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ARTICLE INFO ABSTRACT

Keywords: Environmental hazardous stimuli including strong electromagnetic field and impact force were always harmful
Triboelectric nanogenerator to human beings. Developing functional triboelectric nanogenerator (TENG) with universally harvesting various
Multi'moqe X energy and anti-impact effect may be an effective strategy to collect energy as well as protect human beings from
g:;:;zzlrjmld sensing danger. Thus, a miniaturized all-in-one TENG with high structural durability, anti-impact and multi-mode har-

vesting energy from compression, swaying and magnetic field was developed by assembling shear thickening
fluid (STF) and magneto-sensitive films. TENG yielded maximum power density of 27.05 mW/m? with the
voltage of 10.40 V at 10 MQ under compression. It also sensed and collected tiny STF flowing energy under non-
contact mode. Besides, high magnetic-sensitive effect endowed TENG with magnetic dependent programmable
shapes which enabled it to harvest non-contact rubbing/deformation energy. More importantly, the device with
STF exhibited high anti-impact properties which could resist and dissipate harsh collision force from 1390 N to
409 N, demonstrating excellent safeguarding properties for TENG and human wearers. This versatile device also
showed reliable sensing properties to various external magnetic field, human motions, contacted materials and
impact forces. In addition, a wearable TENG-based smart glove as a self-powered functional sensor presented the
ability of precisely mapping finger joints. Finally, newly-designed Kevlar/TENG-based e-textile arrays with 95%
impact-force dissipating and multi-fields display performance was proposed. Thus, this work opened a new
perspective for the development of functional TENGs as wearable electronic devices in universally energy-
scavenging and safeguarding areas.

Smart electronics

1. Introduction to power various electronics, wearable self-powered sensors, robotics,

health-care monitoring [9-17]. However, traditional wearable TENGs

The continuous flourish in personal smart device aggravates the
energy crisis in recent years which urgently motivates the development
of new energy sources. Fulfilling the satisfaction of energy demand is
more and more significant in wearable electronics [1-4]. Considered as
a promising alternative to substitute or partially replace traditional
power system, triboelectric nanogenerator (TENG), based on the
coupling mechanism of triboelectrification and electrostatic induction,
is a device which can effectively harvest and transform ambient me-
chanical energy into electricity [5-8]. As the outstanding superiority of
affordability, environmental friendliness and needless of frequent
replacement, it shows profound applications in renewable energy source
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are usually independently valid in designed modes which fail to gather
other forms of abundantly available energy. So functional TENGs with
universal and high efficiency in collecting and sensing multiple energy
under various stimuli is still highly preferable [18-21].

Integrating and miniaturized portable TENGs with the requirement
of maximizing gaining multi-directional energy manifests the TENGs
have to long-term expose and sustain various mechanical excitations
such as compression, twisting, wind blowing and water dropping
[22-26]. These adverse triggers easily destroy and fail TENG devices.
Currently, novel developed liquid-solid non-contact TENGs with high
endurance showed longer lifespan [27-29]. As wearable devices, they
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could collect compression/rubbing mechanical energy and detect
various human movements under non-contact mode [30,31]. However,
multi-field stimuli and energy sill accompany in daily life which some
are seriously dangerous to humans. For example, harsh collision and
impact from sports to car accidents happened in our daily life may result
in serious physical hurt. Besides, electromagnetic field, as one of the
most familiar hazards sources, is widespread around outdoor, mineral
area and working machines. Invisible strong electromagnetic field is
especially harmful to pregnant, patients and old people. On the other
hand, external impact is also harmful to the most reported flexible
TENGs. Mechanical fatigue and structure damage led by kinetic strike
also seriously shorten lifespan of TENG device. Fortunately, the
increasing awareness of personal safety consciousness now urgently
propel to develop functional multi-mode TENG to harvest as well as
monitor external hazard energy. For example, several hybrid nano-
generators with triboelectric-electromagnetic effect could act as sensors
to detect external magnetic field, but the complicated and stiff structures
impeded their application as wearable electronics [32-36]. Recently,
newly developed shapeable ferro-fluid-based TENG owned the sensing
capabilities to strong magnetic field [37]. A bionic stretchable nano-
generator could harvest water flow energy and act as a self-powered
sensor to detect danger underwater which could be used to rescue
people [38]. Regrettably, such a smart functional TENG system with
multi-mode energy-harvesting, high safeguarding properties and the
based self-powered sensor to analyze various danger stimuli has not
been developed so far.

