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A B S T R A C T   

An enhanced Kevlar-based triboelectric nanogenerator (EK-TENG) with excellent safeguarding and stable sensing 
capability in harsh loading environments was developed by integrating shear thickening materials and graphene 
on Kevlar fabric. EK-TENG, whose maximum peak power density reached as high as 25.8 mW/m2 under oscil
lator loadings of 40 N and 10 Hz, could directly power commercial LEDs, capacitors and supercapacitors. In 
addition, the 30-layer EK-TENG with the greatest fiber friction dissipated drop hammer impact force from 1820 
N to 439 N under low-speed impact. EK-TENG with anti-ballistic property enabled to resist 126.6 m/s bullet 
shooting which was higher than 90.1 m/s of neat Kevlar. Besides, EK-TENG effectively absorbed and dissipated 
87.4% of the explosion wave energy under blast loading which exhibited excellent safeguarding properties. 
Furthermore, EK-TENG could generate voltage signals under various impact loadings which could act as self- 
powered sensor to monitor external stimuli. Finally, a smart TENG-based wireless passive sensor alarm system 
with high sensitivity was designed to monitor and warn impact dangers, which opened up a new avenue for the 
development of next generation intelligent protective clothing.   

1. Introduction 

Smart wearable electronic systems containing signal perception and 
recognition, data processing, data transmission, reception and reproc
essing show wide applications in e-skin, human-machine interaction and 
smart robots [1–3]. Precisely detecting and sensing various external 
stimuli was the chief premise for the normal operation of these systems. 
Particularly, based on triboelectrification and electrostatic induction [4, 
5], triboelectric nanogenerator (TENG), as a self-powered sensor device 
with high sensitivity, has shown favorable advantages in smart elec
tronics due to its wide material availability, high efficiency, and flexible 
usage [6,7]. To further improve the wearability and comfort, various 
fabric-based TENGs have been designed so far. A TENG-based intelligent 
shoe with the properties of power supply and human motion monitoring 
was designed [8]. It also alarmed and rescued remote emergency by 
wireless signal transmission. Additionally, elastic multifunctional fiber 
with the energy-harvesting property from body motion was presented 

which could be served as self-powered tactile sensors for wireless music 
controllers and human-machine interfaces [9]. Nevertheless, traditional 
fiber-based TENGs with weak mechanical performance are easily 
damaged under harsh impact loadings, resulting in structure destruction 
and electrical performance degradation [10–12]. Consequently, it is 
necessary to develop novel fiber-based TENG with enhanced anti-impact 
performance which could be used for intelligent protective clothing. 

Kevlar with tensile modulus of 83 GPa, low density and high flexi
bility enabled to act as an important protective material and has been 
widely applied in soft body armors [13–15]. They were also used in 
wearable TENGs. An intelligent protective textile based on graphe
ne/Kevlar showed self-powered monitoring physiological movements 
and hazard gases properties [16]. Beside good thermal management and 
self-powered sensing properties, a personal wearable Kevlar device 
could also resist low-velocity impact loadings [17]. However, the me
chanical properties of current developed Kevlar-based TENG were also 
limited because they only resisted low-speed impact excitation. They 
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were also destroyed under high speed shock which limited practical 
application. Besides, previous Kevlar-TENGs only detect external stimuli 
by outputting voltage signals but the based system with Bluetooth 
transmission and signal processing property have not been reported yet. 
To this end, developing Kevlar-TENGs with enhanced mechanical and 
signal-transmitting properties was urgent for further demand. 

Recently, there was a successful strategy to improve the mechanical 
properties of Kevlar by introducing polymer composites on the fabric 
[18,19]. Especially, it has been proven that shear thickening materials 
with rate-dependent mechanical property could significantly enhance 
the fiber frictions as well as anti-impact performance of the composites 
[20,21]. Shear thickening materials contain shear thickening fluid (STF) 
and shear stiffening gel (SSG). The viscosity of non-Newtonian STF can 
dramatically increase when the shear rate exceeds a critical value and 
recover immediately after unloading the applied shear rate [22,23]. STF 

can dissipate impact energy and it has been extensively applied in 
various areas including anti-impact and damping [24,25]. It was found 
that the yarn pull-out force of Kevlar fabrics treated with graphene oxide 
and carbon nanotubes multi-phase STF was almost 2 times that neat 
Kevlar [26]. Additionally, when Kevlar fabric contains 34.89 wt% STF 
(STKF), the stab resistance of the 8 layers of STKF was enhanced 
remarkably than that of 10 layers of neat Kevlar fabric [27]. Moreover, 
SSG, a derivative of polyborosiloxane, is a soft polymer, which shows a 
shear stiffening effect similar to STF [28,29]. Its storage modulus in
creases 3–4 orders of magnitude with the increase of shear frequency 
[30]. Importantly, the solid SSG is favorable to protect STF from mois
ture and heat. By combining Kevlar with shear stiffening polymers, the 
penetration impact energy of composite represented a 50% increment 
with neat Kevlar [31]. Thus, combining shear thickening materials with 
Kevlar fiber may develop an impact-resistant TENG and the based 

