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Abstract

®
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A novel single electrode triboelectric nanogenerator (TENG) with high energy-harvesting
performance and safeguarding behavior has been developed by integrating carbon nanotubes
(CNTs) and shear stiffening gel (SSG) on Kevlar fabric. The output voltage and power of the
three layer structure SSG/CNTs/Kevlar-based TENG (S-TENG) reaches to as high as 41.27 V
and 212.90 pW, respectively. Due to the good triboelectric property, S-TENG also acts as a
wearable self-powered device to harvest as well as monitor various human motions. More
importantly, when impacted by a 1.26 kg impactor dropping from 30 cm, S-TENG with
enhancing stiffness can not only resist the impact force, but also gather dynamic impact energy
by producing an output voltage of 1.50 V. Finally, the mechanical and the electric properties of
the S-TENG under the heavy hammer impact and quasi-static piercing has simultaneously
investigated. In comparison to the neat Kevlar (7.66 J), the critical impact energy resisted by
S-TENG is as high as 19.16 J, indicating a better anti-impacted property. Because of the
excellent triboelectric and anti-impact properties, the smart S-TENG with self-power sensing,
energy-gathering and safeguarding performance possesses high potential in next generation of
body armor materials, robots, wearable electronics and human-machine interactions.

Supplementary material for this article is available online

Keywords: Kevlar fabric, shear thickening gel, anti-impact, self-powered sensing, energy
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(Some figures may appear in colour only in the online journal)

1. Introduction

Triboelectric nanogenerators (TENGs), based on the coup-
ling triboelectric effect and electrostatic induction, was a
device which could convert mechanical energy into electri-
city [1, 2]. As a new green and sustainable power source,
TENG could harvest various kinds of kinetic energies, such

1361-665X/20/125007+11$33.00

as wind energy, tidal energy and bio-kinetic energy [3—6].
Owing to the easy-fabrication, environmental friendliness,
high triboelectric properties, TENG showed promising applic-
ations in biomedicine [7], environment/health monitors [8—
10], wearable human-interactive interfaces [11] and consumer
electronics [12, 13]. In recent years, as portable electronics
have been flourished as necessaries in daily life, the demand
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of wearable power sources was also urgently-needed. TENG
showed many advantages as a flexible power system owing
to its soft structures, light volume and high-efficiency in col-
lecting energy from ambient environments [14, 15]. Without
additional charging electricity, various TENG devices have
been developed to power modern electronics [16, 17]. Typ-
ically, textile, as an intrinsic wearable material, was an ideal
candidate substrate for novel TENGs since it was a com-
mon wearable composite. Thus, one strategy was to construct
prevailing TENGs based on textiles. So far, great achieve-
ments have gained in developing novel textile-based TENG
devices.

Recently, woven textile TENGs with waterproof property
which could harvest various energy including human motions
have been intensively studied [18, 19]. Besides the remarkable
washing durability, a multifunctional textile-TENG with anti-
bacterial property could simultaneously gather energy from
body movements to power wearable electronics [20]. More
interestingly, a stretchable electromagnetic shielding hybrid
TENG, based on conductive anti-electromagnetic radiation
fabric, could not only scavenge mechanical energy from living
environment but also monitor human health [21]. However, the
reported textile-based TENGs were mainly focused on collect-
ing low-speed physiological motion energy while ignored to
explore other high-speed impact energies under collision [22—
24]. It was known dynamic impact kinetic energy were wide-
spread in sports and even car accident. It easily caused phys-
ical discomfort, injury and property loss. Although traditional
textiles could provide intrinsic protection and warm to human
beings, they were easy to destruct and fail under dynamic
impact excitations. Therefore, the textile-based TENG as a
self-powered device to harvest dynamic impact energy, as well
as protect the human body with enhanced anti-impact property
was still an unsolved issue.

