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A B S T R A C T

In recent years, high performance triboelectric nanogenerator (TENG) shows distinguished energy-harvesting
property which guarantees its potential applications as a power source. However, collision and harsh impact,
occurred in daily life, always injure human beings. Developing novel multifunctional TENG with self-powered
mechanosensing and protection properties from violent impact is an urgent and meaningful work. Here, a
multifunctional TENG with energy-harvesting, safeguarding and self-powered force-sensing properties was
fabricated by assembling shear stiffening gel/polydimethylsiloxane (SSG/PDMS) matrix with GaInSn liquid
metal. Operating at 10 Hz, TENG with a size of 50 × 50 × 4 mm3 obtains an output voltage of 35.72 V, current
of 5.10 μA, and maximum output power of 182.17 μW. In addition, TENG device generates enhanced output
power of 323.97 μW under tensile strain of 80%. Besides harvesting mechanical energy, TENG with fast stimuli-
responsive character, has been proven as a self-powered sensor to monitor varieties of physiological movements.
More importantly, the TENG device with high damping property enables to dissipate 66.43% of external impact
force which provides favorable protection effect. Correspondingly, the distinguished output voltage signals can
also reveal and assess different impulsive loads. This work proposes a multifunctional TENG device with energy-
harvesting, and utilizing the flexible TENG for safeguarding and self-powered mechanosensing.

1. Introduction

Wearable electronics as one of the most promising technologies in
next-generation artificial devices have achieved revolutionary pro-
gresses in the past decades [1,2]. They have potential applications in
sensors [3], artificial skins [4], touch panel [5] and smart textile [6].
Conventionally, external power sources are always required to drive
these electronics. However, the disadvantages of rigidity structures,
heaviness and bulky volume of these power supplies may seriously
hinder the practical applications of wearable electronics. Although
several flexible solar cells, Li batteries have been developed to try to
settle these problems, the frequent charging and replacing operations
still remain challenges in large-scale use on human skins. An ideal
strategy to overcome the inconvenience is developing novel electronics
with self-powered property which can harvest energy and transform it
to electric energy due to the universally available biomechanical energy
from ambient environment. Since first reported by Prof. Wang, the
feasible triboelectric nanogenerator (TENG) with high electronic output
performance, easy fabrication and environmental friendliness proves its
high efficiency in energy-harvesting in recent years [7,8].

TENG based on triboelectric effect and electrostatic induction, can
successfully convert mechanical energy into electric energy which can
act as a new green and sustainable power source. So far, the reported
TENG are mainly assembled by polymer matrix and conductive medium
with various coaxial [9] and sponge [10] structures. Besides serving as
a power generator, TENG with stimuli-responsive property can also be
utilized as multifunctional self-powered sensing systems including
gesture monitoring [11], wind flow rate sensing [12,13] and H2 de-
tection [14]. Additionally, high stretchability, another important
function for TENG provides more preferability in human wearable
electronics since human movements often include large-scale de-
formations. More efforts have devoted in fabricating stretchable TENG
to try to avoid failure resulting from large strain in daily life [15–19].
Especially, due to the good conductivity, high flexibility, nontoxicity
and avoiding cracks under stretch, Gallium-Indium liquid metal is an
ideal electrode material for stretchable TENG [20]. A novel poly-
dimethylsiloxane (PDMS) elastomer encapsulated with liquid metal
could function as capacitive sensor and triboelectric generator which
the motions of finger slapping or dragging across the electrode could be
differentiated by various signals [21]. A self-powered cursor based on
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triboelectric nanogenerator was developed by injecting liquid metal
into PDMS and this functional device enabled to simultaneously detect
normal force and shear force direction [22]. So far, the most widely
collected energy for stretchable PDMS- or Ecoflex-based TENG is bio-
mechanical energy including human bending, walking, pressing which
are mild excitations for TENGs [23,24]. However, harsh interaction
forces including friction force, compression and even violent collision
also exist during exercise and work which may lead to property loss and
personal injury. With the rise of personal security awareness nowadays,
it is imperative to develop multifunctional stretchable TENG with
safeguarding and force sensing performance to further diversify TENGs
and satisfy actual demand of utilizations.