Fig. 1. (a) Fabrication schematic of EK-TENG. (b, c) Photographs of the as-prepared flexible EK-TENG. The thickness of (d) EK-TENG and (e) Kevlar. SEM micro
graphs of (f) graphene, (g) SiO2, (h) neat Kevlar, (i) Kevlar/STF, (j) SSG and (k) EK-TENG. Typical rheological properties of STFs: (l) the viscosity and (m) the shear 
stress vs. shear rate. (n) Storage modulus and loss modulus vs. shear frequency of SSG. 
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wearable electronic system to realize the perception, transmission and 
alarm of a variety of external stimuli. 

Herein, an enhanced Kevlar-based triboelectric nanogenerator (EK- 
TENG) with favorable anti-impact and stable self-powered sensing 
ability during high-speed and high-frequency loading environments was 
fabricated by introducing STF, graphene and SSG on Kevlar fabric. EK- 
TENG showed good energy harvesting performance. Owing to the 
introduction of shear thickening materials, the friction between fibers 
were dramatically increased. Furthermore, excellent mechanical 
energy-absorbing performance and stable output voltage signals of EK- 
TENG were investigated by drop hammer impact test, ballistic impact 
test, and explosion damage experiment. Finally, a smart TENG-based 
wireless passive sensor alarm system was designed, which could sense 
and warn various external impact dangers. 

2. Results and discussion 

2.1. Preparation and characterization of the composites 

The fabrication procedures of EK-TENG were illustrated in Fig. 1a. 
Briefly, Kevlar fabric (Fig. 1a (i)) was immersed in the SiO2-based STF to 
obtain the Kevlar/STF (Fig. 1a (ii)). Then the graphene-ethanol mixture 
was dripped on the surface of the Kevlar/STF (Fig. 1a (iii)). After 
attaching a conductive wire on graphene layer (Fig. 1a (iv)), the SSG 
solution was deposited to form a thin film (Fig. 1a (v)). Finally, EK-TENG 
was obtained by drying the composites in ovens (Fig. 1a (vi)). 

The as-prepared EK-TENG was soft and flexible (Fig. 1b, c) and its 
thickness increment (0.68 mm) was slight when compared with neat 
Kevlar (0.59 mm) (Fig. d, e). Furthermore, the SEM image in Fig. 1f 
displayed the lightweight graphene which was used as an electrode for 
electrostatic induction and collecting the triboelectric surface charge 
had a few-layer sheet structure. The silica particles were spherical with 
an average particle size of 385 nm (Fig. 1g). The surface of neat Kevlar 
fibers was smooth (Fig. 1h). However, after being treated by STF, the 
surface of Kevlar/STF and the spaces between fabric yarns were filled 

with SiO2 particles (Fig. 1i). Moreover, Fig. 1j and 1k displayed the 
surface microstructures of the SSG and EK-TENG. The final surface of the 
EK-TENG was completed covered by insulating SSG. 

The as-prepared STF was firstly investigated. SiO2 contents showed 
negative influence on the fluidity of STF (Fig. S1). For instance, 63 wt% 
STF was dilute liquid while 71 wt% STF was in solid state. The rheo
logical properties of the composites were also studied. Fig. 1l and m 
depicted the typical rheological curves of STFs. As the mass fraction of 
SiO2 increased from 63% to 69%, the critical shear rate decreased from 
94.3 s− 1 to 14.3 s− 1, the maximum viscosity increased from 3.8 Pa∙s to 
210.4 Pa∙s, respectively. The shear stresses increased slowly with the 
shear rates, whose slopes increased sharply at the critical shear rates 
showing the discontinuous shear thickening effect. Based on lower 
initial viscosity and lighter STF, the STF with 67% mass fraction was 
selected for further preparation of the EK-TENG in this work. On the 
other hand, SSG also exhibited typical shear stiffening behavior 
(Fig. 1n). When the shear frequency was 0.1 Hz, the initial storage 
modulus (G′

min) was 892 Pa, presenting a soft state. As soon as the shear 
frequency reached 100 Hz, the maximum storage modulus (G′

max) 
increased to 256 kPa. Thus, the shear thickening materials all exhibited 
rate dependent mechanical properties. 

