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MXene-Composite-Enabled Ultra-long-Distance Detection
and Highly Sensitive Self-Powered Noncontact Triboelectric
Sensors and Their Applications in Intelligent Vehicle
Perception
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Xinxiang Pan, Minyi Xu,* and Ying-Chih Lai*

With the ongoing advancement in sensor technologies, the development of
intelligent, secure, and low-carbon vehicles will be possible in the near future.
However, providing continuous power to numerous onboard sensors
consumes substantial amounts of power from vehicle, resulting in the
shortened running times. Herein, a self-powered noncontact triboelectric
nanogenerator (SNC-TENG) with ultralong-distance detection and a high
sensitivity is proposed, which can be used as ambient perception sensors for
smart vehicles. The SNC-TENG is constructed from a MXene/silicone
nanocomposite with a fully embedded conductive sponge, which significantly
enriches the tribo-charges and leads to an excellent capability and
performance. This SNC-TENG is capable of perceiving human activity from a
distance of 2 m. To the best of authors knowledge, the perceiving distance per
unit area of this SNC-TENG is the highest among previously reported
non-contact TENGs. Furthermore, the applicability of the SNC-TENG is
explored for vehicle sentry mode and blind spot detection for the first time.
The use of this technology in a real vehicle demonstrates its feasibility for use
in practical applications. Overall, this study provides a new design scheme for
contactless self-powered sensors, and the presented SNC-TENG is expected
to be applicable in various fields where non-contact sensing is required.
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1. Introduction

Environmental perception technologies ful-
fill a vital function in terms of improv-
ing the safety and reliability of intelligent
vehicles.[1–4] They can provide more intu-
itive information on the surroundings for
the decision-making of autonomous vehi-
cles comparing with the method of mon-
itoring drivers.[5–7] For example, forward-
looking sensors, such as radar, visible-light
cameras (VLCs), and light detection and
ranging (LiDAR), are commonly applied in
the detection of surrounding objects.[8,9] Al-
though VLCs record information regarding
surrounding vehicles and pedestrians,[10]

they are unreliable in low-illumination
environments and adverse weather con-
ditions, thereby reducing the detection
accuracy.[11,12] In addition, although LiDAR
can detect surrounding objects under dark-
ness using the scanning laser,[9] it is suscep-
tible to weather conditions.[13] And, the high
cost of this technology limits its widespread
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application in the automotive industry.[14] Furthermore, the com-
monly used radar sensors detect their surroundings through ra-
dio waves.[9,15,16] However, the provision of continuous power to
these conventional sensors not only increases the vehicle power
consumption but also dissatisfies the aspirational goals of low-
carbon vehicles.[17–19] More importantly, the requirement of ad-
ditional power sources or batteries inevitably increases manufac-
turing costs, safety risks, and environmental pollution.[18–20] It is
therefore necessary to develop low-power consumption, low-cost,
and adaptive sensors to address these issues.

Triboelectric nanogenerators (TENGs), which are based on a
combination of triboelectrification and electrostatic induction,
can convert mechanical energy into electricity. TENGs have been
employed as self-powered sensors in a range of fields, including
robotics perception, wearable electronics, and industry monitor-
ing, owing to their wide material availability, high performances,
and cost-effectiveness.[21–28] Importantly, TENGs are able to func-
tion in noncontact scenarios.[29–41] Since friction with other ob-
jects or with the air imparts most daily objects with a surface elec-
trostatic charge,[39] noncontact TENGs can perceive the charged
objects with no requirement for physical contact. As such, the
working principle of the noncontact TENGs differs from those
of the radar and LiDAR technologies; the sensing performances
of noncontact TENGs have therefore received growing research
attention in recent years.[29–41] For example, a triboelectric touch-
free screen sensor has been proposed for recognizing the ges-
tures of the operators.[32] In addition, a self-healing, anti-impact
TENG was designed as a noncontact sensor for safeguarding
and 3D morphological awareness.[40] However, the centimeter-
level detection capacity and the low charge densities of triboelec-
tric materials largely limit the potential of noncontact TENGs
sensors. In previous works, various strategies have been pro-
posed to enhance the surface charge densities of noncontact
TENGs, such as surface patterning, ion injection, and material
optimization.[30,41–44] For example, an ultrathin noncontact TENG
was designed using high-permittivity calcium copper titanate
(CaCu3Ti4O12).[33] And, a spherical multiple physical network-
based TENG was developed by controlling the Rayleigh instabil-
ity deformation of the spinning jet and the vapor-induced phase
separation that occurs during electrostatic spinning. As a result, a
sensing distance of 70 cm was achieved;[41] however, the compli-
cated preparation process impedes the large-scale applicability of
such devices. Despite such efforts, the maximum sensing ranges
of most noncontact TENGs remain limited, and the achievement
of long-distance detection requires relatively large devices.[38] It
is therefore necessary to explore an effective strategy to increase
the noncontact sensing performances of TENGs to enable long-
range detection.