Shear thickening fluid (STF) and shear stiffening gel (SSG) are a
kind of smart material whose viscosity and storage modulus increase by
orders of magnitude when the shear rate is beyond a critical value
which shows promising applications in damping, vibration controlling,
ballistic protection and body armors [25–28]. Overcoming the in-
stability and fluidity of STF, SSG whose commercial name is silly putty,
is more preferable in practical applications. It is in viscous state at rest
and turns to rigidity once undergoing striking [29]. Due to the high
viscosity and damping properties, various SSG-based functional mate-
rials and devices have been reported in recent years. A graphene/silly
putty-based viscoelastic polymer showed high sensitivity to pressure
which could be utilized as electromechanical sensor [30]. By mixing
SSG with carbonyl iron particles, a multifunctional polymer composite
with dual-stimuli-responsive properties have been fabricated [31]. A
SSG-based sandwich panel could absorb about 75% of the kinetic en-
ergy in low-velocity impact which exhibited better properties of energy
dissipation and stress distribution when comparing to the similar
sandwich panels with chloroprene rubber cores and ethylene-propy-
lene-diene monomer cores [32]. A smart SSG/Kevlar textile presented
dramatic improvement of 190% in preventing and absorbing impact
force with respecting to neat Kevlar fiber under dynamic impact ex-
citation which presented safeguarding performance for human beings
[33]. However, SSG is in viscoelastic state which could not sustain its
shape. Introducing small amount of PDMS could improve the stability
of SSG-based device [34]. To this end, SSG/PDMS with high damping
capacity may provide an exciting way for multifunctional TENG to
prevent and sensing external damages.

In this paper, a stretchable TENG with safeguarding and force-sen-
sing properties have been developed based on shear stiffening gel/
polydimethylsiloxane (SSG/PDMS) and GaInSn liquid metal. The

storage modulus of SSG/PDMS is rate dependent which can change
from 3.99 kPa to 0.16 MPa with the increase of shear frequency. Owing
to triboelectrification and electrostatic induction, TENG can generate a
maximum power of 182.17 μW, exhibiting a good energy-capturing
property. The high stretchability also guarantees the flexible TENG
collects ambient energy even with large tensile deformations.
Additionally, it also possesses fast stimuli-responsive performance
which enables to sense and monitor different human movements such
as tapping, compression and finger bending. Finally, owing to the shear
stiffening effect, TENG device can impede external collision by de-
creasing the impact force from 1687.37 N to 566.40 N as well as in-
creasing the buffer time from 1.10 to 2.75 ms. The generated electrical
data also distinguish various excitations even under harsh impact
conditions.

2. Experimental sections

2.1. Materials and preparation of TENGs

Briefly, a mixture of boric acid and polydimethylsiloxane (with the
mass ration of 2:15) was stirred and followed heated in over for 7 h. A
solid SSG polymer gel could be obtained after cooling down the com-
posite [31]. The hybrid SSG/PDMS was fabricated by using SSG, HTV
silicone rubber (MVQ 110–2, bought from Dong Jue Fine Chemicals
Nanjing Co., Ltd) and benzoyl peroxide with the mass ratio of 7: 3: 0.04
mixed by a two-roll miller. Then the hybrid polymer matrix was molded
and cured in a metal mould under 20 MPa at 100 °C for 20 min (Fig. 1a,
b). GaInSn liquid metal was then dipped dropwise on the groove
(length, width and thickness: 30 × 30 ×1 mm) of SSG/PDMS matrix to
form a conductive layer (Fig. 1c). After encapsulation and heat for
several minutes, the GaInSn-based TENG was obtained.

2.2. Characterization systems

The rheological properties of the polymer composite were char-
acterized by a commercial rheometer (Physica MCR 301, Anton Paar
Co., Austria). The tested samples were molded into cylinder with the
thickness of 1 mm and diameter of 2 cm. The tensile experiments were
carried by MTS (Criterion 43, MTS System Co., America). SSG/PDMS
and PDMS with the dimensions of 55 × 10 × 2 mm were stretched with
different speeds. The compressing-releasing force was loaded by metal
plate which was connected with an oscillator (HEV 500) and the

Fig. 1. Schematic diagram of the preparation process of TENG (a-e), photo of GaInSn liquid metal (f), stretchability of SSG/PDMS (g, h), rheological properties of the
polymer composite (i), electricity generation process of the as-prepared TENG (j-m).
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triboelectric output performance of TENG were studied by a digital
multi-meter (DMM6001). The impact tests were conducted by a drop
hammer test system.