2.2. Triboelectric performance and energy harvesting of the EK-TENG 

Fig. 2a demonstrated a schematic illustration of the working mech
anism of the EK-TENG. The triboelectric transducing mechanism was 
dependent on the coupling effect of triboelectrification and electrostatic 
induction. In the original state, the Poly(methylmethacrylate) plate 
(PMMA) and EK-TENG were separated away. Electrons transferred from 
the interface of PMMA to EK-TENG due to their different electron af
finity when contacted, resulting in negative triboelectric charges on EK- 
TENG and positive ones on PMMA (Fig. 2a (i)). As the PMMA left away, 
there was a potential difference between the two surfaces, leading to the 
free electrons flow from the electrode to the ground (Fig. 2a (ii)). The 
system reached electrostatic equilibrium when the PMMA was separated 

Fig. 2. (a) The working mechanism of EK-TENG. (b) The numerical calculations of the electric potential distribution of EK-TENG between contacting interfaces by 
COMSOL software. 
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far away (Fig. 2a (iii)). Conversely, an opposite directional current was 
generated when the PMMA approached again until the system reversed 
to the initial state (Fig. 2a (iv)). Besides, the corresponding potential 
distributions during contact-separation process were simulated by the 
COMSOL software (Fig. 2b). 

The triboelectric properties of EK-TENG were measured by an 
oscillator system (Fig. S2a). Initially, the influence of loading amplitudes 
and frequencies on triboelectric properties was investigated. Fig. 3a and 
Fig. S2b demonstrated the output voltages and currents of EK-TENG 
with a size of 5 × 5 cm2 under different applied forces at loading fre
quency of 10 Hz, respectively. The electric signals showed an increasing 
trend with the increase of forces. This increment was mainly observed 
due to the increase in the contact area between the EK-TENG and 
PMMA. The large deformation of EK-TENG under high pressure led to 
the number of transferred electrons increased. According to Ohm’s 
law, U = I× R = dQ

dt × R, where U was output voltage, I was current, R 
was external resistance and a fixed value, Q was the number of trans
ferred electrons and t was time. Therefore, in the same time, the more 
charge was transferred, the greater the current, resulting in a high 
output voltage of EK-TENG. Subsequently, the corresponding voltage 
signals of EK-TENG at varying input frequencies were presented in 
Fig. 3b, showing a similar increasing trend. Such an increment was 
associated due to the decreased separation time and more generated 

charges accumulated on the electrode. Additionally, the maximum 
voltage, current and power density of EK-TENG (Fig. 3c) were obtained 
by varying the external resistance load at 40 N impact force and 10 Hz 
frequency. When the external resistance increased from 10 kΩ to 1 GΩ, 
the voltage increased from 57 mV to 45 V, while the current decreased 
from 5.7 μA to 0.04 μA. The maximum peak power density reached 
25.8 mW/m2 at 10 MΩ. As illustrated in Fig. 3d–f, the EK-TENG showed 
excellent electrical stability during 1000 cycles of loading-unloading 
excitations. 

Therefore, as a power source, the EK-TENG could effectively output 
power to light up LED arrays (Fig. S2c). It also enabled to charge com
mercial capacitors via a rectifier circuit (Fig. S2d). The voltages of 
smaller capacitance increased faster and the 0.22 μF capacitor exhibited 
the highest charging voltage of 6.9 V within 15 s (Fig. 3g). In particular, 
Fig. S2e showed the 3 times of charge-discharge processes of 0.47 μF 
capacitor were very stable, demonstrating the high reliability of cyclic 
charging properties. Additionally, a commercial available super
capacitor (SC) was also utilized. The electrochemical properties of SC 
were investigated by cyclic voltammetry (CV) (Fig. S3a), galvanostatic 
charge/discharge (GCD) (Fig. S3b) and electrochemical impedance 
spectroscopy (EIS) (Fig. S3c) measurements using a CHI 760E electro
chemical workstation. The shapes of CV loops of SC were close to rect
angular even at high scan rates, indicating low contact resistance. The 

Fig. 3. (a) Force-dependent output voltages at 10 Hz. (b) Frequency-dependent output voltages at 10 N. (c) Voltage, current, and output power under various 
external resistances. (d–f) Cycling stability of EK-TENG at 10 MΩ. (g) Voltage charging curves of capacitors with different capacitances. (h) The twice charge- 
discharge curves of supercapacitors at 40 N and 10 Hz. 
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GCD curves exhibited symmetric triangular shape in all applied current 
densities, exhibiting the reversible capacitive performance of SC. EIS 
illustrated the overall resistance of SC was 28 Ω. The charging- 
discharging processes of SC by EK-TENG were presented in Fig. 3h. It 
could be directly charged to 33 mV within 60 min and kept stable even 
stopping charging. When the SC connected to electronics, the process of 
rapid discharge occurred. Similarly, the voltage of SC reached 25 mV 
during another charge-discharge process at a smaller loading force 
(Fig. S3d). Consequently, the as-designed EK-TENG could generate a 
triboelectric response to external excitation and be used as a power 
supply device for the capacitors and commercial LEDs. 