Thus, we herein present a self-powered noncontact triboelec-
tric nanogenerator (SNC-TENG) based on an MXene/silicone
nanocomposite and a fully embedded conductive sponge. The
proposed sensor can actively perceive the proximity via the elec-
trostatic induction effect. Two optimization strategies are pro-
posed for enhancing the noncontact sensing performance of the
SNC-TENG. First, the incorporated MXene (Ti3C2Tx) nanosheets
raise the tribo-charge density by improving the charge trapping
capacity. Second, the fully embedded conductive sponge with a
network structure enlarges the electrode area in the electrostatic
field to increase the number of induced charged carries in the

electrode. By optimizing the materials and structure, the device
exhibits ultra-long-distance detection (2 m) and high sensitiv-
ity (detecting 1 mm movement). To the best of our knowledge,
the perceiving distance per unit area of the TENG is the high-
est among the reported noncontact TENGs. The outputs of the
SNC-TENG dependent on the distance, frequency, moving incre-
ment, and area are systematically investigated. Moreover, appli-
cation of the developed SNC-TENG is demonstrated in various
smart car applications, including the sentry mode and blind spot
detection. Finally, the SNC-TENG is attached to real vehicles to
detect approaching persons and to highlight its potential for use
in practical applications.

2. Results and Discussion

2.1. Device Structure

Figure 1a illustrates the application scenario of the designed
SNC-TENG, which serves to communicate information from the
surrounding environment to the intelligent vehicle. A schematic
representation of the SNC-TENG structure is given in Figure 1b,
wherein it can be seen that the device comprises a fully embed-
ded conductive sponge as the electrode, and an MXene/silicone
nanocomposite as the triboelectric layer. The tight bonding be-
tween the triboelectric layer and the electrode enables the SNC-
TENG to possess structural reliability, which can prevent physical
detachment of the two components during long-term operation.
In addition, a polyethylene terephthalate (PET) film substrate is
adhered to the back of the conductive sponge, silicone rubber is
used as the dielectric material due to its high electron affinity
and flexibility,[26,27,45,46] and MXene (Ti3C2Tx) nanosheets are em-
ployed due to their high electronegativity and excellent capabil-
ity in trapping charges.[41,42,44,47,48] Thus, the MXene nanosheets
were mixed with the silicone rubber matrix to further improve
the noncontact perceiving performance of the SNC-TENG. It was
considered that the designed SNC-TENG, as a self-powered non-
contact sensor, exhibits potential for use in a range of functions,
including in the vehicle sentry mode, in blind spot detection, and
in burglar alarms, as depicted in Figure 1c–e.

2.2. Fabrication and Characterization of the SNC-TENG

Figure 2a gives a schematic illustration of the fabrication process
used to prepare the SNC-TENG. This process avoids the use of
complex equipment and strict preparation temperatures, thereby
indicating its superiority in terms of large-scale manufacturing.
Figure 2b shows the field emission scanning electron microscopy
(FESEM) images of the MXene nanosheets, in which a multilayer
structure can be seen. In addition, the X-ray photoelectron spec-
troscopy (XPS) survey spectrum (Figure 2c) indicates the pres-
ence of Ti, F, O, and C in MXene nanosheets.[44] An FESEM
image of the conductive sponge is shown in Figure 2d, wherein
the network structure can be observed. The results of energy dis-
persive spectrometry (EDS) mapping are presented in Figure S1
(Supporting Information), and reveal the presence of Ni, Cu, Si,
C, and O at the surface of the conductive sponge. Furthermore,
as shown in Figure 2e and Figure S1f (Supporting Information),
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Figure 1. Schematic representation of the structure and application scenarios of the developed SNC-TENG. a) Prospects of applying the SNC-TENG in
an intelligent vehicle. b) Configuration of the SNC-TENG. c–e) Potential applications in sentry mode, blind spot detection, and burglar alarms.

the atomic percentage of Ni is 84.3%, thereby indicating that the
conductive sponge possesses electrical conductivity at the surface
of its network structure. A top-view FESEM and the EDS ele-
mental analysis (Figure 2f; Figure S2, Supporting Information)
of the MXene/silicone layer indicate a wide distribution of C, Si,
and Ti, wherein the Si and Ti are derived from the silicone rub-
ber and the MXene nanosheets, respectively. These results reveal
that the MXene nanosheets are uniformly encapsulated through-
out the silicone rubber. A cross-sectional FESEM image of the
SNC-TENG is shown in Figure 2g, in which it is apparent that
the MXene/silicone nanocomposite penetrates into the network
of the conductive sponge.