Kevlar, a kind of aromatic polyamide fiber, showed the
wide application in body armor because of its high strength,
lightweight and flexibility [25]. To meet the practical demands
of next generation wearable devices in body armor, multi-
functional Kevlar based protective textile devices become a
key requirement. Most of the previous works were focused on
the anti-impact and energy absorption properties of Kevlar-
based textiles [26, 27]. Many kinds of functional materi-
als such as ZnO nanowires, carbon nanotubes (CNTs), shear
thickening fluid have been introduced into the aramid fibers
to drastically enhance the impact resistance of Kevlar textiles
owing to the improving of textile interyarn friction [28, 29].
High energy adsorption, well movement monitoring, and light
weight are the three challenges in novel Kevlar based wear-
able body armor. So far, several wearable anti-impact piezo-
resistive electronic textiles which also could monitor various
human body movements have been reported [30]. Unfortu-
nately, additional power supplies were always necessary in
previously Kevlar electronics. External batteries inevitably
increased the weight of body armor and was also harmful to
the environment. To overcome this disadvantage and further
improve the anti-impact property of Kevlar fiber, one effect-
ive strategy was to introduce high friction material and design
novel structure to endow the fabric with self-powered property.

Regretably, Kevlar-based TENG with enhanced mechanical
property has not been reported yet.

Shear stiffening gel (SSG) is a derivative of polyborondi-
methylsiloxane. SSG is soft but it turns to rigid under high
rate impact. Thus, it shows promising application in dampers
and body protection [31]. Therefore, taking advantage of
Kevlar fabric and SSG may design a distinctive multifunc-
tional fabric-based TENG toward wearable self-powered sens-
ing devices with enhanced safeguarding property. Herein, we
designed a novel smart SSG/CNT/Kevlar TENG-based body
armor with energy-harvesting, anti-impact, and motion sens-
ing properties. The SSG-based TENG (S-TENG) performed
good triboelectric property which generated a voltage of
41.27 V and power of 212.90 ;sW under the excitation of 60 N
and 10 Hz. Based on the triboelectric effect, the reported smart
S-TENG device could detect various human motions and
detect different contacted materials. Importantly, the S-TENG
device showed excellent safeguarding and energy-gathering
performance compared to traditional textile TENGs and it
can even storage high impact energy. Finally, the mechan-
ical and the electric output signals of S-TENG under quasi-
static piercing and harsh impact conditions were also simul-
taneously investigated. The fabricated self-powered flexible
S-TENG could not only increase the protective property of tra-
ditional Kevlar fiber, but also settle the power supply issue of
traditional body armor materials. Thus, the intelligent Kevlar
based S-TENG with energy-harvesting and anti-impact prop-
erty showed promising applications in next generation safe-
guards, wearable electronics and human-machine interactive
devices.

2. Experiment section

2.1. Materials

Benzoyl peroxide (BPO), sodium dodecyl benzene sulfon-
ate (SDBS), dimethylsiloxane and boric acid were purchased
from Sinopharm Chemical Reagent Co. Ltd, Shanghai, China.
CNTs with a diameter of 8—15 nm and length of 3—12 ym were
provided by Conductive Materials of Luelida Co. Ltd, Xinxi-
ang City, Henan province, China. The fabric used in this study
was the plain-woven aramid Kevlar fabric with an areal dens-
ity of around 200 g m~![2] and was commercially available.
All the chemical reagents were of analytical purity and used
as received without further purification.

2.2. Experiments

SSG was prepared by heating dimethyl silicone oil with small
amount of pyroboric acid for several hours [32]. 0.3 g CNTs
were dispersed in 200 ml mixture solution of alcohol and acet-
one (1/1, v/v) with 0.06 g SDBS. After stirring for 2 h, 3 g
SSG and 0.15 g BPO were added into the CNTs solution and
stirred for another 1 h, the mixed solution was then poured
into a beaker. The Kevlar fabric was tailored to several spe-
cificsizes (11.5cm x 11.5cm,5cm x 5cm, 10cm x 1.5 cm),
hung vertically and the mixed CNTs suspension was dripped
on the surface of the fabric from top to bottom. The coating
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fabric was followed by placing in a 50 °C oven to evaporate the
organic solvents. The ‘drip and dry’ process [33] was repeated
several times until weight ratio of CNTs to Kevlar was 1:20.
Meanwhile, another solution of SSG and BPO with a weight
ratio of 20:1 were also prepared in acetone. The same ‘drip and
dry’ method was carefully conducted to coat SSG on the sur-
face of CNTs/Kevlar. The weight ratio of SSG/CNTs to Kevlar
was kept at 3:5. Finally, the dry SSG/CNTs/Kevlar composites
were vulcanized in the oven at 80 °C for 2 h and the S-TENG
was obtained by assembling the SSG/CNTs/Kevlar with Cu
tape and wires. Additionally, S-TENGs with different weight
ratios (1.67% and 5%) of CNTs were also prepared.