2.3. Mechanical properties of EK-TENG under yarn pull-out test and drop 
hammer impact 

Since Kevlar was usually used in the field of security protection, it 
was necessary to study the mechanical properties of EK-TENG. Firstly, 
the yarn pull-out test was conducted to characterize the fiber friction. As 
shown in Fig. 4a, the yarn in the middle of the fabrics (38 × 60 mm2) 
was used as the pull-out end with the velocities of 0.1, 0.5, 1, 2 and 
5 mm/s, respectively. For the neat Kevlar, the pull-out forces were low 
and the peak pull-out forces (Fpmax) fluctuated around 2.0 N which was 
nearly independent of the pull speed (Vp) (Fig. 4b). Nevertheless, the 
pull-out forces of Kevlar/STF were significantly improved (Fig. 4c). 
Besides, the Fpmax of EK-TENG showed a similar increasing trend with 

the increase of Vp (Fig. 4d). As a result, these speed-dependent forces 
were graphically compared in Fig. 4e. The Fpmax value of neat Kevlar was 
only 2.3 N at the pull-out velocity of 0.1 mm/s, while the Fpmax of 
Kevlar/STF and EK-TENG reached 14.9 N and 17.6 N, respectively. 
However, at the pull-out velocity of 5 mm/s, the Fpmax values of Kevlar/ 
STF and EK-TENG were 26.5 N and 26.9 N, respectively, which were 
about 14 times as large as Kevlar. Accordingly, the enhancement of the 
friction force could be attributed to the introduction of STF and SSG. The 
influence of the STF played a major role in enhancing friction at all pull- 
out speeds. 

Furthermore, the safeguarding and energy-absorbing properties of 
EK-TENG under low-velocity impact were also investigated. As sche
matically demonstrated in Fig. S4a, the drop hammer test device was 
applied to measure the force signals on the back of the composite during 
the impact process. The drop hammer (0.54 kg) with a sphere indenter 
(diameter of 20 mm) was released freely from different heights. The 
impact force at the falling height of 100 mm was presented in Fig. 4f. As 
the drop hammer directly stroked on the force sensor without a pro
tective layer, the force increased sharply to a maximum value of 1820 N 
and decayed to 0 within 0.9 ms. However, the maximum force (Fmax) of 
the 30-layer Kevlar was 920 N and the buffer time of impact force (Δt) 
was 1.8 ms. Under the same conditions, the maximum impact force 
loaded on 30-layer EK-TENG was reduced to 439 N, which reduced by 
52.3% compared with neat Kevlar. The buffer time of pedestal, neat 
Kevlar and EK-TENG were 0.9 ms, 1.8 ms and 2.3 ms, respectively. 

Fig. 4. (a) Yarn pull-out test system. Pull-out force vs. displacement at different pull-out speeds for (b) neat Kevlar, (c) Kevlar/STF, (d) EK-TENG and (e) the 
maximum force comparison. (f) Typical impact forces of 30-layer Kevlar or 30-layer EK-TENG vs. time loaded by drop hammer falling from 100 mm. Falling height 
dependent (g) impact force and (h) impact time. (i) The impact force and voltage vs. time with impactor dropping from 100 to 500 mm. 
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Besides, EK-TENG also showed better force dissipation property under 
the impact from 200 to 500 mm (Fig. S4b–e). In addition, Fmax and Δt of 
all fabrics from different heights were presented in Fig. 4g and h, 
respectively. There was an increment in Fmax and a decrement in Δt as 
the falling height increased. Undoubtedly, at all dropping heights, Fmax 
value of EK-TENG was smaller whereas the value of Δt of EK-TENG was 
longer than other fabrics. So, introducing shear thickening materials 
into Kevlar was an effective strategy to improve the mechanical prop
erties of the fiber composite which EK-TENG showed better safeguard
ing performance under impact conditions. On the other hand, EK-TENG 
could output voltage signals owing to the self-powered sensing effect 
(Fig. 4i). The negative peak voltage showed an increasing trend with the 
increase in dropping heights. For example, the voltages falling from 100 

to 500 mm were − 2.4 V, − 10.1 V, − 20.9 V, − 27.1 V and − 31.5 V, 
respectively. This indicated the output voltages could be used to assess 
external impact forces. In conclusion, the EK-TENG not only showed 
favorable anti-impact properties but also presented self-powered force 
sensing performance under low-speed impact. 

