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A B S T R A C T   

The advancement of wearable smart electronics in recent years provided vital platforms for robotics, healthcare 
and human-machine-interfaces. Especially, as a touch-free monitoring sensor, the noncontact working mode 
endowed the device with superiorities of high sensitivity and favorable longer lifespan. However, the disad-
vantages of additional power supplies and poor mechanical property of state-of-art noncontact sensors also 
seriously limited their practical applications. Herein, a novel noncontact triboelectric nanogenerator (NTENG) 
with self-powering sensing, anti-impact and self-healing properties was developed by integrating graphene/ 
shear-stiffening gel with shear-stiffening elastomer. Based on the electrostatic induction effect, the triboelec-
tric self-powered behavior endowed NTENG with the capability of detecting distance and moving speed of 
surrounding objects without direct contact. Besides, NTENG demonstrated excellent stretchability of 90% and 
good self-healing mechanical-electrical properties. Furthermore, NTENG displayed safeguarding performance by 
efficiently dissipating 41.6% of impact force. Additionally, the NTENG-based arrays could distinguish external 
targets with various morphologies, and further utilize as smart sensing electric devices in walking stick, elevator 
button, wearable electronics in noncontact way. Besides, NTENGs could be reshaped into different 3D sensing 
devices structures. Due to the self-powered noncontact sensing and energy buffering characteristics, the NTENG 
showed favorable potentiality in wearable intelligent electronics and safeguards.   

1. Introduction 

The rapid flourish in artificial intelligence revolution in recent years 
has propelled the development of wearable electronics and functional 
sensors which reshapes the lifestyle of human beings. Especially, smart 
sensor technology is beneficial for humans and robots to perceive and 
understand the external world by efficiently and accurately acquiring 
information from surrounding environment. Recently, various devel-
oped wearable electronics with the properties of detecting complicated 
stimuli show vast potential application in human machine interaction 
(HMI) [1,2], health care [3–5] and environmental monitoring [6–8]. 
However, most traditional flexible sensors usually work under direct 
contact or deformation modes. The fatigue failure of soft polymer matrix 
or conductive channels of sensors under long term pressure or bending 

stimuli will shorten their service life. On the other hand, as the coro-
navirus disease 2019 (COVID-19) epidemic continues to spread around 
the world, an effective way to prevent infection is to avoid contact with 
outside objects. On these occasions, developing contactless flexible 
sensors has an important impact on improving the comprehensive per-
formance of flexible sensors and fighting against COVID-19 epidemic. 

So far, various noncontact sensors, based on magnetic, optical, 
humid, capacitive changes have been developed to avoid mechanical 
loadings and virus transmission [2,9–11]. However, additional power 
sources were always supplied to actuate these electronics. Thus, novel 
self-powered sensors based on triboelectric nanogenerators (TENGs) 
[12,13] with the ability of actively harvesting mechanical energy from 
ambient environment and generating electrical signal itself showed high 
potential to address this issue. Based on such devices, the self-powered 
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sensors could actively generate electrical signal in response to the trigger 
from ambient environment without the necessity for driving power [14]. 
Fortunately, some recently invented TENGs were developed to work 
under noncontact operating mode [15,16]. For example, a novel 
noncontact screen sensor was developed by using monolayer graphe-
me/polyethyleneterephthalate substrate and it could recognize 
multi-gestures [17]. Thus, the novel touch-free recognition technology 
not only fills in the technical gap in intelligent HMI, but may generate a 
new surge of innovation in the operation modes of flexible sensing de-
vices [18]. 