2.3. Optimization of the SNC-TENG

The charge density is crucial in determining the sensing abil-
ity of the noncontact TENG.[41] Thus, for optimization purposes,
three types of contact–separation (CS) mode TENGs are prepared
with additional nylon and Al films, as shown in Figure 3a.[49]

The sample thickness was set as 1.5 mm in all cases, and the
working principle of the CS-mode TENG was based on tribo-
electrification and electrostatic induction (Figure S3, Supporting
Information).[49] As shown in Figure 3b and Figure S4 (Support-
ing Information), compared to the pure silicone rubber-based
device, the open-circuit voltage (Voc), short-circuit charge (Qsc),

and short-circuit current (Isc) were larger for the TENG wherein
the MXene/silicone nanocomposite was coated on the conduc-
tive fabric. This high electrical output can be attributed to the
large tribo-charge trapping capacity of the MXene nanosheets, as
depicted in Figure 3a(ii).[44,50] At the beginning of the contact elec-
trification process, positive and negative tribo-charges are gener-
ated on the surface of the nylon film and on the dielectric layer of
the TENG, respectively. When the nylon and the dielectric layer
are separated, the negative tribo-charges on the dielectric layer
can induce positively charged carriers in the conductive fabric.
The established electric field between the surface of the dielec-
tric layer and the conductive fabric can make the surface negative
tribo-charges drift toward the conductive fabric. At this stage, the
MXene nanosheets can effectively trap the drifting tribo-charges.
Thus, continuously contact and separation are capable of bring-
ing more tribo-charges in the dielectric layer, thereby resulting in
an enhanced electrical output.

Moreover, the Voc, Qsc, and Isc values of the TENG containing
the fully embedded conductive sponge reached 251.8 V, 65.3 nC,
and 2.2 μA, which are significantly higher than those of the CS-
mode TENG based on the conductive fabric (Figure 3b; Figure S4,
Supporting Information). This enhancement can be explained by
considering that full embedding of the conductive sponge in the
dielectric layer increases the effective area of the electrode in the
electrostatic field. The effect of electrostatic induction is there-
fore enhanced, which in turn leads to an increase in the amount
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Figure 2. Fabrication and material characterization of the SNC-TENG. a) Schematic diagram outlining the SNC-TENG fabrication process. b) FESEM
image of the MXene nanosheets. c) XPS survey spectrum of the MXene nanosheets. d) FESEM image of the conductive sponge. e) Element analysis of
conductive sponge. f) EDS mapping analysis of the MXene/silicone nanocomposite layer. g) Cross-sectional FESEM image of the SNC-TENG.

of induced charges (Figure 3a(iii)). Improvement of the noncon-
tact TENG performance can therefore be achieved through ma-
terial optimization (i.e., mixing the MXene nanosheets with the
silicone matrix), and structural optimization (i.e., by fully embed-
ding the conductive sponge).

The effect of the MXene nanosheets weight ratio on the electri-
cal performance of the CS-mode TENG was investigated quanti-
tatively by applying the same contact force of 20 N and frequency
of 2 Hz. As shown in Figure 3c and Figure S5 (Supporting Infor-
mation), the values of Voc, Qsc, and Isc increased as the MXene
nanosheet weight ratio was increased from 0 to 3 wt%, indicat-
ing its obvious effect in enhancing the electrical performance of
the TENG. However, a further increase in the weight ratio led
to a poorer electrical performance. The mechanism of above re-
sults can be more specifically described in Figure 3d. After the
contact and separation of the nylon and silicone rubber, the neg-
ative tribo-charges (green dots) on the dielectric layer are stored

