increased
from 6 mV to 24 V, while the current decreased from 6 to 0.02
μA (Figure 2c). The maximum peak power density reached 5.3
mW/m2 with a voltage of 13.1 V under 9 MΩ (Figure 2d).
Therefore, the SS-TENG device could act as a new power
source to light up LED arrays (Figure 2e). On the other hand,
the constant contact-separation loading frequency also showed
a positive influence on the output performance of SS-TENG.
For instance, voltages increased from 1.7 to 16.7 V as the
loading frequencies vary from 1 to 10 Hz (Figure S3a).
Furthermore, the cycling stability of SS-TENG was explored

owing to its importance in practical applications. Clearly, the
output voltages exhibited favorable stability during 600
loading-unloading excitations at 9 MΩ (Figure 2f). For
example, the voltage signal was 13.7 V during the 30−70
loadings (Figure 2g) while it changed to 15.3 V during the
530−570 cycles, increasing by 11.7% (Figure 2h). The current
signal increased from 1.53 to 1.71 μA (Figure S3b). This slight
increment was mainly because of the accumulation of electrons
during cyclic loading−unloading compressions.

Safeguarding and Energy-Collecting Properties
under Low Velocity Impact. Owing to the introduction of

Figure 3. Typical force−time curves of SS-TENG and the force sensor with impactor falling from (a) 20 cm, dropping height-dependent (b)
impact force and (c) voltage signals, (d) voltage and (e) impact force cycling stability of SS-TENG loaded from 30 cm, (h−j) SS-TENG was
penetrated by (g) the awl impactor and the self-healing property of the inside c-SSG endowed SS-TENG with (f) stable outputting voltage signals.
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high energy-dissipating c-SSG, the safeguarding as well as
energy-harvesting properties of c-SSG/Kevlar-based SS-TENG
under low velocity impact were further explored using a drop
hammer test system. SS-TENG was fixed on the metal force
sensor, which could record the impact force after collision.
Weight of the drop hammer was 0.5 kg. Impact force could be
altered by changing the falling heights of impactor from 5 to 50
cm. When the falling height was 20 cm, the force directly
impacting the force sensor was as high as 2880 N (Figure 3a).
However, under the same conditions, the impact force loaded
on SS-TENG was 1460 N. This indicated SS-TENG could
decrease 49.3% of impact force, which provided protection for
wearers. Besides, the buffering time also increased from 0.9 to
2 ms on SS-TENG. Similarly, under the falling from 50 cm, SS-
TENG also exhibited great anti-impact properties (Figure
S4a). Falling height-dependent impact force and the
corresponding voltages are presented in Figure 3b,c,
respectively. The impact force as well as outputting voltages
increased with the increasing of dropping heights. Especially,
when the falling height was 50 cm, impact force on SS-TENG
was 3.2 kN (decreased by 32.2% compared with that on the
force sensor) and the maximum voltage was 63.8 V, proving its
energy-harvesting effect. These voltages also could be used to
assess external impact excitations. On the other hand, the
voltages (Figures S4b and 3d), current (Figure S5a,b), and
impact forces (Figures S4c and 3e) of SS-TENG under the

cyclic impact from 5 and 30 cm remained stable, which
guaranteed its practical applications.
In consideration of the self-healing property of c-SSG, SS-

TENG was penetrated and damaged to different degrees
(Figure 3h−j) by the metal awl (Figure 3g). After self-healing
for 5 min, the electrical properties under an impact force of
530 N were studied. Voltage of the pristine SS-TENG was 7.8
V. After damaging and healing, the values varied to 7.5 and 7.2
V, leading to 3.8 and 7.7% decrement. In conclusion, the
reliable anti-impact, energy-collecting, and self-healing proper-
ties of Kevlar/c-SSG based-TENG under impact conditions
ensured its application in new power sources, wearable sensors,
and safeguards.