2.3. Characterization

The morphology of CNTs/Kevlar and S-TENG were char-
acterized by field emission scanning electron microscopy
(FE-SEM, XL30 ESEM). The triboelectric tests were conduc-
ted with a vibration system including a signal generator, a
power amplifier and an oscillator (JZK-10) (bought from Sino-
cera. Piezotronics. INC. China) and the electric output sig-
nals were recorded by digital multi-meters (DMM6001). The
energy harvesting and safeguarding properties of S-TENGs
were explored by drop hammer test systems. And the quasi-
static piercing test was conducted on a universal test machine
(MTS criterion 43, MTS System Co., America).

3. Results and discussion

3.1. Characterization of S-TENG

The schematic illustration of SSG/CNTs/Kevlar fabrication
process was demonstrated in figures 1(a)—(c). CNTs suspen-
sion was dripped on the Kevlar surface. After the solvent of
suspension was evaporated, SSG was coated on the surface of
CNTs/Kevlar in the same way. And the S-TENG was finally
obtained by assembling SSG/CNTs/Kevlar with Cu tape and
wires. The CNTs layer closed to the Kevlar layer was connec-
ted to ground through an external load resistance. The working
mechanism for harvesting energy of S-TENG was the coup-
ling effect of contact electrification and electrostatic induc-
tion under periodic contact and separation of the two materi-
als [1, 34]. Contact electrification occurred due to the different
electron affinities between Kevlar fabric and external material
(figure 1(d-1)). Briefly, the Kevlar fabric and external mater-
ial obtained an equal amount of positive and negative charges
after several contact cycles with each other due to their differ-
ent tribo-polarities. Free electrons flew through the external
load due to electrostatic induction (figure 1(d-2)) during the
releasing process of the external material. The system turned
to electrostatic equilibrium when the external material left far
away (figure 1(d-3)). Equivalently, when the external mater-
ial approached S-TENG again, electrostatic induction drove
current in the opposite direction. And the system turned to
electrostatic equilibrium again when the Kevlar fabric and the
external material were tightly contacted. The corresponding
electrical curve of this single-electrode mode S-TENG in one
cycle process was demonstrated in figure 1(e). In this way, the

mechanical energy was constantly converted into electricity
and the as-prepared S-TENG was enabled to act as a sustain-
able power source.

SSG exhibited a typical shear stiffening (SS) behavior (fig-
ure 2(a)). When the shear frequency was 0.1 Hz, the initial
storage modulus (G’,;,,) was 67 Pa, presenting a very soft state.
As soon as the shear frequency reached 100 Hz, the maximum
storage modulus (G’ ,,,,) increased 4 orders of magnitude (52
kPa), exhibiting typical SS property. On the other hand, when
the shear frequency was under 5 Hz, the storage modulus was
lower than the loss modulus (G”), the SSG was macroscop-
ically performed viscous. With the increase of the shear fre-
quency, the storage modulus kept increasing and was higher
than the loss modulus, SSG turned from the fluid-like to solid-
like status. The sandwich structure of the SSG/CNTs/Kevlar
and the schematic illustration of the S-TENG under impact
were presented in figures 2(b), (c). The SEM images of the
Kevlar fabric with CNTs coated on the surface and the as-
prepared SSG/CNTs/Kevlar were shown in figures 2(d)—(g).

