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A B S T R A C T

The widespread impact kinetic energy always causes injury and property loss in daily life. Conventional safe-
guarding systems protect human beings by passively insulating and dissipating impact energy but have ignoring
exploring them. Triboelectric nanogenerator (TENG) proves to be a favorable device in harvesting mechanical
energy but shows no protection property. Thus, developing novel safeguarding material with energy-harvesting
performance is essential in future generation personal security field. Here, a multifunctional TENG capable of
collecting impact kinetic energy with safeguarding property is reported by assembling Al foil with hybrid
polymer matrix. The matrix is fabricated by incorporating polytetrafluoroethylene (PTFE) nano-particles into
shear stiffening (SST) gel and polydimethylsiloxane (PDMS). The optimized TENG (6mm) after introducing 1%
PTFE nano-fillers into hybrid polymer attains the maximum electrical voltage, current and output power of
44.20 V, 8.84 μA and 390.73 μW, respectively. More importantly, SST/PDMS/PTFE-based TENG generates an
instantaneous power density of 135.57 μW/m2 under low velocity impact. The impact force simultaneously
decreases from 1971.90 to 839.72 N, exhibiting a remarkable safeguarding property. Finally, a wearable TENG-
based electronic skin can capture external impact energy into electrical energy, resist the impact and precisely
map force distribution which demonstrates promising application in next generation smart wearable systems.

1. Introduction

Impact with various speeds often occurs in daily life from sport, car
accident, ocean waves and even ballistic shooting. The excessive impact
kinetic energy during these collisions may cause discomfort, injury,
property loss and even death. It is reported approximate 50 million
traffic-related injuries and 1.2 million fatalities occur every year
worldwide [1]. Therefore, it is still urgent to develop functional safe-
guarding technologies with monitoring and dissipating impact excita-
tions due to the increasing public concern regarding the dis-
advantageous influence of harsh collision [2–6]. For example, helmet
effectively resisted impact, decreased the force and provided safeguards
for passengers [7]. The graphene-coated polymer foam nanocomposite
could resist impact pressure and transform it into electrical signals
which could act as impact sensor [5]. A structural wood material
showed a more than tenfold increment in strength and toughness than
natural wood which exhibited excellent ballistic energy absorption
performance for body armors [8].

Recently, various novel smart materials also have been developed to
meet the rapid development of safeguards [9]. One kind of smart

material is shear stiffening composites which include liquid shear
thickening fluid and solid shear stiffening (SST) polymer [10]. As a
derivative of polyborondimethylsiloxane (PBDMS), SST enables to
change from viscous state to rigidity under impact. Thus, SST shows
promising applications in shock absorber and safeguards because of its
stability, without sealing and controllable mechanical properties
[11,12]. A magnetic SST-based smart polymer composite could change
the storage modulus from 102 to 106 Pa which demonstrated excellent
shear stiffening effect [13]. The maximum energy dissipation of Kevlar/
SST/Kevlar sandwich was 20.8 J which presented 60% anti-impact in-
crement than neat Kevlar fiber [14]. So far, most reported systems
passively protected human beings by dissipating impact energy but
have ignored exploiting them. Therefore, it is still an important issue to
develop smart safeguarding devices with the property of detecting and
converting impact energy.

