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In the domain of smart robotics, the refinement of tactile imaging constitutes a seminal element for
enhancement of human-machine interaction (HMI) and enrichment of artificial intelligence (AI). This
field is confronted with dual challenges of achieving high-sensitive pressure detection and precise
localization of tactile stimuli. In response, the current research introduces a groundbreaking self-
powered bimodal tactile imaging device (TID), featuring a configuration of high-dielectric thin film
superimposed on laser-induced graphene (LIG) electrodes. This pioneering design is conceived to
facilitate not only the detection of subtle pressure but also to support real-time visual recognition and
intelligent control functionalities. The bimodal nature of the TID allows for the transformation of
slight tactile inputs into both luminous triboelectrification-induced electroluminescence (TIEL) and
measurable electrical signals, thereby seamlessly merging the realms of tactile perception and optical
display. Leveraging the luminosity of TIEL, the TID adeptly achieves tactile imaging and immediate
visual recognition, with its capabilities further enhanced through the integration of machine learning
algorithms. Additionally, the TID exhibits a remarkable proficiency in precise tactile localization,
through the analysis of voltage outputs initiated by delicate touching and sliding motions. Moreover,
an advanced intelligent control system, predicated on the optical-electrical dual-modal sensing
provided by the TID, has been developed. This system illustrates the synergistic fusion of visual
recognition with accurate tactile localization, underscoring the substantial utility of the bimodal TID
across diverse applications in HMI, Al, and intelligent robotic platforms and heralding new avenues for
interactive and responsive robotic systems.

Keywords: Ultrasensitive pressure sensing; Triboelectrification-induced electroluminescence; Bimodal tactile imaging;
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Introduction
In engaging with the dynamic and complex real world, humans
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can process adeptly multiple sensory inputs through an adaptive,
plastic, and event-driven neural network, allowing for an accu-
rate representation of the environment [1]. The emulation of
such biological sensor-based functionality could fundamentally
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fulfill the unaddressed needs in the current field of sensory tech-
nology [2]. Human-like tactile sensors have garnered significant
interest due to their potential applications in smart robots,
which, with enhanced sensory capabilities, could broaden their
utility in interactive tasks [3,4]. Over recent years, substantial
efforts have been focused on advancing the development of tac-
tile sensors [5-8]. A variety of tactile sensors have been developed
by utilizing diverse transduction mechanisms, such as resistive
[9-11], capacitive [12-16], piezoelectric [17], and triboelectric
[18-21] types, which can convert mechanical stimuli into electri-
cal signals. However, the effectiveness of single-modal tactile
sensors that only produce electrical outputs is compromised by
the issues such as crosstalk and noise, which prevents robots
from interacting with the external environment as precisely
and efficiently as humans do.

One notable advantage of the human sensory system is its
ability to achieve more reliable perception through the analysis
of multiple cues compared to relying solely on a unimodal cue.
For instance, during interactions with the environment, humans
can simultaneously receive and process both visual and haptic
cues. These cues are intricately linked and interpreted in the infe-
rior parietal cortex of humans, which enhances supramodal spa-
tial abilities [22,23]. Such abilities enable humans to effectively
navigate and avoid misjudgments caused by the environmental
complexities, such as variations in an object’s orientation. Devel-
oping multimodal tactile sensors, which are capable of simulta-
neously generating and analyzing multiple types of sensory
information, will significantly improve the interactive capabili-
ties of intelligent robots [24,25].

Among the signals directly perceived by humans, such as vis-
ible light, sound, and force, visible light is often considered the
most suitable for interactive processes in human-machine inter-
faces (HMI) due to its higher spatial resolution and intuitiveness
[26]. Mechanoluminescence (ML) has been integrated into tactile
sensors to provide intuitive optical feedback of applied pressure
[27-32]. However, while the ML can visualize the stress distribu-
tion in response to mechanical stimulj, its pressure threshold of
several MPa is significantly higher than the gentle touch of
human hands (typically less than 100 kPa). This high threshold
severely limits its applicability in various user-interaction scenar-
ios. In contrast, triboelectrification-induced electroluminescence
(TIEL), which combines triboelectrification and electrolumines-
cence (EL), offers several advantageous properties, including a
low-pressure threshold, high brightness, and rapid response
[26,33-37]. For example, the pressure threshold for TIEL is less
than 10 kPa, which is three orders of magnitude lower than that
of ML. Utilizing this low threshold, an advanced electronic signa-
ture system has been developed by analyzing consecutive frames
from TIEL videos [34].

However, a detection threshold of 10 kPa is still insufficient
for sensing subtle pressures. To address this, our group has devel-
oped a TIEL skin that can achieve high brightness and high-
resolution for real-time imaging and HMI applications [38],
where a pressure detection threshold as low as 1.2 kPa has been
achieved. Moreover, the brightness of TIEL is 2.5 times stronger
than that of an LED driven by a 2 V power supply. Despite these
advancements, the brightness of TIEL remains insufficient for
visibility in sunlight, limiting its use during daylight hours. Addi-

tionally, leveraging the rapid response of TIEL, a programmable
optical-electrical dual-mode HMI system was developed for
remote control applications [39]. However, its back electrode,
containing only four separate channels within an area of
9 cm?, offers low resolution and fails to achieve precise position-
ing. Hence, there is a critical need to develop a self-powered
bimodal tactile imaging device (TID) that offers ultrasensitive
pressure detection and precise positioning to accommodate the
rapidly evolving demands of tactile sensing technologies.