2.4. EK-TENG protection and sensing characteristics under ballistic 
impact 

Additionally, the anti-impact protection property of EK-TENG was 
further investigated under high-speed impact. The ballistic impact ex
periments were conducted by using a gas gun to drive a spherical bullet 
(mass of 2 g, diameter of 8 mm) with different initial velocities 

Fig. 5. (a) The scenario of safeguarding properties of EK-TENG-based suit under high speed shooting. (b) The impact process of neat Kevlar and EK-TENG with an 
incident velocity of 160 m/s. (c) The residual velocity of neat Kevlar and EK-TENG under various impacts. (d) The energy dissipation ratios of Kevlar and EK-TENG 
under impact excitation. (e) Voltage signals of EK-TENG generated by the bullet impacts with 82.3, 125.8 and 183.5 m/s. (f) Impact velocity-dependent voltage 
positive peak duration time and maximum positive voltage. 
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(Fig. S5a). A high-speed video camera was adopted to capture the 
destruction processes and record the residual velocities. The voltage 
signals were acquired by a digital oscilloscope. 

Firstly, a wearable suit based on EK-TENG was tailored and worn on 
a model to study its safeguarding properties under the high-speed bal
listic impact (Fig. 5a). In comparison, a Kevlar-based suit was also 
applied. The shooting speeds of bullets on neat Kevlar and EK-TENG 
were 151.5 m/s and 153.8 m/s, respectively. Interestingly, the toy 
wearing Kevlar-suit was completely penetrated which led to serious 
hurt. On the contrary, the bullet was effectively blocked by the EK-TENG 
based suit (Video S1). This proved the as-prepared EK-TENG could 
impede the high-speed shooting damage. 

Supplementary material Video S1 can be found online at doi:10.10 
16/j.nanoen.2021.106657. 

Furthermore, the fabrics (area of 85 × 85 mm2) were fixed on a steel 
frame for systematic testing. The high-speed photography photos of 
Kevlar and EK-TENG under the incident velocity of 160 m/s were shown 
in Fig. 5b and Video S2. A longer bullet breakdown time and greater 
deformation of EK-TENG were observed than Kevlar. Additionally, 
Fig. 5c illustrated the residual velocities (vr) of bullets at different inci
dent velocities (vi). The relationship between them was fitted by the 
Recht-Ipson function [32]: 

vr = α(vp
i − vp

bl)
1/p (1)  

Where α and p were the parameters controlling the shape of the curve, 
vbl was the ballistic limit velocity. When the fabric could not be pene
trated, vr was considered to be 0. The fitting results were shown in solid 
lines. It was clear that the function fitted well with the experimental 
results. The vbl of EK-TENG was 126.6 m/s, which was higher than 
90.1 m/s of neat Kevlar. Moreover, the relationship between the dissi
pated energy (Edis) and the incident energy (Ei) was shown in Fig. S5b–d. 
The dissipated energy was calculated via formula (2) as followed: 

Edis =
1
2

mv2
i −

1
2

mv2
r (2)  

Where m was the mass of the bullet. In particular, at the identical inci
dent velocities, such as 138 m/s or 160 m/s (Fig. 5d), the energy dissi
pation ratios of EK-TENG were larger than neat Kevlar. Accordingly, the 
EK-TENG could dissipate more energy compared with neat Kevlar, 
confirming its high-speed protection properties. 

Supplementary material Video S2 can be found online at doi:10.10 
16/j.nanoen.2021.106657. 

Moreover, a finite element model was established to verify the 
enhanced ballistic performance of EK-TENG. The simulated impact 
processes of neat Kevlar and EK-TENG at the same incident velocity were 
presented in Fig. S6. Larger fabric deformation and a smaller bullet re
sidual velocity of EK-TENG was observed than Kevlar. The impact stress 
cloud diagram of EK-TENG under the condition of fully fixed support 
was shown in Fig. S7. It was found that the stress in the yarn increased 
with time and the stress wave propagated from the center to the 
boundary in a symmetrical form. The fabric was deformed after being 
impacted, and the fabric was broken when the time was 60 μs. 

In addition, the self-powered sensing performance of EK-TENG under 
high-speed impact was evaluated. The voltage signals of EK-TENG at the 
shooting velocities of 82.3 m/s, 125.8 m/s and 183.5 m/s were pre
sented in Fig. 5e. It could be observed that the increase in ballistic 
impact velocities resulted in an improvement in peak voltages while the 
duration time of positive voltage (Tup) also showed a substantial 
decrement. Meanwhile, Tup exhibited a decreasing tendency from 
746.8 μs to 44.2 μs in shooting speeds of 60–150 m/s and finally satu
rated after 150 m/s loading (Fig. 5f). This result indicated Tup values 
could be used to assess external shooting speeds EK-TENG suffered. For 
instance, when the Tup was 402 μs, the initial speed of bullet was 76 m/s 
while 204 μs was corresponded to 94 m/s. The numerical calculations of 
the electric potential distribution of EK-TENG during impact were 

shown in Fig. S8. As the bullet approached, the electric potential of EK- 
TENG gradually decreased along with the distribution became uneven 
due to the local influence increased. 

