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A P P L I E D  P H Y S I C S

Self-powered visualized tactile-acoustic sensor for 
accurate artificial perception with high brightness and 
record-low detection limit
Li Su1,2†, Shuangyang Kuang3†, Yong Zhao1,2*, Junhuan Li1, Guodong Zhao1, Zhong Lin Wang4,5*, 
Yunlong Zi6,7,8*

The growth of the Internet of Things has focused attention on visualized sensors as a key technology. However, it 
remains challenging to achieve high sensing accuracy and self-power ability. Here, we propose a self-powered 
visualized tactile-acoustic sensor (SVTAS) based on an elaborated triboelectrification-induced electrolumines-
cence (TIEL) unit. To date, it features a high brightness of 0.5 mW cm−2 (32 cd m−2) and a record-low detection 
limit of 0.5 kPa in horizontal-sliding mode. Meanwhile, the SVTAS is applicable to convert acoustic waves into TIEL 
signals in contact-separation mode, showing the highest response to the 44.07 Hz sound, a high signal-to-noise 
ratio of 8.7 dB−1, and an ultrafast response time of 0.8 ms. Furthermore, advanced artificial visualized perception 
systems are constructed with excellent performance in recognizing motion trajectories and human speech with 
different words/sentences. This work paves the way for the highly efficient and sustainable development of new-
generation self-powered visualized perception systems, contributing a solution to wireless communication free 
from electromagnetic interference.

INTRODUCTION
With the close coordination between the eyes and the brain, visual 
information can be detected and preprocessed by the retina and 
then transmitted to the visual cortex for further complex perceptual 
processing. Therefore, an artificial visualized perception system is 
requisite and essential for artificial intelligence and human-machine 
interactions (HMIs) (1, 2). In comparison, traditional artificial 
perception systems based on different types of electrical sensors 
normally suffer from complicated circuits and electromagnetic 
interference (3–11), which is adverse to most Internet of Things (IoT) 
applications where high data throughput and limited energy supply 
are common. Under these circumstances, self-powered visualized 
sensors can be used to emulate the artificial visualized perception 
system by integrating the functions of self-luminescent sensors 
and artificial synapses, which is based on human-readable visible 
optical signals without electrical wire connections and free of elec-
tromagnetic interference, thus providing an alternative communica-
tion approach (12–18). So far, mechanoluminescence (ML) has 
become one of the most representative techniques applied to pro-
duce self-powered visualized sensors due to its fast response to 

mechanical stimulus, drawing a great deal of attention for research 
(19–22). However, there are still some outstanding problems that 
arise from the high-accuracy recognition based on this technique. 
On the one hand, the triggering threshold is too high to detect gen-
tle mechanical stimuli sensing such as acoustic waves (23–26). 
On the other hand, the low luminescent intensity affects portability 
under illumination, which limits the scope of application (27, 28). 
Therefore, the poor sensitivity of ML has become a major constraint 
on its application, which necessitates the development of innovative 
sensing technology.

Most recently, it has been discovered that the triboelectrification-
induced electroluminescence (TIEL) based on triboelectrification 
and electroluminescence (EL) effect can convert gentle mechani-
cal stimuli into real-time light emission, which can be proposed 
as a novel form of ML and provides an alternative to the develop-
ment of visualized sensors (29–36). When two different materials 
are in dynamic interaction with each other, the surface charges 
generated by the triboelectric effect at their interfaces produce a 
fast-changing electric field in the EL material. Thus, highly effi-
cient EL is achieved with such characteristics as simplified structure, 
low triggering threshold, high responsivity, excellent repeatabili-
ty, and stability (37–40). In particular, it is revealed that TIEL allows 
for a wide material selection to generate triboelectricity and a 
more versatile structure, which is beneficial for optimization of 
the components and architectures of the composite material (41–48). 
As a result, TIEL has the potential for ultrasensitive mechanical 
sensing in various settings, especially the artificial visualized per-
ception system.