In this study, we proposed a self-powered TID incorporating a
high-dielectric thin film composed of BaTiO3:La (BTO:La)/ZnS:
Cu/polyvinylidene-fluoride-co-hexafluoropropylene(PVDE-HFP)
(BLZP), which was coated on an array of laser-induced graphene
(LIG) electrodes. After embedding BTO:La nanoparticles (NPs)
into the PVDF-HFP matrix, a substantial increase in the dielectric
constant of the BLZP film was achieved from 7.92 to 36.91. This
modification significantly enhanced the luminescence bright-
ness and enabled ultrasensitive pressure sensing ability. After
optimizing the La concentration in the BTO:La and the content
of BTO:La NPs in the PVDF-HFP matrix, the TIEL intensity of the
BLZP film increased by 3.4 times compared to the ZnS:Cu/PVDF-
HFP film without BTO:La NPs. Remarkably, the TIEL activated by
an ultralow pressure of 1.0 Pa was observable in dark room. Com-
pared to the ML, the TIEL of the BLZP film demonstrated superior
stability, repeatability, and durability, thanks to its non-
destructive light triggering mode and low-pressure threshold.
The TIEL intensity remained consistent after 10,000 cycles of
repeated friction at 10 kPa. The exceptional optical properties
of the TIEL based on the BLZP film ensured visibility even under
sunlight, exhibiting an impressive brightness. By recording the
TIEL trajectories and stacking the TIEL images, the real-time visu-
alization and recognition of handwritten letters was realized by
these clear visible images with the aid of machine learning. To
expand positioning dimensionality, the TID based on arrayed
LIG electrodes successfully achieved precise touch position con-
firmation through tactile mapping based on output voltages gen-
erated by gentle tapping and sliding actions. Moreover,
leveraging the optical-electrical bimodal tactile imaging capabil-
ities of the TID, intelligent control was achieved through the syn-
ergistic effect of visualization recognition and precise touch
positioning. Therefore, this work not only presents a new strat-
egy for high-performance, tribo-induced, self-powered bimodal
tactile imaging but also enhances intelligent human-machine
interaction. This advancement is expected to broaden the poten-
tial applications of the TIDs in the fields of intelligent robotics,
augmented reality, and human-machine interfaces (HMI).

Results

Schematic illustration of the TID

As schematically illustrated in Fig. 1a, the self-powered bimodal
TID can simultaneously convert gentle touch stimuli into electri-
cal and optical signals. When the finger slides on the surface of
TID, the tribocharges are generated based on contact electrifica-
tion, which will further induce a variational local electric field
within the BLZP film to excite bright blue-green emission of
ZnS:Cu phosphors and the corresponding electrical outputs of
the bottom LIG electrodes. The induced blue-green emission as
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Self-Powered Bimodal TID. (a) Schematic illustration of the TID capable of converting touch stimuli into both electrical and optical signals for intelligent
control. (Inset: A detailed schematic of the BLZP film structure). (b) Digital photograph of the flexible BLZP film. (c) SEM image of the BTO:La nanoparticles
(NPs) with an inset showing a histogram of the particle size distribution. (d) Cross-sectional SEM image of the BLZP film, demonstrating a uniform thickness of
80 pm.

an optical signal can be directly observed by naked eyes or cap-
tured by camera for visible tactile imaging. Simultaneously, the
output voltage signals in the corresponding row and column
electrodes can be recorded for precise positioning of finger slid-
ing. Based on the optical-electrical bimodal tactile sensing, the
self-powered bimodal TID will achieve ultrasensitive pressure
sensing, real-time visualization recognition, and intelligent con-
trol. The TID is composed of high dielectric BLZP thin film
coated on the arrayed LIG electrodes. As shown in the Inset of
Fig. la, the BLZP thin film was formed through simultaneous
embedding of BTO:La NPs and ZnS:Cu phosphors into the
PVDF-HFP polymer matrix, which acted as both luminescence
layer and friction layer. The detailed preparation procedures of
BLZP film are presented in Fig. S1. Notably, the yielded BLZP film
can be rolled up, as shown in Fig. 1b, which means the excellent
flexibility of the BLZP film. As shown in Fig. 1c, scanning elec-
tron microscopy (SEM) image indicates a uniform cubic-shaped
morphology and homogeneous distribution (100 nm average
size) of BTO:La NPs. Moreover, energy dispersive spectroscopic
(EDS) mapping exhibits uniform La, Ba, Ti and O elements distri-
bution in BTO:La NPs without irrelevant elements (Fig. S2). As
shown in Fig. S3, X-ray diffraction (XRD) pattern of the BTO:La
NPs matches well with the standard ICDD card (05-0626) and
reveals the high crystalline phase of BTO:La NPs without any
by-products, such as Ba carbonate, which indicates the dopant
La ions preferentially substitute Ba ions of BaTiO3; (BTO) lattice
due to similar ionic radii [40]. Additionally, a single (200) peak
in the region near the 45-degree diffraction of XRD pattern was