3. Result and discussion

3.1. Triboelectric performance of the liquid metal-based TENG

The preparation procedures of GaInSn-based TENG are shown in
Fig. 1a-e. Fig. 1f is the applied GaInSn liquid metal. The PDMS
(thickness of 3 mm) considered here is brittle which tends to break after
stretched (Fig. S1). However, owing to the plasticity of shear stiffening
gel [31], SSG/PDMS exhibits high elastic and stretchable property
(Fig. 1g, h). The rheological properties of the polymer composites are
studied (Fig. 1i). The storage modulus (G′) of PDMS is independent of
shear frequency which the values at the frequencies of 0.1 and 100 Hz
are 0.12 MPa and 0.11 MPa, respectively. However, SSG gel is soft
which the initial G′ is 84.56 Pa (0.1 Hz) and it reaches 0.68 MPa when
external shear frequency is 100 Hz which shows typical shear stiffening
effect. Movie S1 also presents SSG is soft, stretchable but it also can
protect human beings from the hammer impacts. As expected, the in-
itial G′ value of SSG/PDMS is 3.99 kPa which shows soft and stretchable
character (Fig. 1h). However, it increases to 0.16 MPa when the fre-
quency is 100 Hz, presenting similar rate-dependent property. Thus,
SSG/PDMS with shear stiffening effect shows great potential applica-
tion in flexible wearable electronics. The electricity generation of this
single-electrode mode TENG is mainly due to the coupling effect of
triboelectrification and electrostatic induction which is schematically
illustrated in Fig. 1j-m. When human skin contacts with SSG/PDMS of
TENG, electrons can transfer from skin to the surface of TENG owing to
their different electrification (Fig. 1j) [35]. As skin is moved, the ne-
gative charges stayed on the surface of SSG/PDMS will induce positive
charges on GaInSn liquid metal to reach a new electrical equilibrium.
On this occasion, the positive charges drive the free electrons to flow
from the electrode to the ground, generating an output current signal
(Fig. 1k). When human skin separates away, TENG will be electro-
neutral due to the balance of positive charges induced in the GaInSn
liquid metal. Thus, no electron flow can be measured (Fig. 1l). More-
over, when skin moves back to TENG, the induced positive charges in
the GaInSn will reduce, follow by the flow of free electron from the
ground to liquid metal which forms a reversed electrical signal, as
shown in Fig. 1m. To this end, continuous current output will be gen-
erated with cyclic compression-releasing processes.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.09.035

Kinetic energy with diverse amplitudes and frequencies are wide-
spread in daily life. So it is essential to study the electric output per-
formance of TENG under various excitations. Fig. 2a and b show the
output voltage and current of TENG under different applied forces at a
constant loading frequency of 5 Hz. The tested TENG with a size of
5 × 5 cm2 and thickness of 4 mm links with external resistance of
80 MΩ. Output voltage and current obviously increase in accordance
with the increase of loading force. Especially, slight voltage signal of
4.20 V is generated under the force of 0.7 N, indicating the as-prepared
TENG can harvest negligible motion energy (insert fig. in Fig. 2a).
Voltage as well as current increase dramatically in the force range of
0.7–29 N and finally keep at 34.70 V and 0.43 μA, respectively (Fig. 2a,
b; Fig. S2a, b). On the other hand, the frequency of constant contact-
separation loading also shows positive influence on the output perfor-
mance of TENG. For instance, voltages rise from 3.75 to 38.30 V as the
loading frequencies vary from 0.5 to 10 Hz (Fig. 2c and Fig. S2c).
Correspondingly, the currents change from 0.47 to 4.79 μA (Fig. 2d and
Fig. S2d). This is mainly because high frequency of loading-unloading
decrease the separation time and more generated charges accumulate
on the electrode which results in higher current values [36–38].
Therefore, an appropriate loading force (27 N) and frequency (10 Hz)

can lead to higher triboelectric output performance for GaInSn-based
TENG.