Wearable electronics with noncontact working mode could effec-
tively avoid the mechanical failure and show longer lifespan. However, 
the actual working environment of self-powered sensors were always 
complex and unpredictable. For example, collision and impact forces are 
also widespread in daily life which may lead to sensor failure and human 
injury. Therefore, it is of great practical value to develop multi- 
functional noncontact sensors with enhanced mechanical properties by 
choosing smart polymer matrix with self-healing and anti-impact 
properties. Shear stiffening gel (SSG) [19], as a viscoelastic polymer 
whose modulus could drastically increase under high strain rate loading, 
could change its state from liquid to solid. Thus, it showed promising 
application in damper and safeguards [20]. Recent reported SSG-based 
e-skins [21], possessed good electrical sensitivity and ideal anti-impact 
performance which could reduce the impact force by nearly 50%. 
Based on the self-healing and impact-buffering capabilities, SSG-based 
TENGs may be endowed with the possibility to simultaneously main-
tain the self-powered performance for noncontact sensing electronics 
and anti-impact effect for safeguard. Regrettably, such an attempt has 
not been conducted so far. 

Herein, a self-powered sandwiched noncontact triboelectric nano-
generator (NTENG) integrated by graphene/SSG electrode and SSE shell 
based on electrostatic induction and triboelectric effects was presented. 
The self-powered behavior ensured NTENG capable of detecting dis-
tance and moving speed of moving objects. Besides, the NTENG could 
dissipate 41.6% of the impact force. More interestingly, the NTENG 
units with self-healing property could not only integrate into linear and 
planar arrays, but also further assemble into 3D triangular pyramid or 
cubic structure. These sensor arrays could be utilized as smart noncon-
tact electric devices in walking stick, elevator button, wearable elec-
tronics for perceiving environmental variations. In addition, the self- 
assembled 3D NTENG was capable of adhering on complex surfaces to 
detect the azimuth information and motion state of potential dangerous 
moving objects. Thus, the as-designed NTENG show favorable applica-
tions in HMI, 3D structural measurement, healthcare and safeguard. 

2. Material and methods 

2.1. Materials 

Hydroxyl silicone oil and boric acid were purchased from Sinopharm 
Chemical Reagent Co. Ltd, Shanghai, China. The methly vinyl silicone 
rubber (VMQ 110–2) and few-layer graphenes were bought from 
Shenzhen Muwei Technology Co., Ltd. and Shenzhen Siheng Technology 
Co., Ltd, China. All chemical reagents were of analytical purity and used 
as received without further purification. 

2.2. Fabrication of NTENG 

Hydroxyl silicone oil and boric acid with a weight ratio of 20: 1 and 
varying amounts of graphene were vigorously stirred to yield a homo-
geneous mixture. After heating in a 180 ºC oven for 90 min, a few drops 
of octanoic acid were added. Then, the mixture was stirred and heated at 
180 ºC for another 30 min. After cooling to room temperature, the 
mixture was homogenized by the two-roll mill (Taihu Rubber Machinery 
Inc., China, model XK-160). Next, SSG and VMQ were mixed together in 
a double-roll mill. Benzoyl peroxide was added as the vulcanized agent 

at 4.0 wt% and the rubber mixture was cured at 90 ◦C under 20 MPa for 
15 min. Finally, the NTENG was developed by integrating graphene/SSG 
with SSE. 

2.3. Characterization 

The morphology of graphene and c-SSG was characterized by field 
emission scanning electron microscopy (FE-SEM, XL30 ESEM). The 
static approaching-separating experiment was conducted on an elec-
troforce dynamic system (TA ElectroForce 3220, TA Instruments) and a 
micro/nanomechanical testing system (FTMTA02, Femto Tools, 
Switzerland). The dynamic impact test was performed using a drop 
hammer test device (ZCJ1302-A, MTS System Co., America) equipped 
with accelerator and force sensors and a data acquisition system. The 
electric signals of NTENG arrays were acquired by low-velocity impact 
drop tower testing system consisted of a drop tower test device 
(ZCJ1302-A, MTS Co. Ltd, China), an acceleration sensor, force sensors, 
and a dynamic signal test and analysis system (DH5920N, Donghua 
Testing Technology Co., Ltd, Jiangsu, China). 