In this work, a self-powered visualized tactile-acoustic sensor 
(SVTAS) is developed through a TIEL unit for real-time artificial 
perception. Because of the polarization/modulus regulation and the 
unique interfacial charge trapping ability of the mesh electrode–
enhanced layer, a high brightness of 0.5 mW cm−2 (32 cd m−2) and 
the ultralow detection limit at 0.5 kPa are achieved in horizontal-
sliding (HS) mode, with the light emission observable even under 
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an ambient illumination of 300 lux. Meanwhile, the SVTAS is capa-
ble of converting acoustic waves into TIEL signals in contact-
separation (CS) mode, showing the highest response to the 44.07 Hz 
sound, a high signal-to-noise ratio (SNR) of 8.7 dB−1, and an ultra-
fast response time of 0.8 ms at 60 to 90 dB. Compared with various 
TIEL-related works, the SVTAS features the highest brightness and 
the lowest detection limit. Furthermore, real-time artificial visualized 
perception systems are demonstrated for the highly accurate recogni-
tion of motion trajectories and human speech with different words/
sentences. Therefore, the proposed SVTAS is expected not only to 
promote the development of self-powered visualized sensors but also 
to expand the scope of application notably for TIEL.

RESULTS
Overview of the SVTAS
Figure 1A illustrates the structure of the SVTAS, which features a 
layer-by-layer configuration. In design, the SVTAS is composed 
of a triboelectrification layer made of polyvinylidene difluoride 
(PVDF) nanofibers, a flexible luminescent layer consisting of the 
ZnS:Cu embedded in polymethyl methacrylate (PMMA) (ZEPM) 
film, a transparent mesh electrode–enhanced layer, and a substrate. 
The preparation of SVTAS is detailed in Materials and Methods 
and fig. S1. The SVTAS enables the conversion of gentle touch and 
sound stimuli into TIEL signals without any external power supply 
under HS and CS mode, respectively. Therefore, versatile artificial 
visualized perception systems are developed by using the SVTAS, 
a signal acquisition unit [photodetector or charge-coupled device 
(CCD) camera], and a processing unit (artificial neural network) 
for highly accurate intelligent control and speech recognition. Fig-
ure 1B shows the design of SVTAS. Specifically, PMMA is adopted 
as the matrix of the luminescent layer owing to the ease of crystal-
lization, high optical transmittance, and the significant difference 
in triboelectric polarity with the fluoropolymers (Fig. 1, B and I). 
Moreover, the electrospinning nanofibers with high Young’s modu-
lus (PVDF nanofibers in this case) can act as the triboelectrifica-
tion layer and vibrating membrane to facilitate the generation of 
tribo-charges and the absorption of acoustic waves (Fig. 1B, II). 
Moreover, the tribo-charges can be trapped on the edges of the 
mesh electrode during the triboelectrification process, leading to a 
significant improvement of interfacial trap density that will be in-
troduced in the later section (Fig. 1B, III). On this basis, unprece-
dented high-luminescence and low-threshold value can be obtained 
in SVTAS. The quantitative sensing measurement system is illus-
trated in figs. S2 and S3 and text S1. The TIEL emission has a high 
brightness of 0.5 mW cm−2 (32 cd m−2) under HS mode, which is 
discernible to an ambient illumination of 300 lux (Fig. 1C and text 
S2). Meanwhile, the SVTAS converts acoustic waves into TIEL sig-
nals under CS mode, indicating its response with a threshold at the 
sound pressure level (SPL; Fig. 1D). Thus, the SVTAS-based artifi-
cial visualized perception system with TIEL-enabled transmission 
is expected to promote a new generation of optical communication 
in the field of IoTs without any electromagnetic interference, as 
illustrated in Fig. 1E.

The geometrical design of the mesh 
electrode–enhanced layer
The well-designed electrode structure is beneficial for generating a 
high and fast-changing electric field, which can improve the TIEL 