split into two specific (002) and (200) peaks after La doping,
which could infer that the crystalline structure of BTO:La was
transformed from cubic phase to tetragonal phase. To investigate
the distribution and morphology of ZnS:Cu and BTO:La NPs
within the PVDF-HFP matrix, the cross-sectional SEM images
shown in Fig. 1d and Fig. S4 confirm that both ZnS:Cu and
BTO:La NPs within the BLZP film still retain their original mor-
phology (Fig. S4b and c). Furthermore, to verify the uniform dis-
tribution of ZnS:Cu and BTO:La NPs within the PVDF-HFP
matrix, as shown in Fig. S5 and Fig. S6, respectively, both
cross-sectional EDS image and surface EDS image of the BLZP
film exhibit the uniform dispersions of Ba, Ti, O, La, Zn, S, Cu,
and F elements from BTO:La NPs and ZnS:Cu throughout the
PVDF-HFP matrix, indicating the embedded ZnS:Cu and BTO:
La NPs are uniformly distributed within the PVDF-HFP matrix.
The XRD pattern (Fig. S7) of BLZP film further proves that both
ZnS:Cu phosphors and BTO:La NPs are embedded into PVDF-
HFP matrix. Fig. S8 shows the ZnS:Cu phosphors with an average
size of 16 um. The XRD pattern of the ZnS:Cu phosphors is illus-
trated in Fig. S9, in which three major peaks of 28.72°, 46.67°,
and 56.51° at 260 values corresponding to (111), (220), and
(311) lattice planes, respectively, indicates a wurtzite structure
of ZnS with perfect crystallinity.

Optical properties of the BLZP film

The obtained blue-green TIEL emission with a peak at 498 nm is
mainly contributed to the luminescence characters of ZnS:Cu
phosphors in the BLZP film, as shown in Fig. S10 [41]. The TIEL

75

=
v
S
[
(7
v
[
o
©
£
ey
1
(o]
i
v
[-9
<<
w
(7]
w
o




X
m
wn
m
=
X
n
&
[}
=.
i
3
=
o
[]
[
(]
o
=
[a)
=

RESEARCH

Materials Today ® Volume 79 ® October 2024

performances of the BLZP film is a result of the coupling of tribo-
electrification and EL, as illustrated in Fig. S11. The BLZP film
serves as a positive triboelectric material, while polytetrafluo-
roethylene (PTFE) film acts as the negative counterpart. Initially,
upon contact between the PTFE film and the BLZP film, an equal
amount of negative and positive charges is generated on their
respective surfaces. After continuous friction, the charges on
both films gradually increase until a saturation state (Fig. S11-
i). Subsequently, when the PTFE film slides away from the region
containing ZnS:Cu phosphors (Fig. S11-ii), a strong local electric
field is instantaneously established around the ZnS:Cu phos-
phors within the BLZP film, which leads to a bend in the energy
band of ZnS lattice that prompts the detrapping of electrons
trapped in shallow donor level and enables them to become free
electrons within the conduction band [41]. The free electrons are
then accelerated by the local electric field to move toward the top
of the ZnS:Cu phosphors, at which point they possess enough
kinetic energy to excite the luminescence centers of ZnS:Cu
phosphors for light emission through impact excitation [42].
When the PTFE slides out of the BLZP film (Fig. S11-iii), the elec-
trons are all concentrated at the top of the ZnS:Cu phosphors by
the strong electric field, and no light emission occurs due to no
interaction between the moving electrons and the luminescence
centers. When the PTFE slides backward, the electrons at the top
of the ZnS:Cu phosphors will move in reverse and impact with
the luminescence centers, causing light emission again, as shown
in Fig. S11-iv. Moreover, a test platform was set up to quantita-
tively characterize the optical properties of TIEL, as illustrated
in Fig. S12, in which the PTFE film driven by a linear motor slid
on the surface of the BLZP film. Simultaneously, an optic-fiber
probe was fixed beneath the BLZP film to collect the light emis-
sion via the spectrometer, and a force sensor was affixed atop the
sliding object to monitor vertical force on the contact surface.
With dynamic interaction between the sliding object and the
BLZP film, the bright blue-green TIEL can be recorded. Addition-
ally, to investigate the influence of the ML on the TIEL, when a
vertical pressure (over 20 N) was exerted on the BLZP film
through a square PTFE film (20 x 20 mm?), no light emission
was observed from the BLZP film, as shown in Fig. S13, which
indicates the ML of the BLZP film would be negligible.