Generally, external resistance is a significant influence on the
electric performance of TENG. Therefore, establishing the relationship
between power density and resistance is beneficial to practical appli-
cations. Thus, resistance (in the range of 1 kΩ–1 GΩ) dependent tribo-
electric outputs including voltage, current and power density were
systematically investigated. As expected, voltage (black lines in Fig. 3a)
of TENG (4 mm) is as low as 0.79 V under 100 kΩ. It starts to increase
when the resistance is larger than 100 kΩ and finally reaches 70.33 V at
the resistance of 1 GΩ. However, the maximum average current of
TENG is 12.56 μA under the resistance of 1 kΩ and it keeps decreasing
with the increase of external resistance due to the Ohm's law. The
output power (calculated by P = I2R) of TENG is presented in Fig. 3b.
The maximum average power achieves 182.17 μW at the load resistance
of 7 MΩ. The relative average voltage and current are 35.72 V and
5.10 μA which also show ideal stability (Fig. S3a, b). On the other hand,
the triboelectric properties of GaInSn-based TENG with different
thicknesses were also explored. Voltage of TENGs with 6 and 8 mm
exhibit similar tendency to the values of TENG (4 mm) and the max-
imum average values are respective 53.50 V (Fig. 3c) and 42.41 V
(Fig. 3e). The maximum load peak power of TENG with 6 mm is
achieved at 109.00 μW across the 8 MΩ load resistance (output voltage
and current are 29.54 V and 3.69 μA). As for TENG with 8 mm, an in-
stantaneous peak power of 66.93 μW is obtained at 7 MΩ and the stable
voltage and current are presented in Fig. S3c-f. According to the above
results, the electric output properties of GaInSn-based TENG decrease
with the increase of device thickness. Similar phenomena also exist in
PDMS- [16,39], Kapton- [20,40] and PTFE-based TENG [41]. Although
the thickness of SSG/PDMS polymer is much thicker than the dielectric
layers of the reported TENGs (micron levels), the mechanism can also
be used to explain our results. According to the calculations in previous
works [42–45], the thicker SSG/PDMS layer impedes the agglomeration
of triboelectric charges owing to the higher dielectric constant which in
turn decreases the output voltage. On the other hand, more kinetic
energy will be absorbed and dissipated by thicker SSG/PDMS polymer
(if assuming SSG/PDMS is a linear elastic body, thicker polymer has a
higher spring coefficient). Thus, the actual force loading on TENG de-
clines which leads to a decreasing triboelectric charges and lower
output voltage. The stability of TENG with 4 and 6 mm are also ex-
plored and presented in Fig. 3g and h. Clearly, the ideal output voltage
signals over 3000 loading-unloading motions show no degradation

Fig. 2. Generated output voltage (a), current (b) of liquid metal-based TENG at
80 MΩ under various different applied forces; frequency dependent voltage (c),
current (d) of TENG subjected to the force of 27 N under 8 MΩ loading re-
sistance.
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owing to the ideal durability of SSG/PDMS polymer matrix. Therefore,
TENG with 4 mm is more desirable as a wearable power source for
practical applications.

3.2. Output properties of TENG under different tensile elongations

The triboelectric performance of TENG under different elongations
was evaluated to mimic its practical working conditions. Originated
from the good elasticity and stretchability of SSG, the configuration of
the fabricated TENG can maintain stable even under extreme de-
formation (Fig. 4a, b). The tensile forces of SSG/PDMS with the sizes of
5.5 × 1 cm and thickness of 2 mm under different stretching speeds
were measured. Clearly, the maximum force increase from 0.96 to
4.58 N in the stretching speeds of 10–500 mm/min, indicating a typical
rate-dependent effect. The maximum strain of SSG/PDMS can reach
187% when stretching with 500 mm/min. As for PDMS, the increase of
maximum force under different stretching speeds is not obvious (Fig.
S4). Triboelectric current and the corresponding power of TENG with
various loading resistance at the stretch ratio of 20% are presented in
Fig. 4g and j. Output current signals are very stable with different re-
sistance during cycles of contact-separation processes and they un-
doubtedly decrease with the increase of load resistance. However, the
triboelectric output performance all increase when compared with
pristine TENGs. For example, current and power of TENG in initial state
are 5.73 μA and 164.48 μW while they respectively increase to 6.70 μA
and 224.34 μW when TENG is stretched to 20% at 5 MΩ. To prove the
feasibility of stretched TENG as a power resource, an array of LEDs is
connected with the nanogenerator. They can work effectively without
any power unit which demonstrates stretched TENG enables to harvest
mechanical energy from ambient environment (Fig. 4d-f). This incre-
ment is due to the coupling effect of contact surface areas and thickness
of SSG/PDMS layers. Owing to the Poisson's effect, the thickness of
SSG/PDMS decreases when stretched and the thinner dielectric layer
enables to increase the amount of induced charges in the GaInSn liquid

metal during contact-separation process [19,20]. At the same time, the
increased contacting area after stretched is also favorable to the
transformation of electrons. Thus the total triboelectric output perfor-
mance is increased. Current and power density of TENG with the axial
deformation of 60% show similar increasing tendency (Fig. 4h and k).
The stretch ratio dependent current and power under 7 MΩ were fur-
ther studied. The surface contacting area of TENG is increased after
stretching. As expected, the energy-harvesting performance is increased
as current vary from 5.10 to 6.80 μA during the stretch ration of 0–80%
and the corresponding power output also increase from 182.17 to
323.97 μW. To this end, the GaInSn-based TENG with high tensile strain
and outstanding triboelectric output in the lateral stretching mode en-
sures it as a deformable self-power electronics.