in the trap states of the silicone rubber and induce the accumula-
tion of positive carriers (red dots) in the conductive sponge, lead-
ing to the formation of an electric field.[51,52] When pure silicone
rubber was used as the dielectric layer, only the negative tribo-
charges trapped at the surface of the silicone rubber can create
an electrostatic field to induce positive charges in the conduc-
tive sponge (Figure 3d(i)). As the MXene nanosheets doped in
the silicone rubber, the negative tribo-charges can penetrate and
be trapped in the MXene nanosheets of silicone rubber matrix
(Figure 3d(ii)). As a result, large amount of negative tribo-charges
in the dielectric layer can form an enhanced electrostatic field,
leading to an increased output. However, upon increasing the
weight ratio of the MXene nanosheets >3 wt%, conductive paths
can be formed by the nanocomposite, thereby promoting nega-
tive tribo-charges to drift into the conductive sponge, and declin-
ing the electrical performance of the TENG (Figure 3d(iii)). We
further investigated the performance of the device in responding
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Figure 3. Optimization of the electrical performance. a) Schematic illustration of the three types of CS-mode TENGs and their corresponding working
mechanisms. b) Generated Voc and Qsc for the CS-mode TENGs depending on the type of structures. c) Variation in the Voc and Qsc values of the
CS-mode TENGs at various MXene nanosheet weight ratios. d) Energy level illustration and the corresponding charge transfer and trapping process.
e) Schematic representation of the SNC-TENG working principle under noncontact mode. f) Electrical potential distributions of the SNC-TENG simulated
using COMSOL software. g) Generated Voc and Qsc for the SNC-TENG depending on the MXene nanosheet weight ratio under noncontact mode
conditions. h) Generated Voc and Qsc for the SNC-TENGs depending on the types of structure under noncontact mode conditions.

to various contact forces. As shown in Figure S6a–c (Supporting
Information), the Voc, Qsc, and Isc increase as the applied force
varies from 1 to 20 N. Subsequently, the growth rates of the out-
puts decelerate as the forces increase. The results reveal that the
MXene/silicone-based TENG can function as a pressure sensor
for detecting the contact forces. Comparing with the previously
MXene-based devices,[53–56] the feature of actively self-powered

response can minimize the power consumption of the sensing
device.

On the basis of the above electrostatic induction, this SNC-
TENG is able to work in the noncontact single-electrode mode, as
illustrated in Figure 3e. More specifically, it can be seen that the
MXene/silicone nanocomposite layer of the SNC-TENG is nega-
tively charged, and some positive charges are accumulated in the
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electrode of the SNC-TENG to balance the electrostatic charges
(step I). As the positively charged object moves away from the
SNC-TENG, the electrons begin to flow from the electrode to the
ground through the external circuit (step II). Subsequently, as
the object continues to move away from the SNC-TENG, and the
number of charges transferred from the electrode to the ground
will achieve the maximum value (step III). Conversely, as the ob-
ject gradually approaches, the electrode will attract the electrons
from the ground to achieve electrical equilibrium (step IV). Like-
wise, if the object is negatively charged, the process of electron
transferred between the conductive sponge and the ground will
be reversed. To verify the working mechanism, the corresponding
potential distribution was simulated using COMSOL software, as
presented in Figure 3f. It was found that the potential difference
between the SNC-TENG and the charged object changes corre-
spondingly during the process of approach and separation.

The effect of the MXene nanosheet weight ratio on the perceiv-
ing performance of the SNC-TENG was subsequently evaluated
in the noncontact single-electrode mode. Figure 3g and Figure
S7 (Supporting Information) display the Voc, Qsc, and Isc values
obtained for the SNC-TENG as the MXene nanosheet weight ra-
tio was increased from 0 to 5 wt%. As indicated, upon increasing
the MXene weight ratio from 0 to 3 wt%, the Voc, Qsc, and Isc val-
ues were improved from 15.8 V, 5.9 nC, and 88.2 nA to 29.9 V,
10.1 nC, and 165.7 nA, which represent increases of 1.9, 1.7, and
1.9 times compared to the values obtained for the SNC-TENG
based on pure silicone rubber. However, the electrical output of
the SNC-TENG decreased as the MXene weight ratio was in-
creased further to 5 wt%. These trends are consistent with those
presented in Figure 3c and Figure S5 (Supporting Information),
indicating that the addition of MXene nanosheets can improve
the noncontact sensing performance at an optimal weight ratio
of 3 wt%. Figure 3h and Figure S8 (Supporting Information) also
demonstrate that the SNC-TENG based on the fully embedded
conductive sponge performs better than that based on conduc-
tive fabrics under noncontact mode conditions, thereby reveal-
ing the effectiveness of this structural design strategy in terms of
improving the noncontact sensing performance.