sensitivity significantly (39, 40). Therefore, the geometrical design 
of the mesh electrode–enhanced layer is further refined to improve 
the TIEL intensity. Figure 2A illustrates the working mechanism of 
the SVTAS under HS mode, which relies on the coupling of tribo-
electrification and EL effects. There are four major states in one 
working cycle with the mesh electrode–enhanced layer simplified 
to two arbitrary coplanar electrodes (E1 and E2). When an external 
object moves, such as PVDF nanofibers moving against the lumi-
nescent layer, the luminescent layer is positively charged, while the 
surface of the PVDF nanofibers is negatively charged because of 
their triboelectric polarity difference. In the initial state I, with the 
moving object on the left side, the tribo-charges can produce a 
rightward electric field. If it moves forward to the middle (states II 
and IV), the tribo-charges generate no electric field due to an equal 
electric potential between the two electrodes. As it further moves to 
the right side, a leftward electric field is generated (state III). In this 
way, the back-and-forth movement leads to an alternating electric 
field with fast changes in amplitude and direction. Thus, the under-
lying EL phosphors are excited to generate the TIEL with a peak 
value of 520 nm in the spectrum (fig. S4). To fully understand the 
above working mechanism, a further investigation was conducted 
through the numerical simulation assisted by the software package 
COMSOL Multiphysics. The two-dimensional (2D) models with-
out and with electrodes were constructed for the cross-sectional 
view of electric field distribution in the four working states as dis-
cussed in Fig. 2B and text S3, with the dimensions comparable to an 
actual device. To simplify the simulation process, two coplanar 
electrodes (E1 and E2) with a unit size of a thickness of 100 μm and 
a width of 4 mm were used. Notably, in the presence of electrodes 
(Fig. 2B, II), the electric field was strengthened on the electrodes’ 
edge, which implies higher efficiency and stronger EL than in the 
absence of electrodes (Fig. 2B, I). The results show that TIEL inten-
sity can be further improved by optimizing the gap/breadth (G/D) 
ratio of the electrodes with the same area (12 mm × 12 mm) and 
number of units (2  ×  2), as shown in Fig. 2C. In the course of 
COMSOL simulation, the amplitudes of the electric field along the 
black dash line on the luminescent layer were extracted in the four 
working states, respectively (fig. S5). It was found that the electric 
field variation in the nonelectrode case was smooth and the ampli-
tude was limited (Fig. 2D). The SVTAS with five different G/D ratios 
(1/4.5, 2/4, 3/3.5, 4/3, and 5/2.5) was investigated separately to 
reveal the influence of the G/D ratio on the TIEL intensity in four 
states, respectively, as shown in Fig. 2 (E to G). It was discovered 
that a significantly enhanced electric field was generated in the edge 
regions near the electrodes, which is consistent with the observations 
in previous studies (39, 40). In one working cycle, the electric field 
variation on the phosphors (ΔE) reached a maximum of 4.89 MV m−1, 
which is almost three times as high as that without electrodes 
(1.53 MV m−1) (fig. S6). Nevertheless, it is worth mentioning that 
the enhanced luminescent regions are mainly concentrated on the 
electrodes, which is contracted with the increase in G/D ratio. By 
using these two interdependent factors, an optimum G/D ratio of 
2/4 is determined for the maximum TIEL intensity (Fig. 2H). It is 
found that the SVTAS with optimum mesh electrode layer has a 
significantly improved TIEL intensity (about 2.5-fold) and reaches 
saturation much faster than the SVTAS without electrodes, as 
shown in Fig. 2I. These results not only support the geometrical 
design of the mesh electrode–enhanced layer but also confirm its 
enhanced performance in interfacial trap density.
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Tactile sensing properties of SVTAS
The TIEL intensity of SVTAS under HS mode for tactile sensing 
was analyzed by adjusting several variables, including ZnS:Cu con-
tent, material type, and the motion frequency of the triboelectrifi-
cation layer, as well as the pressure at the contact surface. First, the 
maximum TIEL intensity was achieved at the optimal mass ratio 
(50 wt %) of ZnS:Cu phosphors in the whole ZEPM film (Fig. 3A). 

Otherwise, the excessively high content of ZnS:Cu phosphors can 
reduce the contact electrification of the ZEPM film and suppress 
tribo-charges generation. Second, it was found out that the TIEL 
intensity increased accordingly with the variation in triboelectric 
polarity between the triboelectrification layer and PMMA polymer, 
as shown in Fig. 3B. Thus, PVDF nanofibers were taken as the tri-
boelectrification layer to achieve an excellent TIEL performance in 

Fig. 1. Structural design and application of SVTAS. (A) The layer-by-layer structure of SVTAS and the schematic diagram of tactile-acoustic sensing by an artificial visu-
alized perception system under HS and CS mode, respectively. (B) Schematic diagram of the design process of SVTAS. (I) Polarization regulation in triboelectrification 
(inset: schematic of triboelectric mechanism), (II) the nanofibers with high Young’s modulus as acquired by electrospinning, and (III) the interfacial trap density improved 
by edge effect of the electrodes. Typically measured optical voltage from SVTAS under (C) tactile and (D) sound stimuli, indicating the high-luminescence and low-
threshold value. (E) Application of SVTAS in optical communication in IoTs.
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this case due to its highly negative electricity, large surface areas, 
and modulable Young’s modulus. In addition, TIEL intensity was 
enhanced with an increase in motion frequency of PVDF nanofi-
bers from 1 to 12 Hz, which is attributed to a rise in the number of 
moving cycles of electrons in ZnS:Cu phosphors activating the lu-
minescence centers within a unit time interval (Fig. 3C and fig. S7). 