Here, the addition of CNTs was to form a conductive
layer as well as enhance the mechanic property of the Kevlar.
Pristine CNTs were agglomerated with bundles (figure Sla
(available online at stacks.iop.org/SMS/29/125007/mmedia))
and SSG could uniformly enter the space of CNTs (figure
S1b). Owing to the high visco-elastic characteristic, the addi-
tion of SSG guaranteed the mixed CNTs with higher adhering
force than pure CNTs. So, the CNTs/SSG were stuck to Kevlar
fibers forming a stable conductive layer (figures 2(d), (e)),
which endowed its good conductivity (figure 2(h)). Moreover,
figures 2(f), (g) displayed the surface and edge microstruc-
tures of SSG/CNTs/Kevlar. The final surface of the SSG/CNT-
s/Kevlar was insulative (figure 2(i)). Based on the above stud-
ies, the electrical output performance of the S-TENG with dif-
ferent amounts of CNTs (1.67%, 5%, 6.67%) was explored.
And as further increasing the amount of CNTs, the CNTs ten-
ded to be agglomerated and easily fell off Kevlar fabric, which
was not helpful in fabrication and the stability of S-TENG (fig-
ure S2). The test system mainly consisted of S-TENG, oscil-
lator, and force sensor (figure 3(a)). Resistance of the CNT-
s/Kevlar with 6.67%, 5%, 1.67% CNTs were around 7 k€2, 100
k2, 1500 k£2, respectively (figure S3). The dependence of the
output voltage on the load resistance was measured at the force
of 60 N and frequency of 10 Hz by connecting various resist-
ors, ranging from 10° to 10° Q to the S-TENG. S-TENGs were
kept at 5.5 cm x 5.5 cm. As shown in figure 3(b), the output
voltage and current of S-TENG with 6.67% CNTs varied with
different load resistances. The voltage of S-TENG was as low
as 0.009 V under 100 k€2. It started to increase when the resist-
ance was larger than 100 k€2 and finally reached 76.36 V at 1
G(2. Obviously, the output voltage of S-TENG increased with
the increase of loading resistance and the current showed the
opposite trend due to Ohm’s law (the currents ranged from 8.9
uA to 0.08 pA).

The triboelectric properties of S-TENGs with 1.67%, 5%
CNTs were also explored at the force of 60 N and frequency
of 10 Hz. Voltages of these S-TENGs exhibited similar tend-
encies to the curve of S-TENG (6.67% CNTs) and the max-
imum voltage values were respective 58.00 V (figure 3(c))
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Figure 1. (a)—(c) The schematic illustration of the fabrication process and (d) working mechanism of S-TENG. (e) The output voltage

signal in a single release-press process.

and 65.60 V (figure 3(d)). On the other hand, the output
power density was further investigated due to its importance
for S-TENG. Figure 3(e) exhibited the variations of output
power with the load resistance. (Output power was determ-
ined by Ohm’s law P = V?/R, where P represented power, V
was the voltage, R was the load resistance.) The maximum
average power of the S-TENG with 6.67% CNTs achieved
212.40 uW at the load resistance of 8 M(). The maximum
peak power of S-TENG with 5% CNTs was achieved at 134.81
1W across 8 M2 resistance (output voltage was 32.84 V).
As for S-TENG with 1.67% CNTs, an instantaneous peak
power of 105.90 yW was obtained at 8 M. These results
demonstrated S-TENG with 6.67% CNTs showed the highest
energy-harvesting performance. It was also found that external
load resistance also showed a positive influence on the out-
put voltage of S-TENG. This was because when the load res-
istance was far less than the internal capacitive impedance
of S-TENG, the voltage rarely distributed on the load res-
istance [35]. Reversely, when the load resistance was lar-
ger, its impedance was far greater than that of S-TENG
which resulted in almost all voltages distributing on the load
resistance.