2.4. Noncontact Sensing Performance of the SNC-TENG

Subsequently, the electrical output of the SNC-TENG was inves-
tigated in detail under vertical noncontact mode conditions. As
shown in the inset of Figure 4a, a positively charged-nylon film
(the triboelectrified layer) is attached to one end of a linear motor
to simulate a moving object. The negatively charged SNC-TENG
(dimensions: 8 × 4 cm2) is placed at a distance of d from the ap-
proaching end of the positively charged nylon film. The moving
increment (Δd) and frequency (f) of the nylon film can be pre-
cisely adjusted using the linear motor. As shown in Figure 4a and
Figure S9 (Supporting Information), the Voc, Qsc, and Isc values
of the SNC-TENG decrease as the distance is increased from 2
to 30 cm, and this can be attributed to attenuation of the electro-
static field with a longer distance. As shown in Figure 4b, both
the Voc and Qsc values of the SNC-TENG increase as the moving
frequency of the nylon film was increased from 0.4 to 2 Hz at a
fixed d of 2 cm (the generated Isc is shown in Figure S10 (Sup-
porting Information)). This can be accounted for by considering

that the increasing moving frequency enables a greater degree of
charge transfer between the nylon film and the air, resulting in an
increased number of carried charges in the nylon film.[57] Addi-
tionally, the Voc, Qsc, and Isc values of the SNC-TENG were found
to increase as the Δd of the nylon film was increased from 1 to
140 mm, as shown in Figure 4c and Figure S11 (Supporting In-
formation). It should be noted here that the SNC-TENG exhibits
a high sensitivity even for a slight movement increment of 1 mm
(see the voltage signal presented in the inset of Figure 4c).

To test the effects of the electrified object and SNC-TENG ar-
eas on the noncontact sensing performance, the S1/S0 ratio was
used to define the variation in size, where S1 is the area after
cutting and S0 is the original area. As shown in Figure 4d and
Figure S12 (Supporting Information), the Voc, Qsc, and Isc values
of the SNC-TENG decreased with a reduction in the nylon film
and device areas, thereby demonstrating that the SNC-TENG is
more sensitive to larger objects, and that expanding the area of
the noncontact TENG can enhance the noncontact sensing capac-
ity. As mentioned above, this device can be easily fabricated on a
large scale, and so it should be possible to enhance its noncontact
sensing ability for additional applications by enlarging the device
area. The response time is investigated for evaluating the perfor-
mance of the device in acquiring the real-time signal. As shown
in Figure S13 (Supporting Information), the displacement wave-
forms of the objectives exhibit excellent synchronization with the
corresponding electrical signal of the device. And, the response
time of the device is less than 30 ms.

The durability of the SNC-TENG was then examined through a
number of continuous approach/separation cycles using the ny-
lon film. As indicated in Figure 4e, although the generated Voc
tends to slowly decline, the SNC-TENG is still able to deliver an
appropriate electric signal for a considerable period of 5000 s.
In addition, the shape of the electrical signal remains relatively
constant, as depicted in the inset of Figure 4e. In addition, the
response of the SNC-TENG to various materials (e.g., PTFE, Kap-
ton, Al, Cu, paper, FEP, nylon, and rayon fiber) was then evalu-
ated at a fixed f of 1.6 Hz and d of 2 cm. As shown in Figure 4f,
the value of Voc is related to the electropositivity of the mate-
rial being examined. More specifically, the Voc reached 24.3 V
when sensing rayon fiber, a common material used for manu-
facturing clothes. Furthermore, the electrical output of the SNC-
TENG from detecting the human skin is investigated in Figure
S14 (Supporting Information). The Voc of the device rises from
4.4 to 14.9 V with the increasing of the movement speed of the
hand. And, the generated Qsc and Isc can reach 1.9 nC and 120.6
nA, respectively. Figure 4g shows the real-time signal recorded
for the SNC-TENG as the volunteer walks past the device at a
distance of 30 cm, wherein it can be seen that a peak signal of
3.4 V was reached as Volunteer 1 walks past the device. Figure S15
(Supporting Information) presents comparable results for other
volunteers, wherein it is apparent that peak variance was ob-
served due to the different clothing materials worn by volunteers.
For example, Volunteer 1 mainly wore rayon fiber, which is an
excellent polymer material for sensing by the SNC-TENG, as dis-
cussed above (see Figure 4f).