Since first reported in 2012, triboelectric nanogenerator (TENG)
proves to be a promising renewable energy conversion device owing to
the triboelectric effect [15,16]. The triboelectric charges always ag-
gregate in the process of contact-separation and thus, a voltage differ-
ence occurs on the surface of the two materials [17–20]. So far, the
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developed TENG could harness various frequencies of irregular me-
chanical energy into electrical energy [21–25]. Additionally, various
TENGs with other functions have also been developed to meet the de-
mand of practical applications, such as catalysis [26,27], breath sensing
[28] and sterilization [29]. Nowadays, novel TENGs capable of col-
lecting impact energy are proposed and these systems could also act as
self-powered sensors to detect external stimulations. A new self-pow-
ered TENG could drive itself by gathering fall impact energy into
electric energy and as a force sensor, it could detect the falling force of
older people which showed promising application in smart hospitals
[30]. Apart from sensing dynamic force, a multifunctional single-elec-
trode TENG device could also inhibit the growth of bacterial [31]. A
TENG-based acceleration sensor exhibited a high impact sensing range
over 18,000 g and a thickness-dependent sensitivity theoretical model
was also explored [32]. Although these functional TENG devices pre-
sent the ability of harnessing impact energy and other functions, they
still lack the properties of protecting human beings from harsh injure.
Combining shear stiffening polymer with TENG may endow it with the
capacity of harvesting impact kinetic energy as well as protecting
human beings. Thus, with the rise of personal security awareness
nowadays, it will be an exciting work to develop SST-based TENG for its
fundamental significance and practical applications.

In this work, a multifunctional TENG with energy-harvesting and
safeguarding performance is fabricated with a hybrid polymer matrix
and Al foil. The hybrid shear stiffening polymer/polydimethylsiloxane/
polytetrafluoroethylene (SST/PDMS/PTFE) composite shows typical
shear stiffening effect which the storage modulus (G′) increase from
7.36 kPa to 0.30MPa in the shear frequency range of 0.1–100 Hz. The
PTFE contents and thickness dependent electric properties of TENG are
also systematically explored. SST/PDMS/PTFE-1%-based TENG with

6mm shows 44.20 V and power of 390.73 μW, demonstrating ideal
high-frequency energy-collecting property. Moreover, drop hammer
test systems are applied to study the safeguarding and energy-gathering
performance under low velocity collision conditions. SST/PDMS/PTFE-
1%-based TENG (6mm) produces an output voltage and a maximum
power density of 34.93 V and 135.57 μW/m2 as well as decreases the
impact force by 57.41% which provides protection performance.
Finally, a wearable TENG array can collect kinetic energy and resist
external impact effectively.

2. Experimental sections

2.1. Preparation of TENG

SST gel was prepared by heating dimethyl silicone oil with small
amount of pyroboric acid for several hours [12] and the solid SST
polymer could be obtained after cooling down the reactants. Then, SST
gel and HTV silicone rubber (MVQ 110-2, purchased from Dong Jue
Fine Chemical Nanjing Co., Ltd) with the ratio of 7: 3 were mixed by a
two-roll miller followed by introducing benzoyl peroxide and PTFE
nano-particles. After curing the above composites at 100℃ under
20MPa by a plate vulcanizer (Bought from Shanghai Yeshuai Precision
Technology. Co. Ltd, YS20T-S), the hybrid polymer matrix could be
prepared.

The above hybrid polymer composites were assembled with Al foil,
Cu conductive adhesive tape and then placed on steel mould and heated
at 80℃ under 20MPa for several minutes. By changing the shapes of
moulds, various sizes of TENGs could be fabricated.

Fig. 1. The preparation procedures of TENG: (a) SST/PDMS/PTFE hybrid polymer matrix, (b) assembling and (c) curing TENGs; (d) the as-prepared TENGs with
different shapes; (e) stretchability of SST/PDMS/PTFE; (f) flexibility of TENG; SEM images of: (g) PTFE nano-particles, (h) SST/PDMS and (i) SST/PDMS/PTFE-10%;
(j) shear stiffening effect of polymer composites; (k–n) working mechanism of the TENG.
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2.2. Characterization systems

The mirco-structures of PTFE nano-particles and TENG were char-
acterized by SEM (Gemini SEM 500, ZEISS). Rheological properties of
the polymer matrix were measured by a commercial rheometer
(Physica MCR 301, Anton Paar Co., Austria). The tested samples were
fixed into cylinder with diameter of 10mm and thickness of 1mm. The
shear frequency varied from 0.1 Hz to 100 Hz. The triboelectric tests
were conducted by an oscillator (JZK-10) (bought from Sinocera.
Piezotronics. INC, China) and the corresponding output signals were
recorded by digital multi-meters (DMM6001). The energy-collecting
and safeguarding properties of TENG device was explored by a drop
hammer test systems.