3. Results and discussion 

3.1. Structures and working mechanism of the NTENG 

The NTENG was developed by integrating conductive shear stiff-
ening gel (c-SSG) with shear stiffening elastomer (SSE), the corre-
sponding morphologies were displayed in Fig. S1. Derived from the 
visco-elastic properties of SSG, the flexible self-powered NTENG 
(Fig. 1a) exhibited mechanical self-healing as well as energy dissipation 
performance. The mechano-electrical mechanism of NTENGs was pre-
sented in Fig. 1. Generally, dynamic B-O cross bonds with p orbital of B 
atoms and electrons of O atoms were formed in SSG with rate-dependent 
mechanical characteristics (Fig. 1b) [19]. Furthermore, the instanta-
neous self-healing capability of the c-SSG and SSE was also attributed to 
the cross bonds in the polymer matrix (Fig. 1b). Besides, parts of the 
unreacted OH groups could form dynamic hydrogen bonds which also 
result in the self-healing properties of SSG [22,23]. These dynamic 
bonds, cleaved upon damage, could be cured during the healing process 
without any external stimuli. Thus, NTENG units could be assembled 
into linear and planar arrays which showed high adaptability (Fig. 1a). 

In general, contact electrification process was firstly conducted to 
electrify fluorinated ethylene propylene (FEP) film. Then, the movement 
of FEP could lead to spatial electrostatic inductions with dynamic non-
contacting sensing properties [18]. The detailed working mechanism 
was schematically demonstrated in Fig. 1c. In the initial state, FEP film 
and NTENG were separated away (Fig. 1c-i). Once FEP began to 
approach the NTENG surface, more positive charges would be accu-
mulated on the c-SSG electrode to balance the negative charges on FEP. 
Thus, free electrons flowed from the c-SSG to the ground, generating an 
output current signal (Fig. 1c-ii). Conversely, when FEP gradually 
moved away, the c-SSG would attract electrons to neutralize the positive 
charges on its surface, generating a reversed output current signal 
(Fig. 1c-iii). When the FEP returned to its original position, a full cycle of 
the electric signal generation process was completed. The transferred 
charges were calculated by integrating the current-time curve 
(Fig. 1c-iv), the calculated electric charges transferred during 
approaching process (0.714 nC) were slightly higher than charges 
transferred during separating process (0.634 nC). To verify this pro-
posed mechanism, the corresponding potential distributions under the 
open-circuit condition were simulated by the COMSOL software 
(Fig. 1c-v). A theoretical model was simultaneously built to elucidate the 
effects. The electric potential φ of the electrode imposed by a surface 
charge of the moving object was set as [24]. 

φ = −

∫∫ σ
4πε

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2 + z2

√ dxdy (1) 
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σ was the charge density among FEP surface, ε was vacuum dielectric 
constant. The charges distribution were considered to be uniform in y- 
direction. a, b were the length of x, y-axis, respectively. Eq. (1) could be 
simplified as 

φ = −
bσ
4πε ln

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 + z2

√
+ a

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 + z2

√
− a

= −
bσ
4πε ln

(

1+
2a

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 + z2

√
− a

)

, z = z0 + z(t)

(2) 

The matched load of an oscilloscope was 1 MΩ, which was nearly 
five orders of magnitude higher than the sheet resistance of c-SSG 
electrode. The voltage flew in the circuit was mostly distributed in the 
oscilloscope. Therefore, voltages recorded by the oscilloscope could be 
considered as open circuit voltages generated within the electrodes. 

3.2. Noncontact sensing performance of NTENG 

FEP film as an active layer was vertically reciprocated with different 
frequencies at different starting points above the NTENG unit in 
noncontact mode by an electroforce dynamic system (Fig. 2a). Before 
the measurement, an additional SSE was used to rub and charge the FEP 
film. The electric charges on the FEP film was determined to be about 
− 21.6 nC by the integral area of the corresponding I-t curve (Fig. S2). 
The peak value of output voltage varied with loading distance of 
0.1–8 cm from 83.2 to 0.53 mV (Fig. 2b, Fig. S3). Besides, the rela-
tionship between the voltage data and minimum distance in Fig. 2b was 
fitted well by Eq. (2). And the curve of the voltage-distance around 1 cm 
was linear fitted with slope of -1.56 mV/mm (Fig. 2c). Fig. 2d, e pre-
sented the output voltage and transferred charge of the NTENG at 
different distances from 0.5 to 3 cm, respectively. With the increase of 
the minimum distance between the NTENG and FEP film, all these 
electric outputs decreased. For example, as the minimum distance 