To optimize the TIEL properties, the corresponding emission
spectra have been investigated through various variables, includ-
ing the ZnS:Cu content and BTO:La NPs content in the PVDEF-
HFP matrix, La molar ratio in BTO:La, material selection for the
sliding object, sliding frequency, and the pressure at the contact
surface (Fig. 2). It was found that the ZnS:Cu content in the ZnS:
Cu/PVDEF-HFP film played a crucial role in determining the TIEL
properties. As shown in Fig. S14, the TIEL intensity increased
with an increase of ZnS:Cu content from 41 to 50 wt% in the
ZnS:Cu/PVDF-HFP film, and reached a maximum value at the
weight ratio of 50 wt%. However, excessive ZnS:Cu would reduce
the light emission due to the weakened contact electrification.
Various types of materials as sliding objects were selected to
achieve maximum contact electrification. It was found that PTFE
as the sliding object could achieve synchronously the optimal
TIEL and electrical voltage output (open-circuit voltage (Voc))
based on freestanding-mode triboelectric nanogenerator (TENG),
as illustrated in Figs. S15-S17. Moreover, the increase in PTFE

sliding frequency from 13.3 to 93.3 Hz leaded to a monotonic
enhancement of TIEL intensity (Fig. S18) due to more moving
cycles of electrons in ZnS:Cu phosphors within a unit time inter-
val to excite luminescence centers more frequently.

To further enhance the TIEL, high-dielectric BTO and BTO:La
NPs have been embedded into ZnS:Cu/PVDF-HFP film, respec-
tively. The content of BTO NPs should be firstly optimized. As
shown in Fig. 2a, the intensity of TIEL based on BTO/ZnS:Cu/
PVDEF-HFP (BZP) film exhibits an increase with increasing the
content of BTO in the BZP film from O to 1.7 wt%, while the TIEL
intensity gradually decreases with a further increase of BTO (over
1.7 wt%), where the effective friction area of the PVDF-HFP may
be reduced by the accumulation of BTO NPs on the BZP film. To
intuitively demonstrate the enhancement of TIEL, the “e”-
patterned light imaging also displayed similar enhancement as
the TIEL intensity when an “e”-patterned PTFE film slid on the
BZP film, as shown in Fig. 2b. Similarly, the electrical output
(Voc) of BZP films exhibited a consistent change trend with the
TIEL, as shown in Fig. 2¢, which indicated that the TIEL was clo-
sely related with triboelectrification effects. Furthermore, as a
well-known grain growth inhibitor, the doped lanthanum (La)
ions can dramatically adjust the dielectric properties of BTO
[43]. Based on the optimal content of BTO (1.7 wt%) in the
BZP film, the influence of La dopant concentration (0-1.5 mol
%) in the BTO:La NPs on the TIEL performances of BLZP films
has been further investigated. The TIEL spectra of BLZP films
embedded by BTO:La with various La doping concentrations
(0-1.5 mol%) are presented in Fig. 2d. Notably, as shown in
Fig. 2e, when the La dopant concentration in the BTO:La NPs
is 0.7 mol%, the maximum TIEL is achieved. Moreover, after
embedding BTO:La (0.7 mol%), the integrated TIEL intensity of
BLZP film (Fig. S19) is higher by 3.4 folds than that of ZnS:Cu/
PVDF-HFP film without BTO:La NPs. Similarly, the V¢ of the
BLZP film reached 466 V at the optimal La dopant concentration
of 0.7 mol% (Fig. 2f). In addition, the weak TIEL can be also
observed under the repeated contact-separation of PTFE film
with the BLZP film. Owing to low alternating output voltage of
only about 10 V (Fig. S20a) under the contact-separation
(1.5 Hz) in comparison with the sliding friction (over 400 V),
the TIEL is mainly attributed to the sliding friction of the PTFE
film on the BLZP film (Fig. S20b). The higher the
triboelectrification-based output voltage (V,.) is, the brighter
the TIEL is. Moreover, the voltage-dependent brightness behav-
ior can be modeled with Eq. (1) [42,44,45]

L:Aexp[(féﬂ 1)

where L is the luminance, V presents the applied voltage, A and B
are constants determined by the particle size, the concentration
of the phosphor powder in the dielectric, the dielectric constant
of the embedding medium, and the device thickness. Notably,
the applied voltage is a significant parameter to enhance the TIEL
performances. Therefore, the embedding of BTO:La NPs into the
BLZP film is proved to be a extremely effective strategy to enhance
the TIEL performances.

Furthermore, the trigger pressure would bring out a significant
influence on the TIEL properties. As shown in Fig. 2g, the TIEL
intensity of BLZP film sharply increases with an increase of the
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which is visible to the naked eyes.
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trigger pressure from 0.04 to 40 kPa, and then reaches saturation
over 40 kPa owing to the saturated tribocharge density. The pres-
sure sensitivity of the TIEL of the BLZP film is defined as 4I/4P,
where 41 is luminescence intensity variation and 4P is pressure
increment. To calculate the pressure sensitivity, the TIEL inten-
sity was measured as an increase of the pressure. Their fitted
curves can be divided into two regions, as shown in Fig. S21,
where the sensitivity is 0.041 kPa~! in Region I (0.04-12.5 kPa)
and 0.006 kPa~! in Region II (12.5-40 kPa). As illustrated in
Fig. 2h, under the same pressure, the TIEL of BLZP film is bright-
est compared with the BZP and ZnS:Cu/PVDF-HFP films. Within
the detection capability of our compact fiber spectrometer, a trig-
ger pressure threshold of the BLZP film to generate the TIEL is
0.04 kPa, which is less than that of the BZP (0.06 kPa) and ZnS:
Cu/PVDF-HFP (1.18 kPa) films. More importantly, the bright
TIEL in the dark room can be easily observed by naked eyes
under the gentle pressure (1.0 Pa) excitation when a low-
weight PTFE film (0.0957 g, 2.0 x 5.0 cm?, and 50 um in thick-
ness) as friction object sliding gently on the surface of the BLZP
film, as shown in Fig. 2i, Fig. S22 and Movie S1 (Supplementary
Information). To our knowledge, the ultralow pressure sensing of
1.0 Pa by the TIEL is the minimum detection threshold in com-
parison with the reported results, as depicted in Table S1 (Supple-
mentary Information). To further demonstrate the superior
brightness, the TIEL emission of the BLZP film in the sunlight
is even visible to the naked eyes, as shown in Fig. 2j and Movie
S2 (Supplementary Information). In addition, after the BLZP film
was subjected to 10, 000 repeated frictions (10 kPa), its TIEL
demonstrated excellent repeatability, stability, and durability,
as shown in Fig. S23. The slight decrease in the intensity of TIEL
is mainly attributed to the applied pressure fluctuations induced
by the linear motor. Therefore, the BTO:La-embedded BLZP film
can achieve ultrasensitive pressure sensing of 1.0 Pa, as well as an
excellent bright TIEL emission with high repeatability and
stability.