3. Results and discussion

3.1. Characterization of SST/PDMS-based TENG

Fig. 1a–c is the description of the preparation procedures of TENG.
Briefly, PTFE nano-particles and small amount of PDMS are introduced
into SST polymer by a two-roller miller. Then, the TENG device is
fabricated by sealing Al foil with a hybrid SST/PDMS/PFTE polymer
matrix and different shapes of TENGs are shown in Fig. 1d. Originated
from shear stiffening gel, the hybrid SST/PDMS/PTFE shows stretch-
able characteristic (Fig. 1e). Additionally, the as-prepared TENG can be
bent and totally recovered back (Fig. 1f). The micro-structures of the
composites are also characterized. PTFE nano-fillers are spherical

particles with a uniform diameter of about 270 nm (Fig. 1g). Many
wrinkles can be observed on the surface of SST/PDMS (Fig. 1h), in-
dicating its soft characteristic. Larger PTFE nano-particles appear on the
surface of SST/PDMS/PTFE-10% which is due to the agglomeration of
PTFE in the mixing process (Fig. 1i).

Shear stiffening gel is a plastic polymer which can be molded into
different shapes [13]. However, it turns to stiff under impact. There-
fore, its initial storage modulus (G′) is as low as 69.91 Pa under 0.1 Hz
shear excitation while its maximum G′ can reach 0.73MPa (at 100 Hz)
which shows typical shear stiffening effect (Fig. 1j). The G′ of PDMS is
independent of shear frequency which is about 0.11MPa. Undoubtedly,
the initial G′ of SST/PDMS is increased to 7.36 kPa due to the in-
troduction of PDMS and its maximum G′ is 0.30MPa which also ex-
hibits shear rate-dependent property. However, the initial modulus of
SST/PDMS/PTFE continues increasing due to the enhancement of nano-
fillers. To this end, SST/PDMS and SST/PDMS/PTFE are ideal polymer
matrixes for flexible electronics.

The working mechanism for harvesting energy of TENG in one cycle
process is presented in Fig. 1k–n. Based on the coupling effect of tri-
boelectrification and electrostatic induction [33], the initial contact
induces charge transfer at the interface of human skin and TENG owing
to their different electron affinity [34,35]. It generates negative tribo-
electric charges on TENG and positive ones on human skin. After the
positive skin finger leaves, a potential difference between Al foil em-
bedded in SST/PDMS/PTFE and the ground is generated and thus re-
sults in the flow of free electrons (Fig. 1k, l). The system turns to
electrostatic equilibrium when human skin leaves far away (Fig. 1m).

Fig. 2. Characterization of TENGs. (c) The loading force dependent (a) voltage and (b) current of SST/PDMS-based TENG at the frequency of 4 Hz; (d) typical voltage
and current of TENG under the force of (f) 32 N with external resistance of 100MΩ; (g) the compression frequency dependence of current-voltage and (i) power at the
force of 32 N; (h) the stability of current and voltage of TENG under the excitation of 2 and 10 Hz.
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Fig. 3. Typical curves of (a) voltage and (b) current of SST/PDMS-based TENG (2mm) on 8MΩ load resistance at the force and frequency of 32 N and 10 Hz,
respectively. (c) Voltage, current and (d) output powers under various external resistance.

Fig. 4. PTFE contents dependent triboelectric performance of TENGs. (a) Voltage, current and (b) power of SST/PDMS/PTFE-1%-based TENG under different external
resistance; (c, d) photos of 80 LEDs are brightly lit up by gentle hand tapping on TENG; SEM images of (e) SST/PDMS/PTFE-1%, (f) SST/PDMS/PTFE-3%, (g) SST/PDMS/PTFE-
5%; (h, j) electric output including voltage, current and (i, k) power of SST/PDMS/PTFE as a function of PTFE content ranging from 3% to 5% with various external resistance.
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Once human finger is approaching to SST/PDMS/PTFE again, the in-
creased potential in Al foil can drive the free electrons to flow back
from the ground which generates a negative current signal until the
system reverses to the initial state (Fig. 1n). Thus, the as-prepared
TENG can sustainably harvest kinetic energy with cyclic contacting-
separating processes and TENG enables to act as a sustainable power
source for wearable electronics.