increased from 0.5 to 3 cm, the average peak voltages decreased from 
32.4 to 3.24 mV, while the currents decreased from 32.4 to 3.24 nA. 
Correspondingly, the transferred charge in one cycle decreased from 
0.71 to 0.072 nC. Notably, to more accurately evaluate the distance 
sensitivity of the NTENG, the increment of the minimum distance were 
set as 0.125, 0.25, 0.75, 1 mm to acquire the vertical distance resolution. 
As shown in Fig. S4, the voltage signals remained unchanged until the 
minimum distance increased to 1.175 cm which demonstrated that the 
vertical distance sensitivity of NTENG was 0.75 mm (with the distance 
around 1.1 cm). Fig. 2f, g exhibited the electric outputs of the NTENG 
with the moving frequency of 2–20 Hz when keeping the minimum 
distance at 1 cm. It revealed the voltage and current increased as the 
moving frequency increased. At 20 Hz, the output voltage and current 
reached 32.3 mV and 32.3 nA, respectively. The amount of transferred 
charges decreased slightly from 0.63 to 0.49 nC with the reduction of 
frequency. This result revealed the amount of transferred charge was 
mainly related to the distance between NTENG and FEP which guar-
anteed the reliability of NTENG for distance detection. Furthermore, the 
applied displacement waveform of FEP film also had a dramatic influ-
ence on the output performance of NTENG. Interestingly, the voltages 
response varied with different square, triangular and block loading 
waves (Fig. S5a). The sensing behavior of NTENG with frequencies from 
1 to 20 Hz under square and triangular waves were also studied in 
Fig. S5. In addition to the vertical approaching-seperating mode, the 
NTENG could also output voltage under sliding approaching-seperating 
mode (Fig. S6). This result proved the as designed NTENG could sense 
various stimuli in non-contact mode. 

The self-powered sensing performance of NTENG under different 
elongations was evaluated to mimic its practical working conditions. 
Originated from the favorable visco-elasticity of SSE, NTENG could 
stably maintain its shape even under large deformation (Fig. 2h). The 

Fig. 1. (a) High adaptability of the assembled NTENGs and working mechanisms of (b) protective, self-healing and (c) self-powered properties.  
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vertical loading condition was uniformly set as: the minimum distance 
between the NTENG and samples was 1 cm; the traveling range was set 
as reciprocating 1–2 cm away from the NTENG; and the moving fre-
quency was set as approaching and separating in a speed of 175 mm/s 
with an interval of 0.1 s. The induced voltages were very stable during 
cycles of approaching-separating processes from 17.7 to 68.9 mV with 
strain increasing from 0% to 90% (Fig. 2i). Besides, the resolution of 
NTENG as a noncontact sensor was investigated (Fig. 2j, k). Keeping the 
sizes of NTENG and inside c-SSG at 3 × 3 cm2 and 2 × 2 cm2 respec-
tively, the voltages increased from 0.322 to 44.6 mV as the sizes of the 
FEP film varied from 0.1 × 0.1–4 × 4 cm2 (Fig. 2j). And the responsive 
output voltage was also stable even FEP film was cut to 0.1 × 0.1 cm2. 
Simultaneously, when FEP was 2 × 2 cm2, the output voltages increased 
from 2.08 to 15.9 mV with the increase of the electrode sizes from 
0.25 × 0.25–2 × 2 cm2 (Fig. 2k). Furthermore, the NTENG could also 
detect different approaching materials according to various voltage 
signals (Fig. 2l, Fig. S7). In addition, the output performance of NTENG 
under different temperatures and humidities were simultaneously 
explored (Fig. S8). The results showed that the output voltage of NTENG 
not only kept stable when temperature and humidity varied from 273 to 
337 K, 40–98%RH, but also barely changed even after 40 min (Fig. S9). 

Thus, the as-designed NTENG with self-healing effect, high resolution 
and excellent reliability showed potential application as a noncontact 
self-powered sensor. 