Figure 3(f) demonstrated the output voltages as a func-
tion of load resistance of the S-TENG with different amounts
of CNTs. The V-Q-x relationship for contact-mode TENG
[35, 36] was appropriate to study the triboelectric properties
of S-TENGs with different load resistances (V: the voltage
between the two electrodes, Q: the amount of transferred
charge, x: the separation distance between the two triboelectric
charged layers). Based on the theoretical study of the contact-
mode TENG [36], a differential equation of the voltage could
be expressed by combining the V-Q-x relationship with the
Ohm’s law as:

vin=r =y, L~ fy, i d
()= o oc(x(f))—R—Coe °0f oc (x(1)) e*odt
ey

Voc was the intercept of the V-Q curve [36], Cy was the
equivalent capacitance of the S-TENG. Given the boundary
condition as: t = 0, x = 0, V = 0. The relationship between
the peak value of voltage and the load resistance during the
contact-separation process was obtained (detailed evolution
was displayed in supplemental file).
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Here, #y was the moment that the voltage arrived at the peak
value during the contact separation process (t = tp, V = V).
The simplified form of the equation was given as:
V,=Ae" & +C 3)
where m = 1,/Cy, A = Voc(0), C was a constant. The output
voltage of S-TENG could be calculated by equation (1).

The peak value of voltage data varied with the load resist-
ance was fitted well by equation (3). The exponent m of S-
TENGs with the 6.67%, 5%, 1.67% CNTs were 4.91 x 10°,
5.30 x 10%,5.44 x 10°, respectively. Meanwhile, the exponent
m had a reciprocal relationship with the equivalent capacit-
ance (Cp) of the S-TENG which also implied that the equival-
ent capacitance increased with the increase of CNT amounts.
Detailed analysis of the S-TENG’s Cy was in the supplemental
file. The electric conductivity, decreased with the decrease of
CNT amounts, also impeded the charges transferred from the
primary electrode to the load resistance which further led to
a lower output performance [35]. Thus, the high conductiv-
ity of the primary electrode exhibited a positive impact on the
output property of the S-TENG. Based on the above results,
S-TENG with 6.67% CNTs showed the highest efficiency in
collecting mechanical energy and as a novel energy source for
the following study.

In addition, S-TENGs (6.67% CNTs) exhibited excellent
stability which the voltage signals showed no degradation
even after 1000 excitations (figure 3(g)) at 8 MS2. Since
fiber-based clothes were often torn in practical activities, the

SSG/CNTs/Kevlar

sEL

Figure 2. (a) Rheological property of SSG; (b) photo of the three-layer structure; (c) schematic of the triboelectric behavior of S-TENG
under impact. (d, ¢) SEM micrographs of the CNTs/Kevlar and (f, g) the surface and edge of SSG/CNTs/Kevlar, (h) resistance of the
CNTs/Kevlar (6.67%) and (i) SSG/CNTs/Kevlar.

CNTs/Kevlar

energy-converting performance of tailed S-TENG was also
necessarily studied. The S-TENG (6.67% CNTs) with differ-
ent sizes and shapes were connected with 8 M) resistance and
the output voltages were explored (figure 3(h)). Here, we set
the sample with size of 5.5 cm X 5.5 cm as Ay, the shapes of
other tailored S-TENGs were A/3, Ao/2, 2A¢/3, arrow, cross
and heart shape (inset of the figure 3(h)). As shown in fig-
ure 3(h), all the cut S-TENGs could also transform mechan-
ical energy into electric energy and the peak values of Ay/3,
Ap/2, 2A0/3, Ay, arrow, cross and heart-shaped S-TENG were
11.1, 18.9,28.4,40.9, 25.5, 26.1 and 21.4 V, respectively. The
voltages were undoubtedly increased with the increasing con-
tact area of S-TENG. To this end, the as-prepared S-TENG
enabled to work as a tailorable energy textile for wearable elec-
tronics.

3.2. Self-powered mechanosensing properties

Due to the high flexibility, S-TENG could act as a wearable
device to harvest as well as monitor different human motions.
Firstly, the S-TENG (10 cm x 1.5 cm) was attached on the
thumb and the output voltages under finger bending motions
were recorded. The bending-releasing behavior of the thumb
led to the contact and separation between S-TENG and the
thumb which generated the output voltage. As shown in fig-
ure 4(a), the voltage increased from 0.25 V to 1.37 V with
the increase of bending degrees which proved S-TENG could
detect different bending states.