Shear thickening fluid (STF) is a smart material which composes of
nanoparticles dispersing phase and liquid solvent. It is a liquid in natural
state. However, the particles gather together to form frictional contact
network at high loading rate and the viscosity dramatically increases,
leading to a solid state [39,40]. Owing to the reversible and
rate-dependent mechanical property, STF has been applied in various
areas including damper, vibration controlling and safeguards [41-43].
So one effective strategy to overcome the structural fragility and provide
protection to human beings is to combine high friction materials with
TENGs. Inspired by the liquid-solid transition effect, introducing STF
with high force-dissipation ability into TENG may endow the device
with multi-manner energy-collecting, enhanced structural durability
and better anti-impact effect.

In this work, a multi-mode energy-harvesting and safeguarding
TENG based on STF and magneto-sensitive film was constructed. The
TENG exhibited high-energy harvesting effect which the maximum
power density was 27.05 mW/m? under compression. Owing to the
fluidity of STF and magnetic field-responsive character of ecoflex/CI,
TENG also enabled to sense and gather energy from liquid flow and
magnetic-responsive film deformations. Besides, single TENG with high
energy-dissipation effect also restrained and reduced impact force by
70.58%. As a functional self-powered sensor, it shows conspicuous
detecting effect to various excitations. In addition, TENG-based smart
glove and textile electronics with self-powered monitoring external-field
and safeguarding properties were systematically investigated. In
conclusion, the advanced TENG as well as the based wearable devices
shows significant potentials in new power sources, smart robots, health-
care and safeguards.

2. Experimental sections
2.1. Materials and preparation of TENGs

Firstly, carbonyl irons (CIs) were added into the ecoflex-0020
(Smooth-On Inc) with stirring and the mixture were then poured into
the 3D-printed mould followed by curing at 55 °C for 20 min. Finally,
the Ecoflex/CI films with thickness of 0.8 mm were peeled off and
worked as magnetic sensitive shell.

The conductive PDMS/MWCNT/CI layer was prepared by dispersing
3% of multi-walled carbon (MWCNT) into PDMS matrix with
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magnetically stirring for 3 h. Then CI particles and the curing agent were
added followed by mixing for 0.5 h. The mixture with conductive wires
were molded into metal mould and cured at 90 °C for 10 min.

The preparation procedure of polystyrene-ethylacrylate (PST-EA)-
based STF was as followed. Styrene (purified by NaOH solution), ethyl
acrylate, acrylate and distill water were mixed in a 500 ml three-necked
flask with reflexing and Ny conditions for 0.5 h. Then small amount of
the recrystallized potassium persulfate (KPS) were added into the solu-
tion and stirred for another 10 min. The flask was then moved into a
water bath (75 °C) and reacted for 6 h. After cooling to room temper-
ature, the emulsion was centrifuged, sonicated and washed by water for
3 times. The solid PST-EA nano-particles were obtained after vacuum
drying treatment. Uniform STF solution was fabricated by dispersing
PST-EA nano-particles into ethylene glycol and milled by a ball crusher
for 24 h. In this work, the fraction of STF particles were 54%, 56% and
58%, respectively.

The TENG device was fabricated by assembling ecoflex/CI shell and
STF with PDMS/MWCNT/CI by using ecoflex/CI pro-cure matrix. Then
they were cured at 50 °C for 10 min.