Dielectric effect on the TIEL properties

To elaborate the effect of the embedding of BTO:La NPs into
BLZP film on boosting the TIEL properties, Kelvin probe force
microscopy (KPFM) technique was employed to examine the sur-
face potential of the ZnS:Cu/PVDF-HFP, BZP, and BLZP film,
respectively. The KPFM results showed the negative surface
potential distribution on the surface of the ZnS:Cu/PVDEF-HFP,
BZP, and BLZP films without the sliding of PTFE. After charge
injection by the sliding of PTFE, the reverse surface potential dis-
tribution on their surfaces was examined (Fig. 3a), indicating the
electron transfer to the PTFE via electron tunneling. More impor-
tantly, as shown in Fig. 3b, the surface potential difference of the
BLZP film was calculated to be +4.69 V, which is larger than that
of ZnS:Cu/PVDF-HFP (+0.92 V) and BZP (+4.03 V) films, indicat-
ing a large amount of charge transfer between the PTFE and the
BLZP films. The embedding of BTO:La NPs remarkably increased
the surface potential difference of the BLZP film. Furthermore,
the dielectric constant of BLZP film was measured at different
alternating current (AC) frequencies, as presented in Fig. 3c,
where the dielectric constant decreased with an increase of fre-
quency from 10 kHz. It is found that the superior relative dielec-
tric constant (g,;) of the BLZP film is 36.91 at 10 kHz, which is

4.7-, 1.7-fold higher than that of ZnS:Cu/PVDF-HFP (g, = 7.92)
and BZP (g, = 22.2) films, respectively. The influence of different
component content on relative dielectric constant was further
examined. As presented in Fig. S24a, the relative dielectric con-
stant of BZP film increases with an increase of embedded BTO
NPs in the BZP film and reaches a maximum value of 22.2 at
1.7 wt% BTO content. Nevertheless, further addition of BTO
NPs (over 1.7 wt%) reduces gradually the relative dielectric con-
stant of BZP film due to an increase of leakage current in the
BZP film. To further increase the relative dielectric constant,
the substitution of pure BTO NPs with the BTO:La NPs (1.7 wt
%) led to a significant increase in the relative dielectric constant
of BLZP film. The maximum value reaches 36.91 when the La
molar concentration in the BTO:La NPs is 0.7 mol%, as depicted
in Fig. S24b. The embedding of BTO:La NPs into the BLZP film
contributes to the increase of its relative dielectric constant
(e, =36.91). In the BTO:La NPs, the La ions preferentially substi-
tute the Ba ions due to similar ionic radii, which induces a charge
imbalance in the BTO lattice. Meanwhile, the Ti vacancies are
generated to compensate the induced charge imbalance, which
leads to the distortion of Ti-O bonding to generate local polariza-
tion that can increase the dielectric constant of BTO:La [46].
When the La concentration further increases from 0.7 mol% to
1.5 mol%, the dielectric property of BLZP film tardily declines,
which is possibly attributed to the transformation of tetragonal
BTO:La to cubic one [47]. The dielectric constant depicts the
polarization capability of the dielectric materials under an exter-
nal electric field, whose relationship can be expressed by the for-
mula P = (¢ — 1)¢E. With an increase of the dielectric constant
of the film, the degree of polarization becomes more pro-
nounced, meaning that the electric polarization can be enhanced
through increasing the dielectric constant of the film. Under the
triboelectrification, the coupling of surface polarization of the
PVDEF-HFP and hysteresis dielectric polarization of BTO:La can
enhance the charge transfer between the PTFE and the PVDEF-
HFP to increase the tribocharge density of the high-dielectric
BLZP film [48].