Moreover, the recorded Voc values generated by differ-
ent types of movement at various distances were recorded
(Figure 4h) and it was found that the value of Voc generated by
both jumping and running decreases as the distance increases
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Figure 4. Sensing performance of the SNC-TENG in the vertical noncontact mode. a) Effect of the distance on the Voc and Qsc values. b) Effect of the
frequency on the Voc and Qsc values. c) Influence of the moving increment on the Voc value. d) Variation in Voc upon altering the sizes of the electrified
layer and the SNC-TENG. e) Durability test for the SNC-TENG. f) Variation in Voc upon response of the SNC-TENG to various materials. g) Output
signals recorded when walking past the SNC-TENG. h) Voc values of the SNC-TENG recorded for different activities and distances. i) Comparison of the
perceiving distance per unit area of the TENGs prepared in this work with similar previously reported results. Variation in the Voc values of SNC-TENG
with the ambient j) relative humidity and k) temperature.

between the device and the volunteer. Notably, the voltage sig-
nals generated by jumping are significantly larger than those of
running at the same distance, likely due to the motion speed and
amplitude of jumping being larger than those of running. Sig-
nificantly, even at a distance of 200 cm, the volunteer activities

can still be perceived, thereby indicating the outstanding non-
contact sensing performance of the SNC-TENG (see Figures S16
and S17, Supporting Information). To the best of our knowledge,
this perceiving distance of 200 cm is a record among previously
reported noncontact TENGs,[38] and notably, this was achieved
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using a TENG with an area of only 8 × 4 cm2 (cf, the previ-
ously reported A4 paper size). For the purpose of this study,
the ratio of d/S was used to evaluate the noncontact sensing
capabilities of the TENGs, wherein d and S are the maximum
perceived distance and area of the TENG, respectively. As pre-
sented in Figure 4i and Table S1 (Supporting Information), the
d/S ratio of the SNC-TENG can reach 6.25, which is the highest
among previously reported noncontact TENGs, further indicat-
ing its outstanding noncontact sensing performance.[29–41] The
influences of the ambient temperature and relative humidity on
the output of the SNC-TENG were also investigated. As shown in
Figures S18 and S19 (Supporting Information), customized ex-
perimental setups were constructed, wherein a blower heater
and a humidifier were used to control the ambient temperature
and the relative humidity, respectively. As shown in Figure 4j,
the Voc of the SNC-TENG remains almost constant at tem-
peratures of 23 and 30 °C, although a further increase to 62
°C led to a reduction in Voc (i.e., from 16.5 to 7.3 V) due to
the escape of trapped charges from the shallow traps due to
higher temperature.[58] Similarly, the generated Voc decreased
rapidly as the relative humidity was increased from 45% to
95% (Figure 4k). In this case, the observed reduction was at-
tributed to dissipation of the surface charges due to the for-
mation of a water layer.[50] However, the value of Voc con-
tinued to reach 2.5 V even at 95% relative humidity, thereby
demonstrating the high adaptability of the SNC-TENG to harsh
environments.

Subsequently, the electrical performance of the SNC-TENG
was tested under the horizon noncontact mode, as depicted in
Figure S20a (Supporting Information). Upon increasing the dis-
tance from 2 to 30 cm, the Voc, Qsc, and Isc values decreased
from 4.8 V, 1.4 nC, and 59.6 nA to 0.8 V, 0.2 nC, and 42.3 nA,
respectively (see Figure S20b–d) (Supporting Information). The
values of Voc, Qsc, and Isc were also found to increase with the
moving frequency of the object, as shown in Figure S20e–g (Sup-
porting Information). The electrical output of the device decays
as the △d of the objective decreases (Figure S20h–j, Support-
ing Information). The perceiving sensitivity of 1 mm can be re-
mained under the horizon noncontact mode, as shown in the
inset of Figure S20h (Supporting Information). These results
therefore indicate that the self-powered noncontact SNC-TENG
sensor is able to perceive approaching objects from multiple
directions.

2.5. Demonstration of Potential SNC-TENG Applications

Intelligent vehicles with sentry mode have been developed for
assisting parking and preventing theft using conventional pas-
sive sensors.[59,60] But, the work of sentry mode relies on con-
tinuous operation of the conventional passive sensors, resulting
in continuous power consumption. Herein, the use of the de-
signed SNC-TENG as a self-powered noncontact sensor is suc-
cessfully demonstrated in the vehicle sentry mode. As shown in
Figure 5a, the SNC-TENG is attached in the surface of the ve-
hicle to perceive the surroundings through the effect of electro-
static induction. The induced signals are acquired by a signal ac-
quisition module (Arduino Uno), and a control program is sent
to the surveillance camera through a microprocessor unit (Jet-