Furthermore, the TIEL intensity of SVTAS increased with the pres-
sure ranging from 0.5 to 50 kPa at 8 Hz, and the sensitivity was 
divided into three regions (49, 50). This is attributed to the contact 
between the ZEPM film and PVDF nanofibers (Fig. 3E and figs. S8 
and S9). In the low-pressure region from 0.5 to 25 kPa, the expansion 
of contact area is caused by the elastic deformation of soft texture, 

Fig. 2. The geometrical design of the mesh electrode–enhanced layer. (A) Working mechanism of SVTAS applied by the mesh electrode–enhanced layer when the 
moving external object is in four different states. (B) The 2D electric field distribution of SVTAS (I) without and (II) with electrodes in the four working states as revealed by 
COMSOL simulation. (C) The comparison of the mesh electrode layer with the same unit size (12 mm × 12 mm) and the different G/D ratios (G/Ds are 5/2.5 and 1/4.5), re-
spectively. (D) The 1D electric field distribution along the black dash line on the luminescent layer of the four different states in the absence of electrodes in (B), I. The 1D 
electric field distribution along the black dash line on the luminescent layer with the different G/D ratios of the four different states (E) state I, (F) state II/IV, and (G) state 
III in the presence of electrode, respectively. (H) The optimum G/D ratio of the unit size in the mesh electrode–enhanced layer. (I) TIEL intensity of SVTAS increased with 
the rubbing cycles, indicating that the mesh electrode layer increased the interfacial trap density to reach the maximum rapidly.
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Fig. 3. Tactile-TIEL responsive performance of SVTAS under HS working mode. TIEL intensity with (A) a varied ZnS:Cu content, (B) different triboelectrification mate-
rials at 5 kPa and 2 Hz, (C) an increase in sliding frequency from 1 to 12 Hz at a pressure of 50 kPa by using PVDF nanofibers as the sliding object, (D) a rise in pressure from 
0 to 5 kPa at an interval of 0.5 kPa, showing a trigger pressure threshold of as low as 0.5 kPa, and (E) an increase of pressure in a larger range from 0 to 50 kPa with an in-
terval of 5 kPa. (F) TIEL image of SVTAS in an ambient illumination of 300 lux. (G) The comparison in trigger pressure threshold between the SVTAS proposed in this work 
and other TIEL materials. (H) Stability and repeatability test of the TIEL emission in 3 hours at an interval of 500 ms. (I) TIEL spectra of SVTAS embedded with different 
color electroluminescent powers (ZnS:Cu+, ZnS:Cu2+, and ZnS:Cu2+/Mn2+). (J) Demonstration of the SVTAS as a tactile sensor for amusement games.
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which causes a slow improvement of TIEL intensity with the increase 
in contact pressure at a pressure sensitivity of 0.92 μW cm−2 kPa−1. 
In the medium-pressure region from 25 to 50 kPa, the nanostruc-
tures on the PVDF fibers make the nanoscale elastic deformation 
effective in expanding the actual contact area significantly with 
the increase in pressure, which leads to a very high sensitivity of 
0.0074 mW cm−2 kPa−1. While in the high-pressure region beyond 
50 kPa, high pressure is the dominant factor instead of the contact 
area, thus causing the rise in TIEL intensity to slow down with a 
pressure sensitivity of 0.004 mW cm−2 kPa−1. Notably, TIEL emission 
was clearly observed even in an ambient illumination of 300 lux 
(Fig. 3F and movie S1). Moreover, it is noteworthy that the trigger 
pressure threshold of SVTAS reached as low as 0.5 kPa (Fig. 3D), 
which is the minimum in TIEL materials ever reported (Fig. 3G 
and table S1). Furthermore, the repeatability and stability of the 
TIEL emission were evaluated for 3 hours at an interval of 500 ms, 
revealing a stable TIEL emission of the SVTAS, as shown in 
Fig. 3H. Besides, the different EL phosphors in ZEPM film were 
found to show various luminescent colors (green-blue, green, and 
orange), indicating the applicability of SVTAS to sense the external 
stimuli with colorful luminescence (Fig. 3I). On this basis, an ad-
vanced artificial visualized perception system was developed 
with the assistance of a CCD camera and a self-developed soft-
ware (programmed by Python) for the TIEL-enabled game intel-
ligent control system. Depending on the trajectory captured by 
the camera, the game character moved accordingly, which con-
firms the feasibility of this tactile sensing system (Fig. 3J, text S4, 
and movie S2).