2.2. Characterization systems

Nano/mirco-structures of the composites were characterized by SEM
(Gemini SEM 500, ZEISS). The shear thickening effect of STF and
magnetorheological properties of ecoflex/CI were all tested by using a
commercial rheometer (Physica MCR 301, Anton Paar Co., Austria). The
triboelectric performance of the device were recorded by a digital
multimeter and the voltage signals were all processed by low-pass
filtering method to filter out equipment high-frequency noise signal.
Besides, 3 digital multimeters were used to successively measure all the
mapping units of the smart glove and wearable e-textile arrays in this
work. A drop hammer test system was applied to conduct the impact
tests.

3. Results and discussion
3.1. Multi-mode energy harvesting and sensing properties of TENG device

The preparation procedures of TENG were presented in Fig. la—c.
Briefly, ecoflex and CI were uniformly mixed and dropped into the
molud (Fig. 1a). After curing at 50 °C for 20 min, the film shell was
peeled off and assembled with PST-EA-based STF and PDMS/MWCNT/
CI (Fig. 1b). Air bubbles were partially squeezed to form structural
depression on Ecoflex/CI (Fig. 1c, e). This structure was beneficial for
the deformation of polymer shell under the excitation of magnetic force.
Air and STF were all encapsulated in TENG (Fig. 1d). SEM image of
pristine MWCNT was shown in Fig. 1f. Shapes of the synthesis PST-EA
nano-particles were uniform which the diameter was about 400 nm
(Fig. 1g). Magnetic CI fillers were about 3 pm (Fig. 1h). Surface of
ecoflex/CI-10% was smooth (Fig. 1i) and more CI particles appeared on
ecoflex/CI-50% (Fig. 1j). Large numbers of MWCNT were on PDMS/
MWCNT/CI (Fig. 1k). The well dispersed MWCNT formed effective
conductive path which was favorable for conductivity.

In this work, different fractions of STF have been prepared for
optimizing the STF performance. The rheological properties in Fig. 11
clearly showed the viscosity firstly decreased with the increase of shear
rates, presenting shear thinning property. After reaching a critical shear
value, viscosity were increased dramatically which behaved shear
thickening (ST) effect. Especially, the initial viscosity of STF with the
volume fraction of 56% was as low as 14.73 Pass. However, its maximum
viscosity was as high as 175.61 Pas which STF could not flow and
present rigid state. The initial viscosity of STF-58% was higher which
had adverse effect on the fluidity of STF. The maximum viscosity of STF-
54% was lower. Thus, STF-56% was appropriate for TENG device.

In addition, magnetic field dependent rheological performance of
Ecoflex/ClI films were also studied. The composites showed fast response
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Fig. 1. (a) Preparation procedures of the
TENG device: un-cured ecoflex/CI were
dropped on the mould, (b, c, e) STF, ecoflex/
CI and PDMS/MWCNT/CI were assembled
and cured into TENG, (d) schematic of the
components of TENG. SEM images of (f)
MWCNT, (g) PST-EA nano-particles, (h) CI
micro-fillers, (i) ecoflex/CI-10%, (j) ecoflex/
CI-50% and (k) PDMS/MWCNT/CI conduc-
tive layer. (1) Shear thickening effect of STF,
magnetic responsive rheological properties
of the as-prepared composites: (m) the
magnetic hysteresis loops (n) and MR effect.
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to magnetic field which their storage modulus (G') increased with the
increasing of magnetic field (Fig. 1n). CI particles also showed positive
influence on the magnetorheological (MR) effect. Especially, the
maximum G’ of Ecoflex/CI-50% was as high as 61.67 kPa and the
magnetorheological effect was 205.60%. As for pure ecoflex, the rheo-
logical properties were independent of magnetic field which the initial
and maximum storage modulus were 16.46 and 16.62 kPa, respectively.
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This high magnetic responsive property was mainly because of the
remarkable intrinsic magnetization of CI particles. All ecoflex/CI com-
posites presented typical soft magnetic effect which the saturated
magnetization values of Ecoflex/CI with CI fraction of 10%, 30% and
50% were 23.74, 71.23 and 117.04 emu g~ ! respectively. As for ecoflex,
its magnetization kept at 0.21 emu g*1 (Fig. 1m). Thus, Ecoflex/CI-50%
showed remarkable magnetic field dependent effect.
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Fig. 2. (a—d) Working mechanism of TENG under compression, resistance dependent (e) triboelectric voltage, current and (f) output power, (g) a circuit diagram
composed of TENG, rectifier, charging capacitors, resistance and (h) the corresponding charging curves. (i, j) Electrons transferred during STF flowing process and (k)
the corresponding voltages, (1) human sensing properties of wearable TENG under non-contact swaying mode.