The luminescence mechanism of TIEL is similar to that of
high-field powder-like AC-driven EL based on the excitation
mechanism by the hot-electron impact. The hot-electron impact
excitation mechanism can be described as follows: (1) the elec-
trons are injected and emitted from the interface states between
the phosphor layer and dielectric layer as driven by high-AC elec-
tric field; (2) light is emitted by the donor-acceptor (D-A) recom-
bination between the holes in the acceptor level (Cuz,) and the
electrons captured in the shallow donor level (Vs) after impact
excitation or impact ionization occurs between the accelerated
electrons by frequent AC voltage and the luminescence centers
of impurity ions in the host ZnS [45]. According to the hot-
electron impact excitation mechanism involving inorganic phos-
phor materials, various factors, including device configuration
and driving voltage, play important roles in determining the per-
formance of EL devices [42]. Based on Gauss’s theorem
(E = 0/(e0¢r)), the electric field strength is in inverse proportion
to the relative dielectric constants, which renders most of electric
field to focus on the ZnS:Cu phosphor in comparison with the
BTO:La NPs in the BLZP film, as illustrated in Fig. S25. Further-
more, a simplified theoretical model was devised to realize two-
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dimensional electrostatics finite element analysis (FEA) via COM-
SOL Multiphysics, as depicted in Fig. S26. The detailed simula-
tion is depicted in Supplementary Text. In this theoretical
model, surface charge density is determined by the experimental
measurement (398 pC/m~2 in the BLZP, 219.5 pC/m 2 in the
BZP, and 120 pC/m~2 in the ZnS:Cu/PVDF-HFP), as shown in
Fig. S27. The simulation results exhibited that when the high-
permittivity BTO:La was embedded in the BLZP film, the electric
field strength across the ZnS:Cu phosphors was extremely
enhanced owing to the great disparity in dielectric constants
between the ZnS:Cu and the BTO:La NPs, meaning that the elec-
tric field was “concentrated” on the ZnS:Cu phosphors, as shown
in Fig. 3d. The resulted local electric field strength can be calcu-
lated for the spherical ZnS:Cu phosphors with relative dielectric
constant (g; = 8.2) in the matrix with the relative dielectric con-
stant (e2) according to the Equation:

g 382
€& 262 + &1 — Pe1 — &2)

Ezns.cu = (2)
where ¢ denotes the surface charge density, ¢ is the volume frac-
tion of the ZnS:Cu. The detailed derivation process of the electric
field strength is depicted in Supplementary Text. For the BLZP
film (thickness of 80 um, surface charge density of 398 uC/m~2,
and g, ~ ¢, = 36.91), under the synergistic effect of enhanced sur-
face charge density and focused electric field, the electric field
strength based on Eq. (2) was calculated to be the order of 10°
V/m, consistent with the simulation results.

Additionally, the driving voltage with alternating features is
crucial to accelerate persistently free electrons to excite lumines-
cence centers for light emission through impact excitation
within ZnS:Cu phosphors, resulting in the reliable and stable
TIEL with high light emission properties. To further investigate
the alternating features of driving voltage converted from tribo-
electrification between the PTFE and BLZP films, we conducted
electrostatics FEA to analyze the variations in electric field and
electric potential on the cross section and surface of the BLZP
film during the friction process of PTFE film. Initially, there exists
no induced electric field and electric potential around the BLZP
film due to no tribocharges between the PTFE and the BLZP film.
Subsequently, with the sliding of the PTFE on the BLZP films,
equal amount of opposite tribocharges continuously accumulate
on their surfaces to induce the electric field and electric potential.
After the tribocharges reach saturation, periodic variations in the
electric field and electric potential follow the sliding of PTFE.
During the process of tribocharge accumulations, the changes
in the electric field across the cross-section of the BLZP film
and the variations in the surface potential distribution of the
BLZP film are displayed in Movie S3 and Movie S4, respectively.
After their tribocharges reach saturation, the 2D electric potential
distribution variation across the BLZP film is further illustrated in
the top of Fig. 3e following the motion of PTFE, as well as the 3D
electric potential distribution variation on the surface of BLZP
film (in the bottom of Fig. 3e). During the negatively charged
PTFE sliding across the surface of the BLZP film, notable electric
potential variation occurs around the ZnS:Cu phosphor in the
BLZP film, which is mainly attributed to the significant varia-
tions in surface electric potential distribution of the BLZP film.
Based on the tribocharge accumulation model, both the electric

field and electric potential in the center of ZnS:Cu phosphors
were further analyzed, thus an oscillatory feature occurs to the
electric field and electric potential from a progressive increase
to a stable state, as shown in Fig. S28 and Fig. 3f, respectively. Sig-
nificantly, the amplitudes of the simulated electric field and elec-
tric potential in the center of ZnS:Cu phosphor in the BLZP film
are much larger than those in the BZP and ZnS:Cu/PVDF-HFP
films, thereby the embedding of high dielectric BTO:La NPs plays
a significantly important role in boosting the TIEL properties of
the BLZP film.