2.5. EK-TENG protection and sensing characteristics under explosion 
damage 

Besides, the anti-shockwave performance of EK-TENG subjected to 
air blast was further investigated. Fig. 6a schematically demonstrated 
the explosion test system. To generate a shock wave, an explosive charge 
composed of Pentaerythrite Tetranitrate with a mass of 1 g was fixed at 
the center of the 304 stainless steel plate (300 × 300 × 1.5 mm3) with a 
blast distance (h0) of 5 mm, 10 mm and 15 mm, respectively. The pho
tographs of the device on top and side view were shown in Fig. S9a. The 
EK-TENG was attached to the bottom surface of 304 stainless steel plate. 
Also, the strain rates loaded on the composite plates were measured by 
the strain gauge which was connected with a bridge box and a dynamic 
strain gauge. The pressure-time history of the transmitted shock wave 
was measured by the piezoelectric film (a PVDF pressure gauge) 
mounted on the midpoint of the base. Ultimately, the voltage signals of 
EK-TENG were directly collected by an oscilloscope. 

The pressure-time history of the incident shock wave (P0, unit: MPa) 
was calculated by formulas as followed [33,34] and shown in Fig. 6b: 

P0 = Pm∙exp⁡( −
t
θ
) (3)  

Pm = 100∙(
r
r0
)
− 1.38 (4)  

θ = 10− 6∙(
r
r0
)

1.6 (5) 

Among them, Pm (unit: MPa) was the maximum value of the pressure 
at the measured wavefront; t (unit: s) was the time since the explosion 
started and the θ (unit: s) was the reference time; r0 (unit: mm) was the 
charge radius of 0.2 mm and r (unit: mm) was the distance from test 
point to explosive center which was the sum of h0 and r0. Clearly, a slight 
decrement in h0 resulted in the significant enhancement of Pm. 

Furthermore, the results of strain rate at different blast distances 
were shown in Fig. S9b. All measured values were between 11.2 × 106 

s− 1 and 12.6 × 106 s− 1. After the explosion, large deformations were 
generated in the 304 stainless steel plates. The pure steel plate was 
severely damaged after the explosion (Fig. S9c (i)), and many fragments 
were produced, which was also dangerous for human body. However, 
the surface of the steel plate with EK-TENG attachment was intact even 
the strain gauge was still stuck to the plate (Fig. S9c (ii)). 

More importantly, the excellent shockwave attenuation performance 
of EK-TENG was characterized by measuring transmitted waves at 
different explosion heights. Under blast loading of 5 mm (Fig. 6c), the 
transmission wave pressure (P) of the 304 stainless steel plate reached a 
peak value of 6.4 MPa at 152.6 μs, while the transmission wave peak 
pressure of the composite plate with a single-layer Kevlar was 1.8 MPa, 
attenuated by 72.8%. Notably, the transmission wave peak pressure of 
the plate with a single-layer EK-TENG was 0.8 MPa, attenuated by 
87.4%. Meanwhile, similar enhanced energy-dissipation effect of EK- 
TENG could be found in Fig. S9d and Fig. S9e. In addition, the decay 
time of the transmitted wave was prolonged due to the introduction of 
EK-TENG, which impeded and dissipated the concentrated loading of 
ultra-high stress waves. Peak value comparison of the transmitted waves 
pressure (Pmax) was illustrated in Fig. 6d. It could be concluded that EK- 
TENG demonstrated more excellent energy absorption performance 
than neat Kevlar. 

Finally, Fig. S9f displayed the test loading method of electric signal 
under explosion damage and the contact material was Poly tetra fluo
roethylene. The negative peak time difference of the voltage signal was 
defined as t0, and the values of t0 at three heights were counted. As the 
explosion height increased, an increment in t0 was observed in Fig. 6e. 
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For instance, when the explosion distance was 15 mm, the stable voltage 
signal of EK-TENG was shown in the insert figure. Overall, EK-TENG not 
only showed excellent anti-shockwave performance, but also could be 
used in the field of ultra-hazard sensing. 

2.6. The application of EK-TENG wireless passive sensor alarm 

Besides excellent protection and superior self-powered electrical 
performance, transmitting the sensing signals to readable electrical de
vices and alarm human beings were vital in automatic security appli
cations. EK-TENG, as a wearable self-powered device, may also work in 
many complex conditions with low, medium and even high-speed force 
loadings. Finding the broken EK-TENGs after impact was important for 
replacing them and rescuing in time. Hence an intelligent wireless 
passive alarm system based on EK-TENG with human motion monitoring 
and impact sensing effects for remote emergency rescue was finally 
developed. Three typical loading modes with different frequencies such 
as low-velocity human walking motion (Mode I), medium-velocity drop 
hammer impact (Mode II) and high-velocity bullet impact (Mode III) 
were carried out to generate voltage signals (Fig. S10). 