The vertical force and frequency dependent output electrical per-
formance of SST/PDMS-based TENG with sizes of 50× 50×2mm3

were systematically investigated in Fig. 2. The characterization systems
were schematically illustrated in Fig. S1. TENG was attached on a flat
panel and followed excited by an oscillator. A force sensor was installed
near the probe of the oscillator to record the loading force (presented in
Fig. 2c). Keeping the frequency at 4 Hz, TENG with high sensitivity
responds to the pressure of 0.3 N with voltage of 4.46 V, indicating it
even enables to harvest weak mechanical energy (Fig. 2a). When the
forces vary from 2 to 46 N, voltages of the TENG increase proportion-
ally. Especially, the voltage tends to saturate when the force is larger
than 32 N. The larger deformation of SST/PDMS induced by higher
loading pressures leads to higher effective contacting areas and charges
transformation at the interface. When the deformation of TENG reaches
maximum, the full contact of TENG will lead to a saturated output
voltage. Similarly, the output current presents the same tendency as it
enhances from 0.04 to 0.80 μA under various forces (Fig. 2b). The
electrical signals including voltage, current and the applied force also
show ideal stability under 32 N (Fig. 2d–f). Additionally, the frequency-
dependent electric outputs under 32 N are shown in Fig. 2g–i. Since
higher loading frequency can decrease the duration of current peak and
increase the charge-transfer process, [36,37] the voltage, current and
output power undoubtedly elevate with the increasing of external

loading frequencies (Fig. 2g, i) and the signals are also stable (Fig. 2h).
The maximum voltage and current are respective 90.95 V and 0.91 μA
at 10 Hz. Therefore, the optimized electrical performance of SST/
PDMS-based TENG can be obtained under 32 N and 10 Hz.

The dependence of triboelectric properties of SST/PDMS-based
TENG including voltage, current and output power on external load
resistance were systematically studied. Voltage exhibits an increasing
tendency (ranging from 8.61 to 112.79 V) with the elevation of external
loading resistance (Fig. 3c). However, the currents show a reversely
proportional relationship. The maximum current in the range of
1MΩ–1 GΩ is 8.61 μA. The output power (P=UI) is calculated in
Fig. 3d. The maximum peak power reaches 221.87 μW with the voltage
of 42.13 V and current of 5.27 μA under the load resistance of 8MΩ.
Voltage and current show stability under 32 N and 10 Hz with 8MΩ
(Fig. 3a, b). These properties demonstrate SST/PDMS-based TENG is
capable of collecting mechanical energy as a power source.

3.2. High-frequency energy-harvesting performance of SST/PDMS/PTFE-
based TENG

To improve the triboelectric output performance of TENG, various
strategies have been taken out [38,39]. In this work, PTFE was in-
troduced as an electrode component owing to its highest electron
capturing characteristic and the influences of PTFE contents on the
electrical properties of SST/PDMS/PTFE-based TENG were further ex-
plored. The tested samples were 5× 5 cm2 and the thickness kept at
2mm. As expected, the maximum current of SST/PDMS/PTFE-1%-
based TENG is 9.78 μA and it decreases with the increase of external
resistance, while voltage simultaneously follows the opposite tendency
(Fig. 4a). The maximum voltage is as high as 114.33 V. As depicted in