Tactile imaging and real-time visualization recognition
Inspired by ultrasensitive pressure sensing and superior bright-
ness, the TIEL has been developed to achieve visible tactile imag-
ing and accurate real-time visualization recognition under aid of
machine learning, as illustrated in Fig. 4a. When handwriting
the letters on the BLZP film, the TIEL can follow the handwriting
trajectory and can be recorded by the camera to be a series of live
images of consecutive frames. After stacking these separate
frames together, an overall tactile image of the handwritten letter
(such as “B”) was observed on the screen, as shown in Movie S5
(Supplementary Information). It is obvious that the TIEL inten-
sity varies along the handwriting trajectory owing to the varia-
tion of handwriting force and velocity during handwriting
letters. To realize the quantification of the TIEL intensity of
handwriting the letters, the stacked image is processed to be
the quantitative mapping through grayscale image conversion
(Fig. S29), as shown in Fig. 4c. Based on the quantitative map-
ping, a convolutional neural network (CNN) model of machine
learning was employed to achieve accurate real-time visualiza-
tion recognition of tactile images of handwritten letters. As illus-
trated in Fig. 4b, the CNN model consists of convolutional
(Conv) layers, pooling (Pool) layers, rectified linear unit (ReLU)
layers, and Softmax layer. The corresponding comprehensive
information and parameters are summarized in Supplementary
Text and Table S2, respectively. The CNN model executed feature
extraction of tactile images through its convolution operation.
For instance, 26 capital letters were repeatedly written for 50
times to establish a complete data set (1300 samples) for feature
engineering, including data preprocessing, feature extraction,
and feature selection. After feature engineering, the entire dataset
was partitioned into a training set and a validation set with a cor-
responding ratio of 7:3. Subsequently, the relationship between
the feature matrix and the labels was established by using a
CNN model designed with TensorFlow, followed by continuous
iterations. As depicted in Fig. 4d, when the number of training
iterations increased, the CNN model gradually approached the
true value. As a result, the recognition accuracy of ten different
handwritten letters reached 100 % (Fig. 4e), indicating that the
trained CNN model had a high positive predictive value and true
positive rate for visualization recognition. Combining the tactile
imaging with the trained CNN model, a real-time visualization
recognition has been achieved through displaying timely recog-
nition results of handwritten letters (“T, I, E, L”), as shown in
Movie S6 (Supplementary Information), which will enable the
feasibility of real-time HMI.
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FIG. 4

Tactile imaging and real-time visualization recognition. (a) Flowchart illustrating the process of tactile imaging and real-time visualization recognition. (b)
CNN model utilized for image recognition. (c) Tactile representations of handwritten letters displayed at the top, with quantitative intensity mapping
provided at the bottom. (d) Graph showing the improvement in prediction accuracy of visualization recognition as the number of training epoch increases.
(e) Confusion matrix demonstrating the visualization recognition with a perfect accuracy of 100%.
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Tactile mapping of the TID

Precise positioning, as well as ultrasensitive pressure sensing, is
extremely important for the HMI. To achieve simultaneously
touch positioning and visible tactile imaging, as illustrated in
Fig. 5a, the TID was developed based on arrayed TENG that
was fabricated through the BLZP film as triboelectric layer coated
on the row-column-crossing overlapping LIG electrodes accord-
ing to our previous method (Fig. S30) [20]. The corresponding
parameters of the arrayed LIG pattern are shown in Fig. S31. As
displayed in Fig. Sb, the circle-shaped working electrodes were

(@) (b).

AR r

=) |G == Cu %

N o
SussssssssEsEEEEEREREEnE

formed through complementary intersection overlapping
between upper and lower aligned semicircular LIG electrode
arrays. According to the coupling effect of contact electrification
and electrostatic induction, the working principle of one array
unit (Fig. 5b) in the TID, consistent with our previous work
[20], is illustrated in Fig. S32. The arrayed TENG-based TID will
achieve accurate touch position confirmation through mapping
output voltages generated by gentle touching and sliding. The
touch position confirmation is based on the cross-locating volt-
age signals of the row-column crossing overlapping TID. The
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Tactile mapping based on output voltage. (a) Schematic representation of a 10 x 10 pixelated TID. (b) Detailed enlarged top view illustrating the
configuration of the TID and the pixel structure of a single sensor unit. (c) Voltage signals captured using a multichannel data acquisition card, accompanied
by schematic descriptions of the data processing techniques used for tactile mapping through a cross-type arrayed laser-induced graphene (LIG) electrodes.
(d) Trajectory tracking enabled by multichannel signal acquisition. (e) Top view displaying 2D mapping of output voltage intensity from the handwritten
letter “G” on the surface of the TID. (f) Tactile mapping representation of the handwritten letter “G” in a 3D view. (g) Graph showing the increase in prediction
accuracy for handwritten letter recognition as the number of training epoch progresses. (h) Confusion matrix illustrating the accuracy of handwritten letter

recognition.
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voltage signals can be collected from the corresponding row and
column ports when a finger with PTFE touches one array unit.
When the finger touches one coordinate (X;, Yj), the correspond-
ing row X; and column Y; channels will generate voltage signals
simultaneously, which can be recorded by the multichannel data
acquisition card. It is easy to identify multipoint touching (such
as A, B, and C) according to the voltage output of corresponding
channels, such as (Xs, Yg), (X3, Yq), and (X7, Y3), as shown in
Fig. 5c. It is worth noting that because there exists a distinct dif-
ferentiation between the signals and the noise, the TID will offer
valid tactile mapping of output voltage. To demonstrate the
capability of precise positioning of the TID, the trajectory of
handwriting the letter (“G”) can be tracked based on the map-
ping of real-time generated output voltage signals, which can
be real-time displayed on the screen (Fig. 5d). The corresponding
2D touch mapping image of the handwritten letter “G” is shown
in Fig. 5e. To further display the distinct contrast between the
touched and untouched array units, the corresponding 3D touch