The as-developed alarming system was shown in Fig. 7a. Briefly, the 
signals generated by EK-TENG were firstly filtered and amplified by the 
signals processing circuits (SP circuits) and subsequently transformed by 
an analog to digital converter (ADC), finally accepted and analyzed by a 
microcontroller. In addition, the microcontroller unit (MCU) had a vi
sual screen (Fig. 7b), which could not only dynamically display the 
detected waveforms but also conveniently set the threshold of the in
ternal program and the alarm switch whether to turn on in a friendly 
human-computer interaction. A custom smartphone application was 
developed and programmed. When the MCU detected a danger, the 
electrical signals were transmitted wirelessly to a smartphone by Blue
tooth communication. The dialog box would pop up to prompt the 
"Alarm" on the application program interface, as displayed in Fig. 7c. 

When the signals were transmitted to the microcontroller, the peak 
values and time difference of the voltage signals were firstly detected. 
The absolute value of the peak voltage (|U|) and the time difference 
between the peak-to-peak values (|Δt|) were used as the two main pa
rameters for judging the danger signals. The flow chart of the EK-TENG 
wireless passive sensor alarm was demonstrated in Fig. 7d. Here, the 

requirement of |U|≥U1 could eliminate the influence of noise and error 
interference in the signal. But the |Δt| was the main factor in deciding 
whether to send an alarm signal to smartphone by Bluetooth. In general, 
the |Δt| values of three loading modes were all less than 200 ms. As 
illustrated in Fig. 7e, the |Δt| of voltage generated by normal walking 
was greater than 50 ms and |Δt| of the drop hammer impact was be
tween 2 ms and 50 ms. However, the |Δt| of bullet impact was less than 
2 ms. Consequently, based on the above analysis, different alarm re
sponses were generated by setting different judgment thresholds. For 
instance, when the judgment threshold of |Δt| (Δt1) was set to 200 ms, 
the walking signal not only trigger the MCU to sound, but also prompted 
a warning on the mobile phone interface through Bluetooth (Fig. 7f). But 
when the Δt1 was set to 50 ms, no alarm occurred during human walking 
process (Fig. S11a). Similarly, there was an alarm at the Δt1 of 50 ms 
(Fig. 7g) whereas no alarm at the Δt1 of 2 ms (Fig. S11b) under the EK- 
TENG suffering drop hammer impact. Finally, EK-TENG sent out an 
alarm through the wireless system under the shooting of high-speed 
bullet, warning the impact danger and prompting the remote monitor 
to initiate a rescue (Fig. 7h). The detailed alarm process was shown in 
Video S3. Therefore, this wireless sensing system based on the EK-TENG 
showed high sensitivity to various excitations and could be used to 
monitor and warn impact dangers to meet different practical re
quirements which demonstrated potential application in safeguarding 
and smart electronics. 

Supplementary material Video S3 can be found online at doi:10.10 
16/j.nanoen.2021.106657. 

3. Conclusion 

In summary, we had successfully manufactured a flexible and 
wearable enhanced Kevlar-based triboelectric nanogenerator, which not 
only showed anti-impact and self-powered sensing performance but also 
could be used for smart wireless security alarm applications. The 
fabricated EK-TENG could deliver the maximum peak power density of 
25.8 mW/m2 at the matching impedances of 10 MΩ. It was capable of 
directly powering commercial LEDs and supercapacitors, showing good 
triboelectric and energy harvesting performance. EK-TENG also 
exhibited excellent stability of repeated contact-separation loadings 
over 1000 cycles. In addition, the maximum pull-out force of EK-TENG 

Fig. 6. (a) Schematic of the explosion test system. (b) Pressure-time history of explosion incident waves at different explosion heights. (c) Pressure-time history of 
transmitted waves at explosion height of 5 mm. (d) Explosion height dependent pressures of transmitted waves of various fabrics. (e) The sensing signals generated by 
EK-TENG under explosion. 
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was about 14 times as large as neat Kevlar at the pull-out velocity of 
5 mm/s, suggesting that the friction between yarns increased due to the 
introduction of STF and SSG. Moreover, EK-TENG presented the signif
icant safeguarding and energy-absorbing performance which EK-TENG 
dissipated 77.9% hammer impact force at a falling height of 100 mm. 
Besides, EK-TENG effectively resisted a shooting speed of 126.6 m/s and 
dissipated 87.4% of the explosion wave under blast loading. Meanwhile, 
EK-TENG could stably output voltage signals even at high frequency and 
high strain rate impact. Ultimately, a smart TENG-based wireless passive 
sensor alarm system was demonstrated to verify EK-TENG’s superior 
sensing sensitivity and application of monitoring and warning impact 
dangers. In conclusion, the as-designed EK-TENG as well as wireless 
passive sensor alarm system with enhanced anti-impact and energy- 
harvesting performance showed profound application in human mo
tion monitoring, remote emergency rescue and automated security 
system. 