son Nano). The surveillance camera is then triggered to switch
on and record the surroundings. When the generated signal ex-
ceeds the set threshold value, the buzzer can be activated to sound
an alarm. For example, Figure 5b and Movie S1 (Supporting In-
formation) show the application of this SNC-TENG as a noncon-
tact sensor for detecting an approaching vehicle in a simulated
parking lot. The parking process of the nearby vehicle can be di-
vided into three steps, including preparing, parking, and finish-
ing. Initially, the reversing vehicle is far from the SNC-TENG and
the camera remains in the off state (Figure 5c(i)). As the revers-
ing vehicle begins to approach the SNC-TENG (Figure 5c(ii)), an
electrical signal of 0.2 V is generated, and the trigger signal acti-
vates the surveillance camera to record the approaching vehicle
(Figure 5d(ii)). As shown in Figure 5d(ii), the surveillance moni-
toring screen clearly displays essential information relating to the
nearby vehicle (e.g., make, model, and color). When the vehicle
finishes the parking process (Figure 5c(iii)) a larger signal of 0.3 V
is generated as the vehicle further approaches the SNC-TENG,
as indicated in Figure 5d(iii). Since parking accidents often occur
owing to driver error, such an accident is simulated in Figure 5e
and Movie S1 (Supporting Information). In this case, the SNC-
TENG generates an electrical signal of 0.2 V as the reversing
vehicle approaches, and the surveillance camera is activated, as
shown in Figure 5f(ii). Subsequently, as the reversing vehicle
comes into contact with the SNC-TENG, a larger electrical signal
of 0.6 V is generated, which exceeds the threshold value of buzzer
activation (Figure 5f(iii)) and the alarm sounds (Figure 5e(iii)).
The device with the characteristic of shock-absorbing is benefi-
cial for practical applications.[61] Herein, the attached flexible de-
vice may also mitigate shocks, thereby reducing the damage to
the vehicles caused by the unexpected accidents. And, the crash-
ing accident can be recorded clearly by the surveillance camera
(Figure 5f(iii)), which is essential for later accountability, espe-
cially in the case of unmonitored parking lots.

Furthermore, the SNC-TENG can be used in the detection of
vehicles in the blind spots while driving, as shown in Figure 6a
and Movie S2 (Supporting Information).[16,62] Figure 6b depicts
the process flow from perceiving the approaching vehicles to con-
trolling the virtual vehicles. Two SNC-TENGs, attached on the
surface of the vehicle, are utilized to perceive the vehicles ap-
proaching from left and right lanes. The data processing unit
then acquires the electrical signals from the left-side SNC-TENG
(L-TENG) and the right-side SNC-TENG (R-TENG), and deliv-
ers a real-time motion command to the virtual vehicles. In this
demonstration, the 3D virtual interface is capable of assisting
the drivers to observe vehicles approaching from the left or right
blind spot. As shown in Figure 6c, the vehicle equipped with the
two SNC-TENG devices is in the middle lane of a three-lane road.
The electrical signals generated in response to the approaching
vehicles enable the corresponding virtual vehicles to move, as
shown in Figure 6c(i,ii). Furthermore, simultaneous operation of
the L-TENG and R-TENG allows both virtual vehicles to take the
action, as can be seen in Figure 6c(iii). It should be noted here
that the signals from the R-TENG and the L-TENG are generated
in sequence, and this sequence corresponds to the approaching
order of the two vehicles in reality, thereby revealing the high sen-
sitivity of these devices.

Finally, the SNC-TENG was attached on the surface of a ve-
hicle to determine its potential in detecting a potential break-in

Adv. Funct. Mater. 2023, 2306381 © 2023 Wiley-VCH GmbH2306381 (8 of 12)
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Figure 5. Demonstration of using the SNC-TENG as a noncontact sensor in vehicle sentry mode during parking. a) Logical block diagram of SNC-TENG
application in vehicle sentry mode. b) Photographic images of the sentry mode system in a simulated parking lot. c) Photographic images of the three
stages involved in detecting surrounding vehicles during parking. d) Real-time signals of SNC-TENG corresponding to the three steps of successful
parking, right inset shows the corresponding monitor screen of surveillance camera. e) Photographic images of the three stages involved in a collision
during parking. f) Real-time signals of the SNC-TENG corresponding to the three steps of failed parking, right inset shows the corresponding monitor
screen of surveillance camera.

(Figure 6d; Movie S3 (Supporting Information)). As depicted in
Figure 6e, as the volunteer approaches the vehicle, an electrical
signal of 0.6 V is generated by the SNC-TENG. As a result, the
surveillance camera on the rearview mirror is activated, and video
recording begins, as shown in the inset of Figure 6e. As the volun-

teer touches the SNC-TENG, a larger electrical signal of 0.8 V is
generated, and the buzzer alarm is activated. The demonstration
therefore reveals that the SNC-TENG exhibits potential for practi-
cal application in detecting varying conditions regarding the sur-
roundings of a vehicle.