3.3. Self-powered mechanosensing properties of the TENG device

Taking advantage of the high stretchability, flexibility and good
sensitivity of TENG (4 mm), the device can act as a self-powered sensor
used for physiological monitoring. Firstly, TENG is attached on human
arm and different nitrile-gloved fingers (from 1 to 4) slight stroke are
subjected (Fig. 5a). Interestingly, TENG can feel the excitation by
changing voltage from 0.59 V (induced by stroke of 1 finger) to 1.15 V
(4 fingers) and finally it exhibits good recovery property which the
voltage decrease to 0.65 V (2 fingers). TENG also can detect different
pressures generated by nitrile-gloved fingers tapping with changing the
distinguished voltage signals (Fig. 5b). Additionally, TENG fixed on
human hand monitors the bending-releasing behaviors with repeated
cycles (Fig. 5c). According to the triboelectric series, the working me-
chanism of TENG during bending process is mainly because of the
contact-induced electrification and the changes of generated charges
caused by the relative sliding between fingers and TENG surface [46].
Besides sensing normal physiological motions, the as-prepared TENG
can also act as a proof-of-concept force sensor to detect the impact of
various hammers which is more important in harsh collisions (Fig. 5d).

Fig. 3. Thickness dependent of TENG subjected to 27 N at a frequency of 10 Hz with different external resistance: electric voltage, current and power output of 4 (a,
b), 6 (c, d) and 8 (e, f) mm; Stability of TENG with 4 (g) and 6 (h) mm at 500 MΩ.
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An elevated voltage at 13.66 V is due to the impact of a metal plate with
flat head while it decreases to 5.92 V when a hammer strikes on TENG.
Simultaneously, the responsive voltage signals are in accordance with
the impact frequency which also demonstrates its fast response to sti-
muli. In conclusion, GaInSn-based TENG with high flexibility, sensi-
tivity and rapid response can not only harvest energy as a self-powered
system but also detect and monitor a variety of physiological motions
ranging from gentle touch to large bending deformation which have
potential application in developing multifunctional wearable electro-
nics for medical diagnosis and human-machine interactive devices.

3.4. Force sensing and safeguarding properties of TENG

In consideration of the energy dissipation effect of SSG/PDMS, the
anti-impact as well as the triboelectric performance of TENG were
systematically investigated. A drop harmer test device connected with
force sensor, digital multi-meter, charge amplifier and oscilloscope
were used to study the self-powered sensing and safeguarding proper-
ties of TENG. The systems were provided in Fig. S5. The as-prepared
TENG devices were 5 × 5 cm2 and the thickness changed from 4 to

Fig. 4. The elongation of GaInSn-based TENG (a, b); tensile force-displacement curves of SSG/PDMS with different speeds (c); a tensile TENG can harvest mechanic
energy to electric energy and light up LEDs (d-f); triboelectric current and power output under different load resistance with tensile strain at 20% (g, j) and 60% (h,
k), respectively; current (i) and power output (l) of TENG at 7 MΩ resistance with elongation strain ranging from 0–80%.

Fig. 5. Photographs and self-powered force sensing of TENG to monitor: finger
stroking (a) and tapping (b), human hand bending/relaxation (c), impact at
different loading speeds by two hammers with different shapes (d).
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6 mm. Once loaded by the impactor from 5 cm, a voltage peak value of
9.2 V can be observed which is due to the triboelectric effect (Fig. 6a).
The impact force recorded by the force sensor increase sharply once
contacts TENG and after reaching a maximum value it decreases to
initial value (Fig. 6c). Additionally, the impactor damps for several
times which can dissipate much strike energy. When comparing with
the maximum force loading directly on metal force sensor (Fig. 6d), it
decreases from 596.31 to 120.43 N which implies the TENG can dis-
sipate 79.81% of impact energy and provide favorable protection. The
stable impact forces presented in Fig. 6b also demonstrate TENG
(4 mm) can sustain the external excitation and simultaneously output
reliable voltage signals. The buffer times loaded on TENG device and
force sensor are also studied. The largest time is 4.71 ms once the falling
height is 5 cm and it decreases with increase of falling heights and fi-
nally balances at 2.75 ms as the falling height reaches 40 cm. However,
the buffer time generated by the impact on metal force sensor is about
1.1 ms which is independent of falling heights. The dramatic im-
provement in buffer time also demonstrates the TENG device with SSG/
PDMS remarkably enables to impede external impact and act as pro-
tective material for safeguards. Output voltage, impact force of TENG
(4 mm) versus falling heights are shown in Fig. 6f. Voltage increases
from 9.02 to 16.29 V with the falling heights rising from 5 to 40 cm.
These distinguished voltage signals can be used to monitor external
impact excitations. Simultaneously, the impact force display the similar
tendency which it increases from 120.43 to 566.40 N. Comparing with
the forces loaded directly on the force sensor, TENG can dissipate much
impact energy which provides favorable protection effect. For example,
keeping the falling height at 40 cm, the impact force directly on the