4. Experiment section 

4.1. Materials 

All chemical reagents were of analytical purity and used as received 
without further purification. Hydroxyl silicone oil, boric acid, ethanol 
and polyethylene glycol (PEG200) were provided by Sinopharm 
Chemical Reagent Co. Ltd, Shanghai, China. The spherical silica parti
cles were purchased from Shanghai Bu Micro Applied Materials Tech
nology Co., Ltd. The few-layer graphene was supplied by Shenzhen 
Siheng Technology Co., Ltd, China. The plain-woven aramid Kevlar 
fabric with an areal density of 200 g/m2 was bought from Beijing 
Junantai Protection Technology Co., Ltd., China. 

4.2. Preparation procedures 

4.2.1. Preparation of STF 
The spherical silica particles were added into PEG200 and dispersed 

Fig. 7. (a) The sensing system contained TENG-based Bluetooth and the interface of (b) microcontroller and (c) smartphone. (d) The flow chart of TENG wireless 
passive sensor alarm. (e) Alarm results of three loading modes under different set thresholds. The sensor system sensed, transmitted and warned during the impact of 
(f) low-speed, (g) medium-speed and (h) high-speed. 

W. Wang et al.                                                                                                                                                                                                                                  



Nano Energy 91 (2022) 106657

10

by ball milling for 24 h at room temperature to prepare STF with 
different mass fractions. 

4.2.2. Preparation of Kevlar/STF 
The Kevlar/STF composite was prepared by a "drip and dry" method. 

Firstly, STF was diluted with ethanol at a volume ratio of 1:4 and then 
mixed for 30 min in ultra-sonication to obtain a homogeneous solution. 
Subsequently, Kevlar fabric was immersed in the diluted solution for 
1 min and then were placed in an oven at 80 ℃ for 6 h to evaporate the 
ethanol. The Kevlar/STF composites were obtained. 

4.2.3. Preparation of SSG 
Briefly, hydroxyl silicone oil and boric acid with a mass ratio of 30:1 

were thoroughly mixed. And the mixture solution was heated in an oven 
for 1 h. Then, octanoic acid was added to the mixture and vigorously 
stirred. The composite was heated for another 30 min and cooled to 
room temperature to obtain SSG. 

4.2.4. The fabrication procedures of EK-TENG 
A certain amount of graphene was dispersed in ethanol. Then, the 

Kevlar/STF composites, which were obtained by a "drip and dry" 
method, were hung vertically and the mixed graphene solution was 
dripped on the surface. After placing in an 80 ◦C oven to evaporate the 
organic solvents, G-Kevlar/STF was obtained. Then, a conductive wire 
was placed on the surface of graphene. Meanwhile, another solution of 
SSG and ethanol was also prepared. Due to the viscosity of SSG, the SSG- 
film was adhered on the surface of G-Kevlar/STF after the ethanol 
evaporated, and the graphene was wrapped inside. Finally, they were 
placed in an oven at 80 ℃ to obtain the EK-TENG. 

4.3. Characterization 

The micro-morphology of all composites were characterized by field 
emission scanning electron microscopy (SEM, Gemini 500, Carl Zeiss 
Jena, Germany). Rheological properties of the STFs were tested by a 
commercial rheometer (Physica MCR 302, Anton Paar Co., Austria) with 
cone-plate geometry (25 mm in diameter and 2◦ in cone angle) under 
steady shear. The storage modulus and loss modulus of the SSG were 
also measured using Physica MCR 302. The composites, molded into a 
cylinder shape with a thickness of 0.85 mm and diameter of 20 mm, 
were tested with a parallel plate (diameter of 20 mm). The triboelectric 
properties of EK-TENG were investigated by an oscillator (JZK-10) 
(bought from Sinocera Piezotronics INC, China) and the corresponding 
output signals were recorded using a digital multimeter (DMM 6001). To 
study the interaction between yarns in fabric, yarn pull-out tests were 
carried out using a universal tensile instrument (MTS, Criterion™ Model 
43). The energy-collecting and safeguarding properties of the EK-TENG 
were performed by a low-velocity drop hammer test device and high- 
speed ballistic impact experiment. Finally, the explosion test system 
was used to study the anti-shockwave performance of EK-TENG. 
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