Fig. 5. Energy-harvesting properties of SST/PDMS/PTFE-1%-based TENGs with different thicknesses. Voltage, current and the corresponding power as a function of
load resistance: (a, b) 4 mm, (c, d) 6mm; (e) the equivalent circuit for TENG, charging capacitors, rectifier and LED arrays, (f) charging curves by TENG (6mm) at
different load capacitances, (g) images of over 80 LEDs are lit up by the charged capacitor, cyclic stability of TENG with thickness of (h) 4 and (i) 6mm.
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Fig. 4b, when the resistance is 8MΩ, TENG reaches a voltage and
current of 58.98 V and 7.37 μA (Fig. S2 a and b), and the maximum
output power is 434.68 μW which shows 95.92% increment than the
maximum power in Fig. 3d. This is due to the high capacity for har-
vesting electrons of PTFE [40]. Fig. 4c and d present the device enables
to transfer the energy of human motion into electric energy which lights
up more than 80 LEDs. Dependence of energy-harvesting performance
of SST/PDMS/PTFE-3%-based TENG and SST/PDMS/PTFE-5%-based
TENG on different external loading resistances are presented in
Fig. 4h–k. Voltage and current show similar tendencies when compared
with the results in Fig. 4a. The maximum electric power of SST/PDMS/
PTFE-3%-based TENG achieves 395.40 μW at 7MΩ and the corre-
sponding voltage and current are presented in Fig. S2c, d. As for SST/
PDMS/PTFE-5%-based TENG, the maximum power is 266.32 μW as the
resistance is 10MΩ (the relative voltage and current are shown in Fig.
S2e, f). In this regard, SST/PDMS/PTFE-1%-based TENG exhibits the
highest energy harvesting properties. When introduced PTFE, its
highest ability of gathering electrons is favorable to improve the tri-
boelectric output performance [41]. However, more PTFE nano-parti-
cles as well as their agglomerates expose on the surface of SST/PDMS
with the increase of PTFE contents (Fig. 4e–g), they decrease the ad-
hesion force between Al foil and SST/PDMS owing to its poor adhesion
with other materials [42] which leads to a decreased contact area and
lower triboelectric charges. On this occasion, the electrical properties
decrease when PTFE contents increase from 3% to 5%. In conclusion,
SST/PDMS/PTFE-1%-based TENG exhibits the highest energy har-
vesting property which is chosen for further study.

The properties of SST/PDMS/PTFE-1%-based TENG with various

thicknesses are also explored since it plays important role in de-
termining the ability of harvesting mechanical energy and the results
are presented in Fig. 5. The instantaneous power of SST/PDMS/PTFE-
1%-based TENG (4mm) is maximized to 399.03 μW at an external re-
sistance of 8MΩ (voltage at 56.50 V and current at 7.06 μA, Fig. S3a,
b). Additionally, an instantaneous output power of TENG with 6mm
achieves 44.20 V (Fig. S3c, d) and a peak value of 390.73 μW when the
load resistance is about 5MΩ (Fig. 5d). The slight decrease in maximum
power density from 2mm to 6mm may due to the reduction of induced
charges with the increase of thickness. Thicker polymer matrix with
higher dielectric constant could prevent the charge accumulation which
leads to lower output performance [25,43,44]. Additionally, thicker
SST/PDMS/PTFE lay enables to absorb, store more kinetic energy and
the collected energy for TENG is apparently decreased [45]. Thus, the
triboelectric properties with thicker dielectric SST/PDMS/PTFE are
decreased. As a sustainable power source, TENG (6mm) is connected
with a circuit composed of rectifier, different capacitors and LED array
and the equivalent circuit is presented in Fig. 5e. The charging voltages
as a function of charging time with different capacitances are shown in
Fig. 5f. The voltage with smaller capacitance increases faster and 0.22
μF capacitor exhibits the highest voltage of 17.17 V within 45 s which
verifies the high efficiency of harvesting high-frequency mechanical
energy of TENG. Additionally, over 80 LED bulbs in series are lit up by
the 0.22 μF capacitor (Fig. 5g). Durability test is further carried out by
high-frequency loading-unloading on TENG for 4000 cycles since cyclic
stability is important for practical application. According to Fig. 5h and
i, SST/PDMS/PTFE-1%-based TENGs with 4 and 6mm all exhibit ex-
cellent stability which the voltage signals show no degradation even