Human Behavior Monitoring Based on SS-TENG.
Owing to the soft and high flexibility, c-SSG/Kevlar-based
SS-TENG could be comfortably worn on the human body
(Figure 4a) and showed promising application as a self-
powered sensor to monitor various human movements. For
example, typical voltage−time curves outputted by the SS-
TENG on knee during human walking, running, and jumping
were presented in Figure 4b. Surface contact between the knee
and SS-TENG would produce an electrical signal and the
maximum values during walking and running were 0.5 and 0.7
V, respectively. A positive voltage signal was produced when
the person jumped and after falling down, a negative voltage
peak was observed. Interestingly, a short period between the

Figure 4. SS-TENG device could be worn on (a) elbow and knee. SS-TENG worked as self-powered flexible sensor to monitor human motions:
(b) typical single voltage curves of walk, run, and jump; detecting various human motions including (c) swing arm, walking, jogging, running,
squatting, and jumping; (d) SS-TENG on the wrist could provide protection for the wearer, the comparison of hammer impact forces loaded on the
force sensor and SS-TENG, (e) force signal and (f) outputting voltage stability during cyclic impact on SS-TENG.
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two voltage peaks could be used to assess the jumping speed
and the time during jumping off and falling down.
Moreover, SS-TENG showed reliability in sensing various

joint movements in Figure 4c. Especially, the average voltage
values of jogging, squatting, and swinging arms were 315.9,
258.8, and 105.6 mV, respectively. SS-TENG also exhibited
high sensitivity to different external excitations. It could record
the low frequencies of walking [Figure 4c(II)], squatting
[Figure 4c(V)], and jumping [Figure 4c(VI)]. Simultaneously,
SS-TENG was able to sense higher-frequency motions such as
jogging [Figure 4c(III)], running [Figure 4c(IV)], and swing
arm [Figure 4c(I)].
More importantly, the wearable SS-TENG could be applied

as a wrist protector and a force sensor under impact conditions
(Figure 4d). A hammer was used to load the strike and the
force sensor was fixed between human arm and SS-TENG
enabled to record the impact force. During cyclic impact on
the force sensor, the maximum force was about 53 N (Figure
4e). However, it reduced to 33 N owing to the energy-
absorption effect of SS-TENG, suggesting the wearable device
could protect human beings. Meanwhile, the self-powered
voltages also showed high stability during the impact
excitation, which remained at about −4 V (Figure 4f). To
this end, the reported functional SS-TENG with self-powered
sensing as well as safeguarding properties showed promising

applications in sensors and human−machine interaction and
personal safety areas.

TENG-Based Wearable Sole for Exercise Monitoring.
Human feet were vital organs in daily life and many
movements should rely on feet. Injury in feet may seriously
influence our life and work. Thus, it was preferable to develop
a novel SS-TENG array to monitor as well as protect feet
during exercise. Because of the high sensitivity and a fast
response to external impact, the as-designed SS-TENG showed
potential application in exercise monitoring. Therefore, a SS-
TENG-based sole array was developed by sewing different
shapes of c-SSG into Kevlar. The array with various units was
then attached to the shoe to detect human movements (Figure
5a). First, the sensing performance of the SS-TENG array
during one process of human walk was studied. Once the heel
touched the ground, unit 7 of the array started to output a
voltage of −11.1 V at 0.3 s (Figure 5b). Then, units 5, 4, and 2
gradually generated −7.0, −12.7, and −6.3 V as feet stepped
on the ground. Finally, the appearance of a positive signal on
each unit indicated that foot left the ground. This result proved
the as-designed SS-TENG array enabled consecutively and
precisely detecting foot motions. Taking unit 3 as an example,
it could sense the shooting basketball process of a player,
which included walking, running, and jumping (Figure 5c).
The voltage frequency of running was obviously much faster