Self-healed devices could autonomically restore a rupture as unex-
pected destruction occurs, which could efficiently prolong their life span 
[25,26]. The mechanical healing performance of SSE was assessed by 
tensile tests and the healing efficiency was quantitatively calculated by 
the recovery of fracture strain [27–29]. As shown in Fig. S10, with a 
healing time of 180 min, mechanical healing efficiency reached about 
90% at ambient conditions. Due to the plastic and adhensive charac-
teristic of SSG, the as-designed SSE and NTENG exhibited good 
self-healing characteristics at ambient conditions. NTENG was firstly cut 
into two pieces. After contact, the crack could heal autonomously within 
1 min (Fig. 3a). The two severed pieces of NTENG could be readily 
stretched again after being gently contacted. At the stretch of 30%, the 
output voltage, current and the amount of transferred charges of the 
healed NTENG were 26.8 mV, 26.8 nA, 0.58 nC, respectively (Fig. 3b, c). 
Compared with 29.4 mV of the original NTENG under 30% stretch 
before healing process (Fig. 2i), the degradation in self-powered sensing 
property was slight. Besides, NTENG during the cutting and self-healing 
process also showed interesting electric performance (Fig. 3d, e). Firstly, 

Fig. 2. Noncontact sensing performance of NTENG in vertical mode. (a) Photographs of the test platform, (b, c) voltages under different minimum distances and 
sensitivity around 1 cm. (d, e) the loading distance (0.5–3 cm) and (f, g) frequency (2–20 Hz) dependent voltage, current and transferred charge of NTENG. (h) The 
stretched NTENG with sliding table and (i) the corresponding output voltages. Output voltages varied with the sizes of (j) the electrified layer of FEP film and (k) c- 
SSG electrode. (l) The electric responses with various materials of electrified layer. 
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the voltage and transferred charges were reduced from 17.3 mV and 
0.38 nC to 12.8 mV and 0.28 nC as half NTENG was cut, respectively. 
And the voltage signal kept decreasing to 6 mV when only quarter 
NTENG remained. However, the signal recovered to 11.4 mV as two 
quarters healed and finally recovered to 17 mV when the other half 
NTENG got in touch. These results suggested NTENG exhibited a good 
electrical self-healing property which was attributed to the highly mo-
bile polymer chains, dense hydrogen and cross bonds of SSG composites. 

To further explore the sensing response of NTENG under different 
loading velocities, an impactor stick with FEP film was dropped from 
different heights, and a hinder was set to stop the dropping impactor at 
1 cm above the NTENG (Fig. 4a). When the drop height increased from 
1 cm to 150 cm, the approaching velocities were increased from 0.443 
to 5.42 m/s and the corresponding peak induced voltage values varied 
from − 38.6 to − 489 mV (Fig. 4b). Notably, both voltages and the 
transferred charges apparently linearly increased in the height of was 
5–11 cm. Voltage-time curves with drop height of 5, 10, 30, 60, 100, 
150 cm were displayed in Fig. 4c. Interestingly, time derivative of 
voltage signal was closely related to the accelerometer signal. As shown 
in Fig. 4d, when the voltage reached minimum of − 281 mV, the accel-
eration and time differential of voltage (dV/dt) started to increase with 
falling height of 9 cm. The detailed acceleration (dv/dt)-t and dV/dt-t 
curve curves were displayed in Fig. 4e, the two curves showed a 
similar trend with time. To further study the relationship between the 
acceleration and dV/dt, the peak values of dV/dt under various 
approaching accelerations were fitted. As shown in Fig. 4f, for a rela-
tively small range of accelerations (between 0 and 0.88 km⋅s-2), the 
result showed a positive linear relationship with a correlation coefficient 
(R2) of 0.94 and slope of about 0.24. The slope kept decreasing to 0.09 

and 0.035 in the ranges 0.88–0.25 km⋅s-2, and 0.25–0.47 km⋅s-2 with R2 

of 0.96 and 0.97, respectively. The time differential of voltage (dV/dt) 
was obtained according to Eq. (2). 

dV
dt

=
dφ
dt

=
dφ
dz

dz
dt

=
bσ
2πε

a
z

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 + z2

√
dz
dt
,
dz
dt

=
∂z
∂v

dv
dt

+
∂z
∂t

(3) 

When applied loadings with lower speeds, an approximately linear 
relationship could be obtained from Eq. (3) between dV/dt and accel-
eration, which was close to the experimental results. However, upon 
further increasing the speed, the charge density (σ) on FEP surfaces 
might be decayed because of the increasing of air friction [30]. Thus, the 
slope of the fitted curve was decreased when the impact speeds were 
higher. 