Additionally, the S-TENG was also attached on hand to
monitor the motions, such as grabbing, pressing, tapping,
spatting and touching (figures 4(b), (c)). As displayed in figure
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Figure 3. (a) The digital picture of the oscillator test system. (b—e)Voltage, current and output power as a function of load resistance of
S-TENG with 6.67%, 5%, 1.67% CNTs; (f) the experimental data and fitting curves of the output voltages of S-TENG with different
amounts of CNTs; (g) Stability of S-TENG with 6.67% CNTs at 8 M(2; (h) peak voltages of the tailorable S-TENG with different sizes and

shapes.

4(b), S-TENG was attached to the fingertip, and a pulse voltage
signal was immediately generated as the finger pressed PC
(Polycarbonate) plate. The subsequent charging signal was
kept at zero until the finger left, causing another oppos-
ite pulse voltage. The peak values of voltages generated by
grabbing, pressing, tapping and spatting were around 0.74,
1.83, 3.32 and 12.40 V, respectively. What’s more, bent or
twisted textile-based S-TENG could normally output varying
signals when it was patted by hand (figure S4). These results
exhibited that the S-TENG could act as self-powered wearable
sensor to detect various thumb motions.

Besides, the S-TENG could also be stuck on fingertip to
detect and harvest energy by contacting different materials
owing to various triboelectric series [37] between Kevlar and
other composites. Once the finger touched external materi-
als (figure 4(d)), S-TENG outputted the charging signals. The
biggest voltage value of 0.342 V was generated by touching
PC plate (figure 4(e)). To the contrary, the voltage generated by
touching the Lyocell fabric (0.070 V) was the smallest. Reli-
able signals and average values (inset of figure 4(e)) of 0.080,
0.163, 0.250, 0.141, and 0.111 V were presented which cor-
responded to PDMS, PTEF, Latex, silk, and Cu, respectively.

S-TENGs were further attached on the heel (figure 5(a))
and the waist (figure 5(d)) to sense the contact-separation pro-
cess of human body movement. The peak values of the output
voltage generated by strolling, walking, running and stomping
by sticking S-TENG on the heel were around 1.66, 2.19, 2.86

and 5.47 V, respectively (figure 5(b)). Figure 5(c) displayed
the changing output voltages under strolling and stomping.
Similarly, the output performance of the S-TENG fixed on
the waist (figures 5(e), (f)) were also studied. The peak val-
ues of the output voltage generated by the contact-separate
process between elbow and wrist under walking and running
were around 0.98 V and 3.27 V, respectively. In conclusion,
the S-TENG as a smart self-powered system could not only
harvest energies from body motions, but also monitor these
movements as well as distinguish different touching materials
which could be applied in wearable self-powered electronic
devices and robotic tentacles.

3.3. Sensing and anti-impact properties of S-TENG

Owing to the anti-impact property of Kevlar fabric and the
energy dissipation characteristic of SSG, the electric and
mechanic performance of the S-TENG under dynamic impact
was systematically investigated. Firstly, the as-prepared
S-TENG with size of 5 cm x 5 cm was attached on the mobile
phone shell. The force hammer and the force sensor were util-
ized to measure and record the impact force and the penetrat-
ing force (figure 6(a)). The pristine mobile phone shell without
S-TENG was also tested. As the shell was beaten by hammer,
the impact force signal was recorded by piezotronic sensor
of the hammer, meanwhile the penetrated force signal was
acquired by the charge sensor behind the shell. The protective
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performance could be accurately analyzed by comparing the
two force signals. As shown in figure 6(c) shells were tested
under 130 N and 230 N. For example, when the enhanced shell
was under the loading force of 230 N, the maximum penetrated
force was 48.7 N, which was smaller than the pristine shell
(64.2 N). The charge output signal under hammer impact was
simultaneously shown in figure 6(b). The triboelectric voltages
under 130 N and 230 N were 0.5 V and 1.2 V, respectively.
The voltage generated by high impact force was undoubtedly
higher. These results displayed the shell with S-TENG could
not only detect impact with variable voltage signals, but also
dissipate more impact energy than the pristine shell.