(@) Bimodal TID (b)
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Row
—W A NN ®
GCerbHL2 500

BCDEFGH
Column

>

mapping image is illustrated vividly in Fig. 5f, which highlights
the effectiveness of tactile mapping based on the TID. Similarly,
the CNN model of machine learning was also employed to pro-
cess the tactile mapping images of handwritten letters (A-J) for
the recognition. As illustrated in Fig. 5g, when the count of train-
ing iterations reached 10, both the training and validation set
achieved an accuracy of 100 %. Fig. 5h exhibits a confusion
matrix of the verifying results, demonstrating an average recog-
nition accuracy of 100 % for 10 types of handwritten letters.
The high accuracy indicates that the TID is capable of realizing
precise touch position confirmation.

Intelligent control system based on the bimodal TID

To demonstrate the synergetic effect of precise touch positioning
and visualization recognition, an intelligent control system was
established based on bimodal optical and electrical signals of
the TID. As illustrated in Fig. 6a, the bimodal TID demonstrates
high performances in precise touch positioning and visualization

Intelligent Control System

Electrical signal

(iii)

Intelligent control system based on the bimodal TID. (a) Schematic diagram illustrating the bimodal functionality of the TID for touch positioning and
visualization recognition. (b) Detailed schematic representation of the touch positioning module and visualization recognition module within the intelligent
control system. (c) Schematic illustration depicting chessman manipulation as a proof-of-concept: (i) and (ii) Selection of chessmen achieved through touch
positioning, utilizing the electrical signals from arrayed electrodes. (iii) and (iv) Movement of chessmen facilitated by visualization recognition, employing
visible tactile imaging from TIEL signals.
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recognition, where the touch positioning is realized through
mapping the output voltages, while the visualization recognition
is achieved by stacking the TIEL images. Based on the bimodal
optical and electrical signals of the TID, an intelligent control
system was established (Fig. 6b). In the touch positioning mod-
ule, when the finger touches one coordinate (X;, Y;) of the TID,
the corresponding generated electrical signals are recorded by
the multichannel data acquisition card and then sent to the com-
puter through Bluetooth. Subsequently, the electrical signals are
encoded as touch positioning data that is stored in a designated
path to be read by Java program. After touch positioning, the
multichannel data acquisition card reverts to standby mode for
subsequent instructions. In the visualization recognition mod-
ule, when a finger handwrites on the surface of the TID, the opti-
cal signals based on the corresponding TIEL are recorded by a
camera and then are utilized for real-time visualization recogni-
tion. The recognition results are saved in the designated path
for eventual reading of Java program. To demonstrate the intelli-
gent control ability of the TID, the virtual chessman as a proof-
of-concept was successfully manipulated. As shown in Fig. 6¢-i,
the middle of the 8 x 8 electrode array was defined as the effec-
tive region for chessmen manipulation. When the finger touched
the coordinate “D2”, the white chessman in the corresponding
position would be selected (Fig. 6¢-ii). Subsequently, when hand-
writing down “D” and “4” on the surface of TID in turn (Fig. 6¢-
iii), the selected chessman would be moved to the coordinate of
“D4” (Fig. 6¢-iv)). Similarly, the black chessman selected by the
touching in the coordinate “B8” will move to “C6” position fol-
lowing the handwriting of “C” and “6” on the TID surface. The
detailed manipulation process of the virtual chessmen is shown
in Movie S7 (Supplementary Information). In light of its intelli-
gent control capability, the bimodal TID has effectively demon-
strated its potential in assisting humans to execute complex
machine manipulation, which means its promising prospects
for intelligent control and HMI.

Conclusion

In summary, this research has successfully demonstrated the self-
powered, bimodal TID, composed of the high-dielectric BLZP
film coated on the arrayed LIG electrodes, for ultrasensitive pres-
sure sensing, real-time visualization recognition, touch position
confirmation, and intelligent control. Under low trigger pressure
threshold of 1.0 Pa, the TID can efficiently convert gentle touch
stimuli into bright TIEL and electrical output without external
power. Enhancements in the dielectric constant of the BLZP film
significantly intensify the electric field focused on the underlying
ZnS:Cu phosphors within the BLZP film, leading to a marked
increase in the TIEL brightness and enabling ultrasensitive pres-
sure detection. Leveraging its superior optical properties, the TID
supports visible tactile imaging and precise real-time visualiza-
tion recognition, assisted by machine learning. Additionally,
the TID's arrayed TENG-based configuration allows for exact
touch position confirmation via tactile mapping, triggered by
gentle tapping and sliding. Importantly, an intelligent control
system utilizing both optical and electrical signals from the TID
has been implemented to showcase the synergistic integration
of precise touch positioning and advanced visualization recogni-

tion. Consequently, this self-powered, bimodal TID represents a
significant advancement in the fields of ultrasensitive pressure
sensing, real-time visualization recognition, touch position con-
firmation, and intelligent control.
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