Derived from the shear stiffening effect of SSG, NTENG showed the 
ability of dissipating and absorbing impact energy. To simulate the 
unexpected impact forces from the environment, impact loading tests on 
NTENG were systematically performed by using drop hammer machine 
without the hinder (Fig. 4g). NTENG was fixed on the force transducer, 
which was further placed on the bottom of a metal pedestal. As a com-
parison, the pure VMQ specimen (the same size as NTENG) and metal 
pedestal without specimens were both tested. During the impact, the 
force signals were captured and recorded using an oscilloscope. Falling 
height dependent impact forces of force sensor, VMQ and NTENG were 
presented in Fig. 4h. After the impact from 1.5 m, VMQ was damaged 
with cracks. However, the soft NTENG was only deformed with a 
shallow, indicating better anti-impact performance (Fig. 4g). After 
introducing VMQ, the impact forces were decreased when compared 
with those directly loaded on force sensor. For example, keeping the 
height at 60 cm, the maximum force (2577 N) after absorbing by VMQ 

Fig. 3. The electric self-healing performance in noncontact mode. (a) The healed NTENG under stretch on the sliding table and (b, c) the corresponding sensing 
current, transferred charge and voltage of NTENG. (d, e) The digital photos of the cut and healed unit and the corresponding electrical performance in noncon-
tact way. 
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was 3689 N on pedestal. This indicated VMQ was capable of buffering 
the impact force. More importantly, the peak force of the NTENG was 
2156 N, further reducing to 58.44%. Clearly, NTENG showed the best 
energy adsorption properties. In conclusion, as a wearable velocity 
sensor, the NTENG could not only detect the moving object before 
contacting, but also provide protection even if the impact accidentally 
loaded on people. 

3.3. Self-powered sensing properties to 3D surfaces by noncontact modes 

Owing to the self-healing properties of the polymer composites, 
NTENG units could be facilely assembled into large sensor array. Firstly, 
a linear 4 × 1 array was fabricated by integrating four NTENG units 
(2 × 2 cm2). When the array slid above (1 cm) a plane decorated with 
distributing blockages (Fig. 5a), the third and fourth channel outputted 
induced voltages of 2.07 and 2.61 mV at first, indicating only “3, 4” 
sensor units sensing blockages (Fig. 5b). Furthermore, in the last trig-
gered period, four channels outputted voltages of 1.42, 2.5, 5.34, 
10.4 mV, respectively. It indicated that the array passed 4 blockages 
with different heights on the panel. Hence, an electric mapping was 
acquired (Fig. 5c) which successfully matched with the monitored 
target. This suggested NTENG array could sense and detect the 

distribution and concave-convex degree of 3D surface by sliding 
approaching mode without contact. Thus, an 8 × 8 matrix (Fig. 5d) with 
size of 6 × 6 cm2 was further developed to detect various 3D structures 
in vertical approaching mode. As the moulds vertically approached to 
the array, different induced voltages were generated owing to the 
different distances between array and moulds with circle plane, convex, 
concave and helix structures (Fig. 5e− h). The electric mappings could 
ideally reveal the morphologies of uniform cake, ring, spot and helix 
moulds respectively and the voltage signals were displayed in Fig. S11. 
In conclusion, this NTENG array with ideally mapping sensing proper-
ties showed potential in 3D structure measurement. 