More importantly, the anti-impact experiment on S-TENG
(11.5 ecm x 11.5 cm) by using the drop hammer machine
(figure S5) was further conducted. As shown in figure 6(d),
the acceleration sensor was fixed on the mass block and the
hammer with the blunt and smooth end was also shown.
The acceleration sensor collected the accelerometer signals
of impactor and transformed them into electric signals dur-
ing loading-unloading process. Finally, by using the charge
amplifier and oscilloscope, the signals were recorded. The
impact energy was controlled by changing drop weight and
falling height. Once the impactor loaded from 10 cm on S-
TENG, the loading force was immediately increased to max-
imum and then attenuated to 0 N, followed by rebounding sev-
eral times until the energy was totally dissipated (figure 6(e)).
In addition, as the falling height was 30 cm, the corresponding
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Figure 5. Photographs and sensing performance of S-TENG when
attached on (a-c) the heel and (d-f) the waist to monitor the human
body movements.

deformations of S-TENGs and neat Kevlar were 5.26 mm and
7.38 mm, respectively (figure 6(f)). The impact force of S-
TENG was clearly larger than neat Kevlar while its deform-
ation was smaller which demonstrated the rigidity of S-TENG
was higher under dynamic impact (figure 6(g)). Additionally,
the slope of S-TENG force-deformation curve was higher than
that of Kevlar, which also indicated the equivalent stiffness of
S-TENG was increased after introducing SSG. The deforma-
tions and force-deformation curves dropped from 10 cm and
20 cm were exhibited similar tendencies (figure S6). Figure
6(h) also compared the deformations of S-TENG and Kevlar
under dynamic impact conditions. The result implied that the
addition of SSG with the rate-dependent property strengthened
the impact resistance performance of Kevlar. Furthermore,
the addition of SSG improved the adhesion between Kevlar
fibers which was beneficial to disperse the impact force and
decrease the deformation. To this purpose, smaller deforma-
tion and higher stiffness proved that the S-TENG had a bet-
ter anti-impact effect compared to the neat Kevlar fabric. On
the other hand, the cyclic output voltages, generated by the
1.26 kg impactor fallen from 10, 20 and 30 cm on S-TENG,
were around 0.50, 0.80 and 1.50 V, respectively (figure 6(i)).
The voltages obviously increased with the increase of impact
energy and kept stable over ten loading-unloading excita-
tions. Clearly, S-TENG was capable of resisting and detect-
ing different external harsh impact stimuli. Hence, this novel
S-TENG with excellent anti-impact performance and reliable
self-powered sensing ability could be used in next generation
wearable electronic devices.
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Figure 6. (a) Photographs of the force hammer, the enhanced mobile phone shell with the S-TENG (b) the triboelectric and (c) protective
performance of the enhanced mobile phone shell under different impact forces. (d) The equipment of the impactor, (e) the force signal of
S-TENG by the impactor falling from 10 cm. (f) Deformations and (g) force-deformation curve of the S-TENG, neat Kevlar under impact
from 30 cm. (h) The various deformations of the S-TENG and Kevlar, (i) cyclic triboelectric performance of the S-TENG under the impacts

with different falling heights.

The ultimate failure strength of body armor material is
vital for determining its lifespan and practical application.
So the destruction process of the as-prepared S-TENG under
quasi-static puncture and dynamic impact were also necessar-
ily investigated. Firstly, the mechanic and the electric behavior
of S-TENG under quasi-static puncture was performed by a
needle on MTS with the compression speed of 2 mm min~!
(figure 7(a)). During the piercing process, the force value star-
ted to increase when the needle contacted the fabric.

It kept increasing with the increase of displacement till the
needle totally pierced through the fabric and the force instant-
aneously decayed from the maximum value of 52.0 N to O N. In
comparison, the maximum piercing force of neat Kevlar was
only 26.3 N, indicating the enhancing mechanical properties
of S-TENG. Interestingly, a triboelectric voltage signal could
also be observed when the needle pierced through the S-TENG
(figure 7(b)).