Fig. 6. Triboelectric and protection performance of TENG (2mm) in low velocity impact tests: voltage and the corresponding force signals simulated by the impactor
falling from (a, f) 10, (b, g) 20, (c, h) 40, (d, i) 50 and (e, j) 60 cm, respectively (the external resistance is 10MΩ); typical force–time curves dropping on (k) TENG and
(l) force sensor; (m) impact force and power density versus falling height in the 3D bar graph (red bars indicate the drop weight impact on TENG, blue bars represent
the weight load on force transducer).
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after 4000 excitations. This result demonstrates SST/PDMS/PTFE-1%-
based TENG with high electrical performance is appropriate as a self-
powering energy source to actuate low-power electronic devices.

3.3. Safeguarding and low velocity impact energy collecting properties of
TENG

To further mimic the safeguarding as well as the low velocity energy
harvesting properties of TENG, a drop hammer test system connecting
with force sensor and digital multi-meter was employed to load-unload
the impact excitation (Fig. S4). The head of the applied impactor is
3× 3 cm. The impact force could be altered by changing the falling
heights of the impactor. TENG was fixed on the metal force sensor
which could record and transfer impact force after collision. The digital
multi-meter could capture triboelectric signals. Once the impactor loads
on TENG with the thickness of 2mm, the force starts to increase to
maximum 617.61 N within 0.70ms and attenuate to 0 (Fig. 6f and k).
The impactor then rebounds owing to the storage elastic energy of SST/
PDMS/PTFE-1%. Fig. 6l is the force-time curves which the impactor are
directly collided on force sensor. Compared with the peak value in
Fig. 6l, the maximum force in Fig. 6k is significantly decreased by
21.05% (from 782.25 to 617.61 N) which proves TENG can act as a
protector layer to absorb impact energy. When B atoms are introduced
into polydimethylsiloxane chain, three Si-O-B polymer chains form
[13]. The empty p orbits of B atoms would accept electrons from O
atoms to form B-O dynamic cross bonds which are similar to the hy-
drogen bonds. Large numbers of the B-O cross bonds could attract
neighboring polymer chains and impede their slide movement under

high rate excitation. Simultaneously, the entangled polymer chains also
obstruct the deformation and dissipate impact energy. Thus, shear
stiffening effect occurs and the TENG device is able to dissipate energy.
On the other hand, the impact forces as well as voltage increase with
the increasing of falling heights which exhibits typical triboelectric
characters. When the heights are 10 and 20 cm, the impact forces are
617.61 (Figs. 6f) and 890.73 N (Fig. 6g), respectively. The corre-
sponding voltage are 6.70 (Figs. 6a) and 9.46 V (Fig. 6b). Voltage peaks
are apparently in accordance with the changes of loading forces which
implies the high response and sensitivity of TENG. Additionally, these
stable signals demonstrate TENG can sustain the collisions effectively.
Once the falling height is higher than 40 cm, TENG are easily destroyed
according to the dramatic changes of voltage noise values (Fig. 6c–e). In
addition, Fig. 6m is the results of maximum impact force and power
density versus falling heights. Remarkably, power density of TENG
shows characteristic enhancement from 4.61 to 67.24 μW/m2 when the
heights change from 5 cm to 60 cm. The impact force simultaneously
exhibits similar increasing tendency. Compared with the forces loaded
on force sensor (blue bar), the forces on TENG are relatively lower,
indicating their energy-dissipating property. To this end, TENG shows
triboelectric and protection performance under impact condition which
illustrates the as-prepared TENG can harvest low-frequency impact ki-
netic energy as well as the favorable electrical and safeguarding sta-
bility during cycles of impact.