Acoustic sensing properties of SVTAS
Figure 4A illustrates the rationale of acoustic sensing by SVTAS 
under CS mode. Specifically, the propagation of the acoustic wave 
induces the difference in air pressure between two sides of the 
PVDF nanofiber membrane, thus causing the periodical vibra-
tion of the membrane. The periodical vibration of the membrane 
causes CS triboelectrification between the PVDF membrane and 
ZEPM films, which completes a working cycle of TIEL generation 
with four working states similar to the HS mode. A simulation of 
deformation-induced displacement of the circular PVDF nanofiber 
membrane at four different acoustic frequencies through COMSOL 
Multiphysics is shown in Fig. 4B and text S5. According to the sim-
ulation results for the PVDF nanofiber membrane with a diameter 
of 6 cm and a thickness of 100 μm, there are different vibration 
modes created at a certain acoustic frequency and the resonance 
frequency appears at 44.044 Hz in the first-order vibration mode, 
which usually indicates the most significant mechanical deforma-
tion. Furthermore, the sensing performance and the characteristics 
of basic SVTAS with different geometric parameters were system-
atically investigated. For SVTAS, diameter (Dm), thickness (Tm), and 
gap distance (Gm) are three critical parameters affecting the fre-
quency response. As revealed by the experiments and finite element 
analysis, larger Dm and Tm lead to a lower resonant frequency 
(figs. S10 and S11). Moreover, an appropriate Gm ensures not only 
the contact between the PVDF nanofibers and the ZEPM film but 
also the charge replenishment during operation (fig. S12). These 
theoretical analyses provide crucial guidance on obtaining a stable 
SVTAS with modulating frequency. Thus, the TIEL signal of SVTAS 
(Dm = 6 cm, Tm = 100 μm, and Gm = 100 μm) was measured in re-
sponse to a fixed frequency of piano keys or a speaker with continuous 

waves, as shown in Fig. 4C. The sounds of piano keys from C1 to A1 
with a SPL of 80 dB were recorded by the kinetic curve of the TIEL 
peak and a commercial acoustic-electric sensor for comparison 
(fig. S13). The TIEL intensity was found to reach its maximum 
when the key of F1 was pressed, indicating a resonance frequency 
of approximately 43.7 Hz (Fig. 4D). This is consistent with the sim-
ulation results (Fig. 4B). As shown in Fig. 4E, the piano key sounds 
(D1, E1, F1, and G1) are recorded four times by monitoring the 
TIEL peaks, demonstrating the high repeatability of the SVTAS for 
acoustic sensing. Notably, when the three keys were pressed simul-
taneously (Fig. 4, F and H), the frequency spectra of SVTAS ap-
peared as three key frequencies according to the Fourier transform 
(Fig. 4, G and I). Moreover, the directional sound response is shown 
in Fig. 4J. The directional pattern shows the mirror symmetry, 
which provides a wide-angle range for acoustic sensing. In the ex-
periment of SPL sensing, the sounds with varied SPL from 60 to 90 dB 
were recorded to fit the exponential relationship with a high sensi-
tivity of 1.4 mV dB−1 in the region of 85 to 90 dB (Fig. 4K). Besides, 
the kinetic curve of TIEL peak was distinguished from the noise 
with an interval of 25 ms at the sound frequency of 40 Hz, showing 
an ultralow response time of 0.8 ms, as shown in Fig. 4L. The SNR 
can be calculated to be 8.7 dB−1 (fig. S14A). Furthermore, consider-
ing the range of 20 to 20,000 Hz in the frequency of audible sound 
waves for humans, textual information was also recognized by the 
SVTAS. The pronouncing optical signal curves of Chinese pinyin of 
“e, f, and g” and English letters of “A and B” were recorded (fig. S14, 
B and C). Thus, if the transmitted control signal is modulated by 
digits “0” and “1,” digital information can be transmitted by the 
optical signal of the SVTAS, and optical signal communication can 
be achieved.