sensor is as high as 1687.37 N while it dramatically reduces to 566.40 N
if loaded on the TENG device (decreased by 66.43%). And the forces
loaded directly on force sensor elevate from 600.02 to 1687.37 N with
the falling heights of 5–40 cm. The remarkable reduction of impact
force implies TENG can dissipate kinetic energy thus protect human
beings. Fig. 6g is the voltage cyclic stability of TENG dropped from 10
to 30 cm. Clearly, TENG is capable of resisting external impact and
outputting stable voltages in 5 loading-unloading excitations. However,
micro-cracks appear owing to the continuous impact from 30 cm and
GnInSn permeate into SSG/PDMS which leads to a decrease of voltage
from 17.07 to 6.63 V while the impact forces keep stable (Fig. 6h)
which proves the reduction of safeguarding performance of TENG is
negligible after cyclic impact loadings. A total of 80 LED bulbs are di-
rectly powered even by the impact of metal plate on a stretched TENG
(Fig. 6i and Movie S2). When the falling height is higher than 40 cm,
SSG/PDMS destroys and GaInSn flows out which voltage decrease
dramatically (Fig. S6a). However, the anti-impact force is stable even
the falling height reaches 50 cm (Fig. S6b). In comparison, falling
height dependent electric and mechanic properties of GaInSn-based
TENG (6 mm) are also exhibited in Fig. 6j. Output voltage as well as the
force signals show similar tendency when compared with those in
Fig. 6f. Undoubtedly, TENG (6 mm) demonstrates better anti-impact
performance under the same excitation. For instance, the loading force
of TENG (6 mm) is 447 N when the falling height is 40 cm which de-
creases by 21% than the force of TENG (4 mm). Due to the increased
thickness, the impact force (Fig. 6l) and voltage output (Fig. 6k) of
TENG (6 mm) are stable when the falling height is larger than 40 cm.
Thus, the fabricated GaInSn-based TENG could be applied as a smart

Fig. 6. Demonstration of GaInSn-based TENG as a self-powered force sensor with safeguarding performance. Output voltage (a) and impact force (b) signals of TENG
(4 mm) generated by the impact from 5 cm, typical force-time curves impacted on TENG (c), metal force sensor (d) and the corresponding buffer times (e), voltage
and impact force vs falling heights in the range of 5–50 cm (The red bars represent the signals loaded on force sensor) (f), cyclic stability of output voltage (g) and
loading force (h) of TENG, power LEDs by impacting a stretchable TNEG (4 mm) using metal plate (i); impact force and voltage of TENG (6 mm) versus falling heights
in the range of 5–50 cm (j), cyclic stability of voltage (k) and loading force (l) of TENG (6 mm) from the impact of 40 and 50 cm.
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self-powered force sensors as well as a safeguarding protector for next
generation wearable portable devices.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.09.035

4. Conclusion

In summary, a self-powered multifunctional triboelectric nanogen-
erator with protecting and sensing properties has been designed by
injecting GaInSn liquid metal into SSG/PDMS matrix. The TENG device
with optimized thickness of 4 mm shows high efficiency of gathering
mechanical energy with current of 5.10 μA, and an output power of
182.17 μW. Moreover, the as-prepared TENG exhibits enhanced tribo-
electric current and power even stretched to 80%. The nanogenerator
acted as a self-powered sensor also shows multiple sensing performance
which can monitor various physiological excitations. Benefited from the
shear stiffening effect, TENG device with 4 mm can sustain and impede
continuous collisions and decrease the impact force from 1687.37 N to
566.40 N. Thus, the reliable multifunction of the liquid metal-based
TENG ensure its practical utilization in wearable electronics, green
energy sources and safeguards.
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