S. Wang et al.

The mechanism of TENG relied on the triboelectricfication and
electrostatic induction [18,44-47]. The upper ecoflex/CI film contacted
with conductive PDMS layer, generating the electron transformation
between the surfaces (Fig. 2a). After the positive ecoflex/CI left,
redundant electrons on PDMS layer led a potential difference between
the polymer and ground. Thus, electrical current occurred by the elec-
tron flow (Fig. 2b). After all the free electrons flew away, the system
turned to equilibrium and no current could be measured (Fig. 2c). When
ecoflex/CI returned to conductive PDMS again, the enhanced potential
on the back side of PDMS enabled to drive electrons to flow back from
the ground. So an opposite current signal was generated until TENG
reverted to pristine state (Fig. 2d). On this occasion, the TENG could
harvest and transform mechanical energy into electricity.

The resistance dependent triboelectric performance of TENG (2 x 2
x 1 cm®) was firstly investigated under oscillator compression mode.
The loading frequency and force were 10 Hz and 60 N, respectively.
Undoubtedly, the voltages increased sharply when external load resis-
tance was higher than 10° Q and the maximum value was 23.59 V (1 GQ,
Fig. 2e). Several voltage signals were presented in Fig. Sla and the
maximum voltage at 10 MQ were stable under cyclic loading-unloading
excitations (Fig. S1b). However, the current showed the opposite ten-
dency which it decreased with the increasing of resistance. The
maximum current was 8.84 pA at 1 kQ. As calculated in Fig. 2f, the
output power firstly increased with the increasing of resistance and after
reaching a maximum value, it stared to decrease. The maximum power
density was 27.05 mW/m? with the voltage and resistance of 10.40 V
and 10 MQ. So the as-prepared TENG was capable of harvesting
compression mechanical energy and worked as a power source to light
up LEDs (Movie 1).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105291

A circuit diagram comprising of TENG, rectifier, capacitors and
resistance was presented to study the charging properties (Fig. 2g). Once
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TENG charged capacitor, the voltage with 0.22 pF capacitor reached to
0.23 V within 30 s (Fig. 2h).

Compared with traditional “solid-solid” TENGs, “liquid-solid” TENGs
owned the advantages of slight friction interaction between interfaces
and longer lifespan [27,48]. Since STF was in liquid state, it also fluently
flew which manifested electrons transferred between inner sidewalls.
Firstly, TENG was fixed on an end of cantilever and an oscillator was
applied to load the stimuli (Fig. S2a). Enclosed STFs swayed, rubbed the
polymers, leading to electron transformation and outputting currents
(Fig. 2i and j). When the swaying amplitude was 1 cm, the voltage was
11.3 mV and it finally gained to 46.9 mV as the amplitude varied to 8 cm
(Fig. 2k). It also presented ideal stability even excited for 200 s
(Fig. S2b). So the proposed liquid-solid TENG proved to harvest and
convert slight STF-flow mechanical energy into electricity under
non-contacted-mode.