TENGs with different thicknesses were also investigated due to their
significant influence on the properties of TENG. When the falling height
is 40 cm, the stable voltage and force signals on TNEG (4mm) prove
SST/PDMS/PTFE-1% can effectively sustain the impact (Fig. 7a and c).

Fig. 7. Thickness dependent triboelectric and safeguarding performance of TENG under impact condition: voltage and the corresponding force signals simulated by
the impactor falling from 40 cm on TENG with (a, c) 4mm, (f, h) 6mm, dropping from 60 cm on TENG with (b, d) 4mm and (g, i) 6mm, respectively; impact force
and power density versus falling height in the 3D bar graph (red and yellow bars indicate the drop weight impact on TENG, blue bars represent the weight load on
force transducer, the X-, Y- and Z-axis represent falling height, power density and force): TNEG with (e) 4 and (j) 6mm.
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Keeping the falling height at 40 cm, TENG (4mm) outputs stable vol-
tages within 3 cyclic impact loadings which is owing to the triboelec-
trification and electrostatic induction (Fig. S5) The maximum voltage of
TNEG (4mm) attenuate from 36.75 to 12.69 V during cycles of impact
when the falling height reaches 60 cm, indicating the structure of TENG
(4mm) is ruined (Fig. 7b, d). As for TENG (6mm), voltage and impact
forces keep stable in the falling heights of 5–60 cm, exhibiting better
anti-impact performance (Fig. 7f–i, Fig. S6). The falling heights de-
pendence of impact force and instantaneous power density of TENG
with 4 and 6mm are presented in Fig. 7e and j, respectively. The
maximum force on force sensor is 1971.90 N (blue bar in Fig. 7j) at the
dropping of 60 cm. However, they decrease to 1104.40 and 839.72 N
for TENG (4mm) and TENG (6mm), respectively. The maximum power
density for TENG (4mm) is 150.06 μW/m2 (Fig. 7e) while they elevate
from 4.59 to 135.57 μW/m2 when the falling heights vary from 5 to
60 cm (Fig. 7j). The favorable safeguarding and triboelectric stability of
TENG-6mm during cycles of harsh impact guarantee its good reliability
for harvesting low velocity energy and safeguards. Additionally, TENG
(6mm) can scavenge impact energy generated by a hammer with the
head of 5×5 cm2 and lights up LEDs which shows potential applica-
tion in powering small electronics (Movie S1).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.02.060.

3.4. TENG-based e-skin arrays

Finally, a SST/PDMS/PTFT-1%-based TENG (6mm) array with
3× 3 units and 12×12 cm2 spatial resolution was obtained by sealing
9 pieces of Al foils (2.7× 2.7 cm2), conductive wires with polymer
matrixes (Fig. 8a–d). The voltage signals were recorded during impact
tests (Fig. 8e). Typically, voltage peaks are stable under cycles of im-
pacts (Fig. 8f) and the output powers of all pieces are presented in

Fig. 8g. The power distributions are in accordance with the loading
forces distributions which the center of the single TENG exhibits the
highest power of 3.60 μW. The TENG arrays can act as a wearable
mechanoreceptor with energy-collecting properties which enables to
light up the corresponding LEDs (Fig. 8h–j and Movie S2). Additionally,
as a prototype of safeguard, the TENG array impedes external impact
and protects human beings effectively.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.02.060.

4. Conclusion

In this paper, we reported a functional TENG with safeguarding
property by resembling Al foil with SST/PDMS/PTFE polymer. The
triboelectric property of TENG and the influence of PTFE contents and
polymer thickness are systematically investigated. SST/PDMS/PTFE-
1%-based TENG with the thickness of 6mm shows a maximum power
of 390.73 μW at voltage of 44.20 V. More importantly, it outputs an
instantaneous power density of 135.57 μW/m2 under impact as well as
dissipates the force from 1971.90 to 839.72 N which presents its out-
standing collecting and dissipating low velocity impact energy. Finally,
a flexible TENG array can be used in wearable electronics and safe-
guards.
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