3.4. Applications of NTENG as flexible smart touchless electronics 

Touchless sensing was critically important in artificial intelligent 
systems, remote safety, and healthcare monitoring [11,31]. The 
as-designed NTENG exhibited stretchable, self-healing and 
shape-adaptive properties. Thus, it could be attached to the uneven 
surfaces as a touchless sensor to monitor external environment. Three 
NTENG units were bonded with each other as a linear sensor array and 
adhered to a walking stick (Fig. 6a) to help people move forward in 
darkness. Three units could detect left, forward, and right directions. 

Fig. 4. Electric and mechanic performance under impact by (a) drop hammer machine system. (b) The voltage, transferred charge and approaching velocity with the 
drop heights from 1 to 150 cm and (c) some typical voltage-time curves. (d) Acceleration curve of drop hammer from 9 cm, the corresponding induced voltage and its 
time differential (dV/dt) curves with time; (e) detailed comparison of the acceleration-t and dV/dt-t curve. (f) Peak values of dV/dt under different approaching 
accelerations and the slopes were linear fitting. (g, h) Impact energy dissipation performance of NTENG, VMQ and metal pedestal with impactor dropping from 1 to 
150 cm when the hinder of drop hammer machine was removed. 
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The stick with NTENG generated electric signals when it was close to 
obstacles and the signals could give guidance for the users. When human 
walked into dark corridor, the stick could be used to explore the road. In 
the 1 and 2 stages (Fig. 6b), voltage signals, generated by the medium 
and left NTENG units (Fig. 6c), indicated obstacles appeared in the front 
and left directions which could not pass in these directions. Then, the 
user turned right and kept moving on to simultaneously explore the road 
ahead by the stick. In the 3 stage, the left unit still generated electric 
signals as the stick explored the left hallway during moving ahead. When 
voltage pulses were outputted by the medium unit, this meant the left 
and the forward road could not pass, so the user stopped moving forward 
and turned right (4 stage in Fig. 6b). At this period, the user walked in 
the same way. When the stick did not generate obvious pulse signals, the 
user finally left from the complicated environment (5 stage). The results 
demonstrated the flexible NTENGs could be attached to uneven objects 
to help people avoid dangerous obstacles before touching them. 

With the current COVID-19 pandemic, contactless sensing-actuation 
technology was quite important for epidemic prevention and health 
care. Therefore, the as-designed NTENG could work as a noncontact self- 
powered sensor to detect human stimuli. For example, NTENG showed 
potential as elevator buttons to sense the number of floor levels which 
people did not need direct contact. NTENGs could be easily integrated 
into flexible 3 × 3 matrix. Nine NTENG units with a protective cover 
represented various floors from 1 to 9 (Figs. 6d and S12). As the fingertip 
approached the “5”, this channel generated 3.04 mV pulse voltage and 

the corresponding signals distribution displayed in Fig. 6e. This indi-
cated people wanted to go to fifth floor. Besides, Fig. 6d, e also illus-
trated when two fingertips simultaneously approached different NTENG 
buttons of “3” and “5”, two pulse signals were generated by these 
channels. Fig. 6f also displayed the simulated location and magnitudes 
of generated voltage signals of one- and two-nontouch modes by 
COMSOL software. Besides, the NTENG array could also act as a wear-
able self-powered electronic device to monitor human movements in 
noncontact mode. For instance, the real-time moving routes of human 
hands was identified by measuring the output signal of every single pixel 
(Fig. 6g). When writing “C”, “Z” and “S”, they could be recognized based 
on the voltages of NTENG array (Figs. 6h− j and S13). Furthermore, all 
pixels were connected with the LEDs and a multi-channel dynamic 
charge amplifier, the trajectory of fingertip was optically demonstrated 
by luminescent LEDs in the same trajectory of “+” (Movie S1). In short, 
the proposed NTENG was proven to be potentially effective in daily 
healthcare and HMI. 