Besides, owing to the different arm swaying amplitudes and speeds
generated by human movements, this portable TENG showed potential
ability to sense various human gestures and motions (Fig. 21). The TENG
worn on human finger outputted a voltage of 0.28 V during walking
process. With the increasing of swing amplitudes, the voltages changed
to 0.47 V, 1.01 V and 2.52 V with striding, running and jumping pro-
cesses. Simultaneously, it also showed fast response to external excita-
tion which the signal frequencies of running is much higher than the
other movements. In this regard, the TENG device could effectively
sense and collect kinetic energy into electricity, uncompromising the
mechanical fatigues or damage, which worked as new power source and
portable self-powered sensor.

Embedding stimuli-responsive soft CI particles into polymer matrix
endowed external films with magnetic actuation property [49]. A
commercial magnet was applied to load the magnetic field (Fig. S3) and
the field simulation was exhibited in Fig. 3i. TENG displayed magneti-
cally programmable configuration owing to the high magnetization
responsive property (Fig. 3a-h). Ecoflex/CI shell was driven to deform
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Fig. 3. (a-h) Deformation process of TENG under the excitation of magnetic field, the simulation of (i) magnet and (j) ecoflex/CI shell, (k) magnetic dependent

triboelectric performance.
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and retain a certain shape by magnetic forces (Fig. 3d-g) and the
displacement field was also shown in Fig. 3j. However, it immediately
relaxed to original state once unloading magnetic field (Fig. 3h). During
the deformation, TENG gathered the mechanical energy and outputted
voltage signals. LEDs connected with the TENG could be lit up and the
light intensity increased with the increasing deformation. The light in-
tensity also could manefist the variation of deformation and outputting
voltages in these processes (insert figures in Fig. 3a-h) (Movie S2).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105291

The magnetic field-dependent triboelectric performance under non-
contact-mode showed the output voltage was 28.1 mV at 30 mT
(Fig. 3k). These cyclic peaks indicated the TENG with high sensitivity
and reliability could even sense and harvest slight mechanical de-
formations triggered by magnetic fields. The voltages were undoubtedly
increased with magnetic forces and finally reached 4.71 V at 250 mT. In
conclusion, the as-designed TENG device with functional stimuli-
responsive triboelectric properties was more desirable as an intelligent
power source and bi-mode sensor platform for actuating low-power
electronic devices and sensing complex multi-fields in multi-field
conditions.

Flexible tactile sensors, mimicking the perception properties of
human skin, are smart systems which enable to quantifying sense
various contacted materials and environmental changes. Considering
the safeguarding and high sensitivity to force, mechanical-electrical
properties of the as-prepared TENG was comprehensively explored on
quasi-static and dynamic impact conditions. Fig. 4a showed a typical
voltage signal-time curve during the contact-release process of TENG.
The voltages by touching PU sponge (Fig. 4b), river stone (Fig. 4c) and
PDMS (Fig. 4d) were different owing to their distinguished tribo-
electrification. The other contacted materials and the corresponding
voltage comparison were also presented (Fig. 4e, f, Fig. S4). In this re-
gard, the wearable TENG, as smart e-skin, could feel and detect various

Voltage(V)

Voltage (mV)
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external materials through physical contact.

In addition, owing to the introduction of STF, the anti-impact as well
as energy-harvesting properties under harsh collision conditions were
further explored. A drop hammer impactor system reported in previous
work has been applied [50]. Clearly, the maximum force loaded on force
sensor was high and a rebound peak appeared after the first impact
(Fig. 4g and h). As for ecoflex/CI film, the maximum impact force was
decreased and a similar tendency was also presented. This demonstrated
the force sensor and ecoflex/CI film could dissipate small amount of
energy. As an important protective component, STF could effectively
absorb and dissipate external collision force which the maximum force
has be undoubtedly reduced to as low as 409 N and there was no second
peak which also proved its high efficiency in absorbing energy. So the
safeguarding properties under different impact forces were studied. The
maximum forces loaded directly on force sensor were 823 N, 1133 N and
1390 N at the falling heights of 10-30 cm (Fig. 4i, Fig. S5). However,
they decreased to 128 N, 304 N and 409 N if loaded on TENG, indicating
its distinguished safeguarding property. As a self-powered force sensor,
the TENG could generate 0.43 V, 1.51 V and 2.96 V during impact
processes (Fig. 4j). This result proved the TENG device could work at
various conditions as a soft self-powered force sensor and safeguarding
protector for portable smart electronics.