Adv. Funct. Mater. 2023, 2306381 © 2023 Wiley-VCH GmbH2306381 (9 of 12)
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Figure 6. Application of the SNC-TENG in blind spot detection and potential theft detection in a real vehicle. a) Representation of the detection of
vehicles in the blind spot. b) Process flow from perceiving an approaching vehicle to control of the virtual vehicle. c) Vehicles approaching from i) the
left lane, ii) the right lane, and iii) both lanes, and the corresponding actions in virtual interface. d) Photographic image of the SNC-TENG applied to
a real vehicle for the detection of potential theft. e) Real-time signal generated by the SNC-TENG for activation of the vehicle alarm. The insets show
photographic images of the demonstration process.

3. Conclusion

In summary, a self-powered noncontact TENG with ultra-long de-
tection and high sensitivity was developed to perceive movement
and contact via the electrostatic induction effect. This SNC-TENG
was optimized by incorporating MXene (T3C2Tx) nanosheets

along with a fully embedded conductive sponge, which led to an
enhanced charge density and exceptional performance. The non-
contact sensing performance of the SNC-TENG was comprehen-
sively studied under various distances, frequencies, and moving
increments. As a result, the device was able to detect human activ-
ity (e.g., running and jumping) from a distance of 2 m, and a high

Adv. Funct. Mater. 2023, 2306381 © 2023 Wiley-VCH GmbH2306381 (10 of 12)
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sensitivity of 1 mm movement was demonstrated. These results
represent a new record in the perceiving distance per unit area
among previously reported noncontact TENGs. The applicability
of using this device in sentry mode and blind spot detection pur-
poses was also successfully demonstrated, and the noncontact
TENG was applied in a real vehicle to evaluate its performance
in detecting potential collisions and theft. The proposed noncon-
tact TENG is particularly desirable due to its self-powered nature,
its lower cost compared with conventional onboard sensors, and
its suitability for scale-up manufacture. These properties will be
expected to accelerate the development of smart and secure ve-
hicles. This work will also be expected to promote advances in a
wide range of noncontact sensing technologies.

4. Experimental Section
Materials: Silicone rubber (Dragon SkinTM 30) was purchased from

Smooth-On (United States), while the MXene (Ti3C2Tx) nanosheets were
purchased from Foshan Xinxi Technology Co., Ltd. The conductive sponge
bearing an adhesive was purchased from Kunshan Electronic Materials
Products Co., Ltd.

Fabrication of the SNC-TENG: Initially, the MXene nanosheets were
fully ground using a mortar and pestle. Subsequently, parts A and B of
Dragon Skin 30 were mixed in equal weights, and the ground MXene
nanosheets were added to the liquid silicone rubber and mixed uniformly.
A 3D printer was then used to prepare a rectangular acrylic mold (internal
dimensions: 8 cm × 4 cm). A PET film (with the thickness of 200 μm) was
attached to the bottom of the rectangular mold as an insulating layer. The
conductive sponge (dimensions: 7.8 cm × 3.8 cm × 0.05 cm) was pasted
onto the surface of the PET film using its adhesive side, and the liquid
mixture prepared above was slowly poured onto the top of the conductive
sponge slowly. Finally, the mixture was dried at room temperature for 10 h
and the dried SNC-TENG was removed from the acrylic mold.

Electrical Measurements: The surface morphologies of the MX-
ene/silicone nanocomposite layer, the MXene nanosheets, and the con-
ductive sponge were characterized by FESEM (Hitachi S-4800). The XPS
survey spectrum of the MXene (Ti3C2Tx) nanosheets was recorded using
a Bruker D8 Advance instrument. In addition, the elemental distribution
maps of the SNC-TENG were obtained by EDS (Oxford X-MaxN). To mea-
sure the electrical performance of the SNC-TENG under the CS mode, an
integrated linear motor equipped with a pressure feedback control sys-
tem (R-LP3) was employed. Furthermore, a linear motor (Linmot E1100)
allowing control of the moving increment and frequency was used to evalu-
ate the noncontact sensing performance. It should be noted that the MX-
ene/silicone layer of the SNC-TENG was negatively charged by rubbing
with nylon film 30 times prior to each experiment. The open-circuit volt-
age, short-circuit current, and short-circuit charge of the SNC-TENG were
measured using a Keithley 6514 electrometer. During demonstration of the
potential applications of the SNC-TENG, an Arduino Uno was employed
as the signal acquisition unit, while a NVIDIA Jetson Nano was used to
activate the surveillance camera.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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