3.5. Self-assembling and spatial sensing performance of NTENGs 

To further demonstrate the self-healing and self-assembling proper-
ties, two-dimensional (2D) NTENG units could be developed by moulds 
and were bonded with each other and reassembled onto three- 
dimensional (3D) surfaces. Four planar 2D triangle NTENG units 
turned into 3D triangular pyramid (Fig. 7a). Besides, planar NTENGs 

Fig. 5. Self-powered sensing performance of NTENG array to 3D complicated structures. (a− c) Detecting complex pattern by 4 × 1 array in sliding noncontact mode. 
(d− h) Electric responses to plane, concave, convex, helix surfaces with voltage mappings in vertical noncontact mode. 
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were folded and automatically healed the junction lines to form a 3D 
cube (Fig. 7b). This indicated NTENGs could be easily reshaped into 
arbitrary, complicated 3D arrays. Besides, 3D printing technology could 
also be used to develop the 3D arrays and they presented similar elec-
trical performance, indicating its potential for large-scale production 
(Fig. S14). In addition, the output voltage signals generated by five 
surfaces were measured by multi-channel dynamic signal test system 
when moving object passed through different azimuths (Fig. 7c, d). As 
the moving object horizontally went by the above surface (B) of the cube 
from the point (1, − 1, 3) to point (1, 1, 3) (Fig. 7c-i), the output voltage 
by channel B was 32.71 mV which was obviously much higher than the 
signals from other channels. Besides, as the moving object slantly went 
by the junction line between surfaces B and C (Fig. 7c-ii), channels B and 
C could generate dramatic voltage signals. Besides, three channels 
outputted voltages when moving object passed through the vertex of 
three surfaces (Fig. 7c-iii). The NTENG could not only be capable of 
sensing the orientation of the passing object, but also detect the speed of 
the moving object. As shown in Fig. 7e, the waveforms of output volt-
ages varied with different speeds. The waveforms of voltage signals were 
gentle and flat as a slow moving object passed by the junction line be-
tween B and C of cubic NTENGs. And a wide pulse voltage was generated 
in real-time with the pulse width of 0.823 s and peak voltage of 28 mV. 
On the contrary, the waveforms were sharpen and narrow as a object 
swiftly passing by, the duration time was 0.235 s (shorter than lower 
speed). Therefore, the rapid or slow movement could be determined by 
the change rate of voltage signals. In conclusion, the self-healing and 
self-assembled performance enabled the NTENGs to turn into 3D 

structure and fit on complex surfaces to detect the azimuth information 
and motion state of potential dangerous moving objects in complex 
environment. 

4. Conclusion 

In this work, a flexible NTENG with noncontact self-powered 
sensing, self-healing and anti-impact performance was developed by 
integrating SSE with graphene/SSG composites. NTENG could detect the 
distance and speeds of moving objects based on electrostatic induction 
and triboelectric effects. The flexible NTENG could output a stable 
voltage of 68.9 mV even under stretch to 90% during approaching- 
separating process. Based on the shear stiffening effect, NTENG could 
impede and absorb 41.6% of external kinetic energy during accidental 
impact loading. Besides, NTENGs showed good electro-mechanic self- 
healing properties and could be assembled into various 3D structures. 
NTENG based arrays could sense and detect various morphologies in 
noncontact way. Based on the self-powered noncontact sensing char-
acteristic, the array sensor could utilize as smart electric devices in 
walking stick, elevator button, wearable electronics for sensing external 
variations. The self-assembled cubic sensor could not only achieve 3D 
position sensing, but also detect the moving speed of the object passed 
by. In conclusion, the soft triboelectric NTENG with self-powered 
noncontact sensing property exhibited great potentiality in intelligent 
devices for darkness, toxic or harmful environments and human- 
machine interfaces. 

Fig. 6. The applications of NTENG. (a− c) The noncontact sensing performance of NTENGs when adhered on a walking stick to help the user to move in dark channel. 
(d− f) NTENG array worked as noncontact self-powered elevator button sensors, the corresponding signal mappings of NTENG array could show external human 
stimuli. (g-j) The soft NTENG array adapted to the wrist to detect human movements in noncontact way. 
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Fig. 7. Self-assembling and spatial sensing performance of NTENGs. (a) The self-assembling performance of NTENGs from 2D to 3D structures. (b) Cubic NTENGs as 
a 3D noncontact sensor to detect (c− e) the location and speed of passing objects. 
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