Speech recognition application of SVTAS
By taking advantage of the unique acoustic-TIEL responsive per-
formance of SVTAS, an advanced artificial visualized perception 
system is proposed for speech recognition through a convolution-
al neural networks (CNNs) model (fig. S15 and text S6) to classify 
different words and sentences, as shown in Fig. 5 (A and I). First, 
adjusting the amplitudes and frequencies of human speech makes 
it possible to obtain a series of luminescent images from SVTAS 
with varied brightness and different shapes, as demonstrated by 
the COMSOL stimulation in Fig. 4B and movie S3. Then, the adap-
tive threshold segmentation method is used to extract the effective 
image data (Fig. 5A, II). Afterward, the data are input into the 
CNN for feature extraction (Fig. 5A, III), thus learning the hidden 
semantics in acoustic waves of human speech. Through the pro-
posed CNN model, a variety of application scenarios can be real-
ized, such as HMI or a new-type hearing aid (Fig. 5B and movie 
S4). The obtained luminescent images of the five command words 
collected by SVTAS (including “jump,” “run,” “squat,” “stand,” and 
“walk”) are input into the CNN model to train the model. Figure 
5C shows the typical exemplary set of the actual luminescent im-
ages of SVTAS corresponding to the five command words with 
significant differences in luminescent shapes. The model parame-
ters are extracted in the training process at once until the loss 
function value ceases to decrease while the prediction accuracy 
shows no more improvement (fig. S16). By using the test dataset 
for validation, the confusion matrix of the five command words 
can be obtained, as shown in Fig. 5D. It is demonstrated that the 
CNN model proposed in this article achieves high accuracy and 
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strong robustness. Furthermore, this proposed model also suits 
some scenarios where communication is hindered, such as be-
tween doctors and patients on nuclear magnetic resonance scan, 
as illustrated in Fig. 5E. Although the acoustic waves of sentences 
have a longer duration and lower purity effective information than 
the words, after similar data processing by the CNN model (fig. S17), 
the normalized confusion matrix of the six sentences from the SVTAS 
(Fig. 5, F and G) indicates that the CNN model can also achieve 
a high classification accuracy in sentence semantic recognition, 
as shown in Fig. 5H. Therefore, the SVTAS is promising for the 

development of a new hearing system with outstanding sensing 
performance, which may be the focus of future research on self-
luminescent functional sensors.

DISCUSSION
The application of visualized sensors has recently been popularized 
because of their wireless communication, visible light feedback, and 
extraordinary electromagnetic-free interference in the IoTs. How-
ever, it remains challenging to achieve high sensing accuracy and 