Figure 5. (a) SS-TENG-based sole array on the shoe; (b) electrical signals outputted by different units of the array during one process of human
walk, (c) typical voltage−time curves generated by the “area 3” of the array to monitor various foot movements, (d) all the units of the array could
assess the walking, running, and jumping processes, (e) voltage comparison of all units under jumping; (f) footprints in the imprint of different
walking habits; and voltages of different areas under the shoes of (g) toe out and (h) toe in.
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than those of walking and the maximum voltage during
jumping was the largest. Similarly, other units of the array also
could detect these series of movements (Figure 5d). However,
the outputting voltages of all units under the same excitation
were different, which was because of the varied pressures on
sole. The voltage distribution map of the array under jumping
is presented in Figure 5e. Clearly, unit 3 generated the
maximum voltage of 39.7 V owing to its maximum sustaining
pressures during jumping.
In addition, different people often had different walking

styles in daily life, but some incorrect walking habits, such as
toe out and toe in, were often not easy to perceive and
potentially harmful. Thus, our designed sole array may help to
monitor and correct these habits by recording and analyzing
the voltage signals generated by the shoe sole sensor array.
First, an adult stepped on the inkpad to mimic the walking
style of toe in and toe out. From Figure 5f, the inside of the
footprint of toe in waking habit was deeper, indicating these
parts maintaining larger compression forces. As for walking of
toe out, the outside of the footprint was under more pressure.

Therefore, in consideration of the self-powered sensing
performance of the sole array, the pressure distribution as
well as the walking habits could be clearly monitored. From
Figure 5g, units 2, 4, and 7 sustained more pressure and the
corresponding voltages were 12.6, 16.4, and 14.1 V, which
were higher than those of units 1, 3, and 6. On the other hand,
if the outputting voltages of units 1, 3, and 6 were larger, this
phenomenon indicated the people walked in toe in way
(Figure 5h). In conclusion, these results proved the reported
novel SS-TENG-based sole array with a fast response and a
self-powered sensing effect could distinguish different foot
motions, endowing its application in sports, health care and
diagnosis.

Anti-impact Mechanical Performance and Energy
Collection of c-SSG/Kevlar-Based SS-TENG under Bal-
listic Impact. Kevlar, as one of the most famous fiber
materials, was applied in body armor owing to its high tensile
modulus and excellent puncture resistance. Kevlar combined
with a shear-stiffening composite was proven with better anti-
impact performance.32 Thus, it was essential to further explore

Figure 6. (a) Photos of the a high-velocity ballistic impact system; (b) simulation results of stress distribution on SS-TENG during shooting
penetration; voltage signal of SS-TENG generated by the bullet impact with (c) 76.3 and (d) 114.0 m/s; (e) impact velocity-dependent voltage
signals; (f) voltage signals of the bullet passed through SS-TENG and bounced back; the residual (g) velocity and (h) energy results of SS-TENG
under the impact with various incident velocities; (i) corresponding bullet residual velocities of SS-TENG and neat Kevlar; (j,k) mechanism of the
rate-dependent behavior of the c-SSG; energy-harvesting properties including (l) voltage, current, and (m) output power density under high speed
impact conditions and the corresponding bullet residual velocities.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c18308
ACS Appl. Mater. Interfaces 2021, 13, 6575−6584

6581

https://pubs.acs.org/doi/10.1021/acsami.0c18308?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c18308?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c18308?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c18308?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c18308?ref=pdf


the safeguarding as well as energy-harvesting properties of c-
SSG/Kevlar-based SS-TENG under high speed impact
conditions. In this work, a ballistic impact testing system,
which included a gas gun, a laser velocimeter, a digital
oscilloscope, and a high-speed video camera, was applied to
load the bullet impact excitation (Figure 6a). A spherical bullet
with a diameter of 8.1 mm and a weight of 2 g was placed in
the chamber of the gas gun. The initial velocity was controlled
by the air pressure and depth of the bullet in the chamber. A
laser velocimeter was attached to the muzzle of the air gun
launcher and an oscilloscope was connected to measure the
bullet’s initial velocity. The SS-TENG was fixed on the clamp
opposite to the muzzle and the conductive wire was connected
to another oscilloscope used to record the electrical signal from
the SS-TENG during the impact.
According to the finite element method simulations, it was