3.2. TENG-based wearable glove with self-powered monitoring
performance

Human hands are vital tools in daily life. The finger joints are so
skillful that many works are accomplished relying on our hands. The
frequently used joints everyday also involve large numbers of tiny me-
chanical energies. However, it is also possible for hands to get injured
during work. Thus, it is inspiring preferable to develop novel TENG-
based glove with energy-collecting as well as precisely monitoring
Simultaneously,
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corresponding triboelectric voltages of TENG during loading process.
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monitoring all the complex deformations and gestures of joints is crucial
in human health-care training treatments [51]. Here, a TENG-based
human hand array has been developed (Fig. 5a). TENGs were assem-
bled on a hand-mould (Fig. S6) and uncured ecoflex/CI was poured and
cured to connect the array. It was comfortably worn on hand and the
high flexibility guaranteed its adapting to complex mechanical de-
formations. TENGs sensed the bending excitation (Fig. 5b) and the
maximum output voltages were 80.57 mV, 39.54 mV and 17.57 mV
(Fig. 5c, Fig. S7). The array on the back of hand with 3 x 3 units also
enabled to perceive and display different compression forces (Fig. 5d
and e). The maximum voltage generated by the center TENG was 0.76 V,
manifesting its sustaining the largest compression force. Thus, the
real-time pressure recognition mapping of the hand array under finger
bending (Fig. 5f), grasping ring box (Fig. 5g) and apple (Fig. 5h) were
presented. Under middle/ring finger bending, the voltages were slight
(Fig. 5i). However, once grasping rigid box, the signals increased and the
distribution could be used to assess the compression forces of finger
joints (Fig. 5j). The maximum voltage was 1.45 V which exhibited the
thumb sustained the maximum force during grasping process. Similarly,
the voltage mapping in Fig. 5k could also provide the force distribution
of grasping apple. In conclusion, the hand array with high sensitivity,
self-powered real-time monitoring properties allowed its potential
application in smart robots, wearable human health-care and safety alert
areas.

3.3. Anti-impact and voltage response of multifunctional Kevlar/TENG
pads to various external excitations

External impact from collision and strike always occurred in daily
life which often led to damages and hurt. To sense the danger and
protect human being from injury, various protective materials have been
studied [52,53]. Particularly, Kevlar fibers with ultrahigh tensile
modulus and ideal bending deformation is a promising candidate for
developing novel portable TENG devices with energy-harvesting and
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safeguarding properties. Thus, wearable Kevlar/TENG pad have been
fabricated to further explore the multi-function under impact condi-
tions. Firstly, single Kevlar/TENG (Fig. 6a), without compromising its
flexibility (Fig. 6b), could be worn on human body (Fig. 6¢). To mimic
the anti-impact effect, a stone was applied to compress it from different
falling heights and a force sensor was used to record the impact force
(Fig. 6d). Interestingly, the dissipated forces by Kevlar/TENG were
dramatically lower than those directly loaded on force sensor, indicating
the as-designed array showing high efficiency in absorbing impact en-
ergy (Fig. 6e). The output voltages of Kevlar/TENG were undoubtedly
increased from 0.84 to 2.18 V as the impact height varied from 10 to 30
cm, showing force-sensing effect (Fig. 6f).