Fig. 4. Acoustic-TIEL responsive performance of SVTAS under CS working mode. (A) Cross-sectional scheme of the working mechanism of SVTAS under CS mode for 
acoustic sensing. (B) The vibration mode of PVDF nanofiber circular membrane at different frequencies along with z displacement by COMSOL simulation. (C) The sche-
matic diagram shows the measurement of the acoustic response of optical signals, in which the SVTAS is placed near a loudspeaker. The impulse sound wave is generated 
from a piano and the continuous sound waves are generated from a speaker. (D) The optical voltage of the SVTAS versus piano key frequency at 80 dB, indicating the 
resonance frequency around F1. (E) Four times of repetitive optical signal measurement of monitoring the piano key of D1, E1, F1, and G1, respectively. The optical voltage 
signals measured when three piano keys (F) D1 + F1 + A1 and (H) C1 + F1 + D1 are pressed simultaneously, and their corresponding frequency spectrum (G) and 
(I) captured through Fourier transform. (J) The direction sound response property of testing angles from 0° to 180°. (K) The acoustic response of an SVTAS under various 
sound intensities. (L) Difference in acoustic response between the noise and specific continuous sound signal (around 40 Hz and 80 dB). Right: The enlarged view of the 
response signals indicates the fast response time of SVTAS, which is defined as the duration time from the noise to the maximum.
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Fig. 5. The speech recognition application of SVTAS. (A) Illustration of CNN for speech recognition. (I) Structure of CNN, (II) luminescent pix count from SVTAS in typical 
image sequence, and (III) visualization of luminescence features extracted by CNN. (B) Proposed application of SVTAS in (I) HMI and (II) hearing aids. (C) A typical exem-
plary set of the actual luminescent images of SVTAS corresponding to the five command words. Scale bars, 1 cm. (D) Classification test normalized confusion matrix for 
recognizing the five words in (C). (E) Proposed application of SVTAS in nuclear magnetic resonance scan. (F) Six sentences of patient demand and (G) luminescent pix 
count from SVTAS corresponding to six sentences. (H) Classification test normalized confusion matrix for recognizing the six sentences in (F).
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self-power ability. Reliant on triboelectrification and EL effect, TIEL 
is effective in converting gentle mechanical stimuli into real-time 
light emission, which provides an alternative route to the develop-
ment of self-powered visualized sensors. An SVTAS based on an 
elaborated TIEL unit is obtained through a combination of high-
modulus PVDF nanofibers, a high luminescent ZEPM layer, and 
a mesh electrode–enhanced layer with the capability of interfacial 
charge trapping. It can be applied to convert gentle tactile and 
acoustic wave stimuli into TIEL signals. In the process of tactile 
sensing under HS mode, the SVTAS exhibits a high brightness of 
0.5 mW cm−2 (32 cd m−2) and a record-low detection limit of 0.5 kPa, 
in which the high brightness is even discernible in an ambient illumi-
nation of 300 lux. Moreover, the SVTAS performs acoustic sensing 
at the highest response of 44.07 Hz and 60 to 90 dB, with a high SNR 
of 8.7 dB−1, and an ultrafast response time of 0.8 ms under CS mode. 
Because of the excellent sensing performance of SVTAS, advanced 
artificial visualized perception systems can be constructed to rec-
ognize the motion trajectories and human speech with different 
information, which illustrates the huge potential of the SVTAS as a 
self-powered visualized sensor. Notably, replacement of each com-
ponent layer with stretchable materials can make the SVTAS stretch-
able, which could be applied to many more emerging technologies, 
such as E-skin, wearable, and biomedical devices. This is worthwhile 
to further investigate in future. Therefore, this ultrasensitive and ul-
trafast SVTAS shows massive potential in the development of novel 
somatosensory and auditory artificial visualized perception systems 
and greatly expands the scope of applications for TIEL technique.

MATERIALS AND METHODS
Fabrication of the SVTAS
The ZnS:Cu particles (Shanghai Ke Yan Company) and PMMA so-
lution (Longsheng Teco) were mixed at an appropriate ratio. After 
thorough mixing, it was coated onto the circular polyethylene glycol 
terephthalate plate with different diameters. The coated substrate 
was dried at room temperature for 3 hours, and then the obtained 
ZEPM film was removed from the substrate. Commercially avail-
able polyester screens were used for the screen-printing apparatus 
with a count of 100 mesh and a designed electrode window. Poly 
(3,4-ethylenedioxythiophene):poly(styrene sulfonate) conductive 
polymer ink (Orgacon, Agfa) was printed on the above-mentioned 
ZEPM film to obtain the transparent mesh-enhanced layer after 
1 hour of annealing at 60°C. The PVDF nanofibers were prepared 
using the same solution and through the same electrospinning pro-
cess as our previously reported (34). Last, the substrate, ZEPM film 
with the mesh-enhanced layer, and the triboelectrification layer of 
PVDF nanofibers were obtained through layer-by-layer sequential 
construction. Thus, SVTAS was obtained.

Measurements
All scanning electron microscopy images were captured by using 
a field-emission scanning electron microscope (Nova Nano 450, FEI). 
The contact pressure was evaluated by using a pressure sensor 
(Nano 17, ATI). Periodic mechanical traction was performed by a linear 
motor (E1100, LinMot) to generate TIEL signals. TIEL spectrum 
was observed under a spectrometer with a vertically arranged optical 
fiber collimating lens (Nova, Idea optics). TIEL emission was observed 
with the assistance of a Si photodetector (AM-F10, Keshengda) 
connected with an oscilloscope (TBS 1000C, Tektronix).

Statistical analysis
All results were analyzed at the sample size of n ≥ 3. The data were 
presented as the mean values ± SD. Origin 8.0 was used for analysis.

Supplementary Materials
The PDF file includes:
Supplementary Text S1 to S6
Figs. S1 to S17
Table S1
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