the cross-shaped Kevlar fibers, which sustained the bullet-
shooting force (Figure 6b). When subjecting to high speed
impact, c-SSG showed a shear-stiffening effect, which also
absorbed the impact energy and provided protection until the
SS-TENG was totally penetrated. The SS-TENG could resist
the ballistic shoot with a velocity of 76.3 m/s and there was
only one voltage peak with 0.6 V owing to the one contact
between the bullet and SS-TENG (Figure 6c). This duration
was 1.1 ms. However, SS-TENG was totally penetrated when
the velocity increased to 114 m/s. On this occasion, the
voltage−time curve was remarkably different. A positive
voltage of 2 V was generated as the bullet touched the SS-
TENG and began to penetrate the fiber (Figure 6d). This
duration lasted 0.5 ms. The followed negative voltage of −0.5
V was generated by the contact of the bullet and c-SSG. This
process lasted 1.7 ms owing to the thicker c-SSG and the bullet
speed also decreased. Figure 6e also presented a similar process
with digital photos. As the bullet velocity decreased to 93.5 m/
s, the maximum voltage also reduced to 1.2 V. However, when
the bullet struck the protective panel and bounced back to re-
contract the SS-TENG, a lower voltage of 0.4 V was observed.
The shooting speed-dependent output voltage result is fitted in
Figure 6f. Undoubtedly, the impact speed exhibited a positive
influence on the output voltages and these electrical curves
could also be used to assess external impact and judge the
damage of the SS-TENG device. It was worth noting that SS-
TENG could still respond to shocks after penetration and
could continue to collect energy (Figure S6a).
In addition, the energy-harvesting properties under a high-

speed shooting process were systematically investigated. Figure
6l presented the voltage and current of SS-TENG connected
with various resistances in the impact speed range of 80−90
m/s. Clearly, the voltage increased with the increasing of
resistance and current showed the opposite tendency. The
instantaneous power density of SS-TENG first increased and
then decreased (Figure 6m). The maximum power density was
as high as 3 mW/m2 and the current was 0.043 μA (Figure
S6b) at a resistance of 1 MΩ. To this end, the wearable SS-
TENG device exhibited enhanced anti-ballistic performance
and excellent energy-gathering property under high speed
shooting conditions, which endowed its application in smart
body armors.
Besides, the residual velocity as well as absorbed energy of

SS-TENG during the penetrating process were further
explored. The SS-TENG device could totally maintain and
impede the kinetic energy of bullets with 76.3 m/s and no
penetration occurred. As the initial velocity changed to 95.2

m/s (kinetic energy of 9.1 J), the residual speed and energy
were 23.5 m/s (Figure 6g) and 0.55 J. This also proved the SS-
TENG device exhibited protection properties. In addition, the
safeguarding property of SS-TENG and pure Kevlar was
compared. As the initial shooting speed was about 114 m/s,
the residual velocity penetrating SS-TENG and two layers of
Kevlar were 36.3 and 46.0 m/s (Figure 6i), respectively. This
enhancement in anti-impact property was mainly because of
the addition of energy-dissipation of c-SSG. B atoms with the p
orbit could attract the abundant electrons of the O atom to
form a B−O cross bond (Figure 6j). During impact, large
numbers of the B−O bonds interacted with each other to
impede the movement of polymer chains (Figure 6k).38,39

Therefore, c-SSG enabled absorbing and dissipating much
kinetic energy during the penetration process.

■ CONCLUSIONS
This work reported a multifunctional SS-TENG with
protective and impact kinetic energy-harvesting properties by
combining Kevlar fiber with conductive SSG. As a power
generation device, this SS-TENG could generate 5.3 mW/m2

with a voltage of 13.1 V under oscillator compression. Based
on the self-powered sensing performance, the wearable SS-
TENG could monitor various human motions. Interestingly,
the SS-TENG-based sole array even distinguished toe in/out
motions. More importantly, the novel SS-TENG enabled
providing protection for human beings, which reduced the
impact forces from 2880 to 1460 N. Acting as a self-powered
sensor, it stably outputted different voltages during dynamic
impacts. Besides, the functional SS-TENG could collect bullet-
shooting mechanical energy by generating a power density of 3
mW/m2 with a resistance of 1 MΩ at a speed of 80−90 m/s. It
also effectively resisted a shooting speed of 76.3 m/s owing to
the enhancement of c-SSG. To this end, this SS-TENG with
enhanced mechanical properties guaranteed its applications in
new power sources, wearable sensors, and body armors.
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