Therefore, the mechanic-electric performance of Kevlar/TENG array
as smart wearable e-textile were explored (Fig. 6g). 9 TENGs with 5 x 5
cm? were decorated on a Kevlar via simple sewing processes and the 4
edges were sewed with zippers (Fig. 6h). Drop hammer test system was
applied to load the impact excitation. Keeping the falling height at 40
cm, the impact force loaded directly on the force sensor was as high as
2080 N. Energy dissipation effect of 1 and 4 Kevlar fibers, 1 and 4
Kevlar/ecoflex/CI (ecoflex/ClI films were directly fixed on Kevlar) were
slight which the forces were decreased to 2000 N, 1920 N, 1880 N and
1400 N, respectively (Fig. 6j). Second rebound peaks could be observed
in these curves which also indicated much kinetic energy were residual
after the first impact. However, the force was dramatically reduced to
520 N once dissipated by 1 Kevlar/TENG array and no second rebound
curve appeared which indicated most of the energy were absorbed. The
device also showed high reliable and stable mechanical properties
during 7 cyclic loading-unloading impacts (Fig. 6k). Undoubtedly, it
decreased to as low as 90 N if impacting on 4 overlying Kevlar/TENGs
(Fig. 6i) and the buffer time (duration of the force peak, Fig. S8a, b) was
increased to 12.9 ms (force sensor: 1.2 ms, 1 Kevlar/TENG: 3.5 ms,
Fig. S8¢c). 4 stacked Kevlar/TENG pads remarkably absorbed the impact
energy owing to the high energy-dissipating effect of STFs. The corre-
sponding output voltage of the uppermost device was 12.23 V and it kept

Voltage (V)
0.8000

0.6667
0.5000
0.3333
0.1667
0.000

Fig. 5. (a) A TENG-based hand array, human gesture sensing performance of the device: (b) index finger bending and (c) the corresponding maximum voltages, (d, )
pressure distribution of the array on the back of hand. Demonstration of the array as a self-powered sensor for the precisely recognizing various finger movements: (f)
finger bending gesture, (g) grasping box, (h) apple and (i-k) the corresponding force sensing mappings.



S. Wang et al.

Kevlar fiber
Single Kevlar/TENG

Kevlar/TENG array

Nano Energy 78 (2020) 105291

£ 400 e

Stone

= Eeare
g 200
g 100 k\

Fall down £ oot At b

Ve TENG e
e

—h

10 om i 20 emi 30 °m
i i

Y

Voltage (V)
N =2 O = N
I
}

w
3
o
=
aQ
o
o
=
="
Q
(0}
3/90.10} Joedw|

4-Keviar/Ecoflex/Cls
{1 Kevlar/TENG
4 Kevlar/TENGs

8 12 16
Time/ms

600
F3 I 4 A m4 = D\sslp ted force 7
400§ g “
2008 & 3 B 23 J
s 2 |
2 |8 8 |
y 8 g2 ‘
= = |
g2 ¢ 8 |
= P e 1 ‘\
— Z |
1 D L7 0 o
— = Remainder for =
=z, T S5
0 3 6 12 || = = o
s oSS e
Time (ms) Voltage (V) = = S

Fig. 6. (a) Single Kevlar/TENG could (b) be bent and (c¢) worn. (d) Photo, (e) loading forces and (f) output voltages of the anti-impact properties of Kevlar/TENG by a
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1 Kevlar/TENG, (1) the output voltages of the 4 layers of overlying array pads; (m) safeguarding as well as the force sensing properties of the overlying array in the 3D

bar graph.

decreasing which also indicated the loading force were gradually
dissipated by STFs (Fig. 6l). Finally, the falling height dependent
triboelectric and protection performance of 4 layered Kevlar/TENG pads
in low velocity impact tests were systematically investigated. TENG was
mounted on the metal force sensor to record the impact force after
collision. From Fig. 6m, the impact force loaded on the force sensor was
2240 N (falling height 60 cm) while it significantly reduced to 110 N
(decreased by 95.09%) after the dissipation of the pads. Similarly, the
maximum force loaded on the force sensor was 3360 N (impact falling
from 100 cm). In comparison, the remainder force on pads was
decreased to 360 N, proving excellent anti-impact properties. On the
other hand, triboelectric voltages increased with the increasing of
impact energy which it was 16.41 V at dropping height of 60 cm and
finally reached 23.31 V at 100 cm, presenting outstanding impact force-
monitoring properties. Thus, this favorable anti-impact/multi-sensing
property allowed Kevlar/TENG as a wearable functional electronics to
provide more reliable physical protection under emergent kinetic harm
and the self-powered monitoring performance helped to sense and assess
various tactile violations.