The mechanical and self-powered sensing properties
of S-TENG under harsh impact conditions were further
investigated. Here, the mass of the impactor was 3.91 kg.
The output voltages and force-deformation curves under high

energy dynamic impact were displayed. As shown in figure
7(c), the areas of force-deformation curves increased with the
increasing of falling heights, indicating S-TENG absorbing
more kinetic energy. The impact forces of S-TENG under 10,
30, 50 cm impacts were 1418.8 N, 2189.6 N and 2502.4 N,
the corresponding deformations were 5.79 mm, 9.89 mm
and 14.90 mm, respectively. During the impact from 10 cm
to 50 cm, the output voltage was 2.07 V at first and then
increased to 4.83 V (figure 7(d), figure S7). These distin-
guished voltage signals demonstrated S-TENG could be used
to monitor external impact excitations.

The impact forces as well as output voltages increased with
the increasing of the falling height. Importantly, S-TENG was
destroyed under the dropping from 70 cm. The impact forces
were firstly increased to maximum and suddenly decreased
(figure 7(e)). The impact force of S-TENG increased from
1418.8 N to 2854.3 N with the falling height rising from
10 cm to 70 cm. As for the neat Kevlar, the impact force dis-
played a similar tendency which increased from 1388.7 N to
1653.4 N as the falling height rising from 10 cm to 30 cm (fig-
ure S8, figure 7(e)), and it was entirely lower than the force of
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Figure 7. (a) The force-displacement curves of S-TENG and neat Kevlar, (b) electric and the mechanic signals of S-TENG under
quasi-static puncture. (¢) The force-deformation curves and (d) triboelectric performance under dynamic impact with 3.91 kg impactor. (e)
The force signals of S-TENG and Kevlar, (f) voltage signal of S-TENG under destruction. (g) Limited energies that the S-TENG and Kevlar
could resist with various falling heights. (h, i) Photos of the destroyed S-TENG and Kevlar.

S-TENG under impact from the same height. Simultaneously,
the impact energy (E = mgh, m was the impactor mass, g
indicated gravity acceleration and h was the falling height)
was further calculated. As shown in figure 7(g), the impact
energy increased with the increasing of falling heights. The
maximum anti-impact energy of neat Kevlar was 7.66 J (fall-
ing from 30 cm) and Kevlar was thoroughly broken, slid and
penetrated (figure 7(i)). However, S-TENG could resist more
dynamic impact energy until it reached 19.16 J (falling from
70 cm). Under these circumstances, fibers of S-TENG were
penetrated (figure 7(h)). Besides, the deformations of S-TENG
were all smaller than Kevlar under the same impact conditions
(figure S9).

These results proved that the S-TENG performed a bet-
ter anti-impact property compared to Kevlar. It was because
the viscoelastic SSG enhanced the adhesion forces between
fibers which led to an increase in the stiffness of the com-
posite material. SSG with SS effect also dissipated and res-
isted kinetic energy under the impact excitations. In conclu-
sion, the fabric-based S-TENG exhibited excellent anti-impact
and energy-collecting properties, thus could be utilized in
wearable smart electronics as self-powered and safeguarding
devices.

4. Conclusion

In this work, a multifunctional flexible S-TENG with
enhanced mechanic and good triboelectric performance was
fabricated by integrating Kevlar fabric with CNTs and SSG.
The wearable S-TENG showed 41.27 V and power of
212.90 W on 8 MS2 load resistance at the force and frequency
of 60 N and 10 Hz, demonstrating excellent energy-collecting
property. CNTs showed a positive influence on the triboelec-
tric performance of S-TENGs. Owing to the excellent tribo-
electric property, the S-TENG could act as a smart wearable
self-powered device to collect and monitor the human motion
energy in daily activities. Meanwhile, S-TENG was also cap-
able of distinguishing various contacted materials. Import-
antly, S-TENG produced an output voltage of 1.50 V as well
as decreased the deformation to 71.27% when the 1.26 kg
impactor fell from 30 cm, which demonstrated excellent anti-
impact performance. Finally, quasi-static and dynamic dam-
age tests were simultaneously studied. This novel S-TENG
with self-powered sensing ability could not only gather ener-
gies but also resist harsh impacts, showing wide potential in
robots, safeguards, wearable electronic devices and human-
machine interactions.
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