On behalf of the light weight and high flexibility, the as-designed
Kevlar/TENG array was shape-programmable. The bendable array
(Fig. 7a-I) could be comfortably worn on human arm (Fig. 7a-II). Two
arrays could be assembled together by tightening the zippers (Fig. SO a-
b) and worn on leg (Fig. 7a-IIl). Four arrays were designed to various
configurations which could be wrapped around on the waist (Fig. S9 c,
Fig. 7a-IV). The larger pad provided large protection clothing area
(Fig. 7a-V) and it could be folded into overlying textile (Fig. S9 d). Ac-
cording to the above result, the stacked arrays in Fig. 7a-VI offered
higher safeguarding property for human being in emergencies. In
addition, this smart garment electronics also demonstrated versatility in
sensing various external excitations. Owing to the flowability of STF, it
generated and outputted electrical signals (Fig. 7j) during the arm-swing

process (Fig. 7b). The maximum voltages were stable (Fig. 7f), indi-
cating the array could be used to detect human non-contacted move-
ments such as walking and running. On the other hand, TENGs were
attracted to deform once a magnet moved (Fig. 7c). This multi-mode
Kevlar/TENG also assessed surrounding magnetic field variation by
outputting tiny signals. From Fig. 7k, the magnet moving route could be
clearly displayed in the voltage mapping, exhibiting its high sensitivity
to magnetic field. Besides, under compression (Fig. 7d) and impact
(Fig. 7e), the array also enabled to accurately monitor the position and
force distribution by the pixel voltages in Fig. 71 and m, respectively.
Especially, the maximum voltage signals under arm-swing, magnetic
field excitation, compression and hammer impact were 0.25 V, 16.64
mV, 11.02 V and 18.54 V, respectively (Fig. 7f-i). These signals were all
very stable which manifested their reliable self-powered sensing effect
to various dangerous stimuli. To this end, this wearable shape-adaptable
Kevlar/TENG pad with self-powered properties and safeguarding effect
was favorable as intelligent clothing in robots, human-machine inter-
action, health-care and protection areas.

4. Conclusion

This work reported a versatile TENG with impact/sway/magnetic
field multi-mode energy harvesting and protective properties. STF
showed typical rate-dependent mechanical property which the initial
and maximum viscosity were 14.73 and 175.61 Pas, respectively. TENG
obtained the maximum power density of 27.05 mW,/m? with resistance
of 10 MQ under compression. Furthermore, the as-prepared TENG was
also capable of harvesting liquid-swing kinetic energy and deformation
energy triggered by magnetic fields. Besides energy-collecting and self-
powered sensing external multi-field properties, this novel TENG has
been proven to effectively absorb and dissipate collision energy,
providing excellent protective property for wearers. In addition, this
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Fig. 7. (a) Shape programmable photographs of Kevlar/TENG device: (I) bendable, (II) worn on arm, (II) two arrays could be assembled and worn on leg, (IV) four
assembled arrays were wrapped on waist, (V) the arrays were integrated into one pad with larger protection area and (VI) the overlying one provided higher
protection effect. (b) Self-powered sensing properties of the array under arm swing, (c) magnetic attraction, (d) compression, (e) impact, (j-m) the corresponding
voltage variation distribution and (f-i) the stable maximum voltage-time curves, respectively.

advanced TENG towards smart glove and wearable e-textile with multi-
mode energy harvesting, safeguarding and self-powered external-field
monitoring properties enabled to precisely mapping different external
stimuli. This paper proposed a new avenue for the improvement of smart
TENG as portable electronics in energy source, personal security and
functional self-powered sensors.
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