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HIGHLIGHTS

e A fully self-powered bimodal sensor is designed for patterned-displaying the force trajectories.
e Outstanding mechanoluminescence is achieved with a stimulation force as low as 0.3 N and 2000 cycles reproducibility.

® The designed bimodal sensor exhibits good potential for handwriting input to achieve visual intelligent control.

ABSTRACT Self-powered flexible devices with
skin-like multiple sensing ability have attracted
great attentions due to their broad applications in the

Internet of Things (IoT). Various methods have been

proposed to enhance mechano-optic or electric per-

challenging to realize the display and accurate recog- Self-powered sensing
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Here, we present a fully self-powered mechanolumi- {F“}‘QEB}‘O‘ o= “‘"‘ *m@
nescent-triboelectric bimodal sensor based on micro- i " & Y ' i '°' FiEh
nanostructured mechanoluminescent elastomer, which &Bond:m,dmg
can patterned-display the force trajectories. The : L“‘vo—stz‘ e i l ﬁ
deformable liquid metals used as stretchable electrode | .

I Mechanoluminescence Intelligent control

make the stress transfer stable through overall device @~ —-- -~~~ —-~- -~ -~~~ - - - - - - - - - - - == - - - —-—=---
to achieve outstanding mechanoluminescence (with a gray value of 107 under a stimulus force as low as 0.3 N and more than 2000 cycles
reproducibility). Moreover, a microstructured surface is constructed which endows the resulted composite with significantly improved
triboelectric performances (voltage increases from 8 to 24 V). Based on the excellent bimodal sensing performances and durability of the
obtained composite, a highly reliable intelligent control system by machine learning has been developed for controlling trolley, providing

an approach for advanced visual interaction devices and smart wearable electronics in the future IoT era.
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1 Introduction

In nature, biological skin has attracted extraordinary atten-
tion due to its fascinating properties of stretchability [1-5],
self-healing [6, 7] and multimodal sensing ability [8—12].
Biological skin allows organisms to interact with their sur-
roundings and sense changes in external stimuli such as tem-
perature [13-16], pressure [13, 17, 18] and pain. It trans-
mits stimulus information to the brain via nerve conduction,
enabling the organisms to respond and control. Especially
when exposed to external environmental stimuli, some bio-
logical skin can present fluorescent or color responses for
hazard avoidance, camouflage, and courtship. For example,
once cephalopods are under dangerous situations, they can
fluoresce to avoid danger by the muscle-controlled move-
ments of chromatophores filled with pigment sacs [19, 20].
Inspired by the biological skin, mechanoluminescent mate-
rials are being utilized in the fabrication of electronic skin
(e-skin) for increasing the functionality and identifiability of
wearable electronics [21, 22].

Mechanoluminescence (ML) material can establishes a
link between mechanical and optical signals for mechanical
visual sensing. Generally, the functional materials are pre-
pared by chemical synthesis [23, 24] and nano-microstruc-
ture strategies [25, 26]. While the former approach usually
relies on specific force-sensitive chromophore molecules
(e.g., spiropyran based on force-induced breakage of C—N
and C-O bonds) [27], the latter one can reflect natural light
through elaborate structures to produce distinct color alter-
nations and fluorescent changes. Craig and his colleagues
reported ML e-skin with improved mechanical sensitivity by
constructing multilayer nanoparticle microporous structures
in ML polymers [22]. Priya et al. introduced a sulfur vacancy
in the zinc sulfide doped with copper (ZnS:Cu) phosphors,
which is able to induce the formation of new energy levels to
improve the luminescence performance [28]. However, most
work focused on enhancing ML intensity and achieving the
display and accurate recognition of motion trajectories based
on ML remains a great challenge.

Mimicking the multimodal sensing ability of animal
skin is another target for next-generation e-skin materials
[29-31]. Bao and colleagues have developed an e-skin capa-
ble of interactive color change and haptic sensing properties
based on stretchable resistive pressure sensors and electro-
chromic devices [32]. Zhang and colleagues demonstrated a
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pressure—temperature bimodal tactile sensor by combining
fundamentally different sensing mechanisms of optical and
electronic devices, thus enabling simultaneous independ-
ent sensing of pressure and temperature [33]. However, the
achievement of multimodal sensing usually requires exter-
nal energy input and additional devices for the successful
operation, which limits their practical applications [30, 33,
34]. The self-powered, multimodal and visualized sensor for
intelligent control is urgently needed in the era of Internet of
Things (IoT) and fifth-generation wireless networks [35-37].

In this work, we demonstrate a mechanoluminescent-tri-
boelectric bimodal sensor (MTBS) that intuitively detects
force signals and enables both intelligent control and human
physiological activity detection through force-optical and
force-electric response. The ZnS:Cu particles are incorpo-
rated into polydimethylsiloxane (PDMS) elastomer to gener-
ate ML properties, and meanwhile corresponding software
is developed to convert transient luminescence into visual
images for intelligent control based on interdisciplinary
machine learning algorithms. Furthermore, the stress trans-
fer is stabilized by introducing liquid metals (LMs) with
excellent electrical conductivity; thereby, the entire device
exhibits outstanding mechanoluminescence. The surface
microstructures built on the ML materials achieves excel-
lent output of triboelectric nanogenerator (TENG) for power
supply of the sensor. This bioinspired nano-microstructured
bimodal sensor provides a new solution for preparing fully
self-powered visualized multimodal sensing systems, show-
ing potential applications in wearable electronic devices and
human—computer interaction.

2 Experimental Section
2.1 Materials

ZnS:Cu was purchased from Shanghai Keyan Photoelectric
Technology Co., Ltd (China). Liquid vinyl-terminated
polydimethylsiloxane (PDMS) (Sylgard184, Part A) with
a curing agent (Part B) was supplied by Dow Chemical
Company (USA). Gallium (Ga, >99.99%) and Indium (In,
>99.99%) were obtained from Shanghai Aladdin Biological
Technology Co., Ltd (China). The water was deionized and
ultrafiltered to 18.2 MQ cm™' with an ultrapure water system
(China).
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2.2 Fabrication of the Bimodal Sensors

The mechanoluminescent layer was prepared by following
steps. ZnS:Cu particles were mixed with PDMS (Part A) in
the ratio of 7:3 and formed a uniform dispersion followed by
adding the curing agent (Part B) according to a PDMS/curing
agent ratio of 10:1. Then, the mixture was poured into a PTFE
mold with a layer of sandpaper and was cured at 80 °C for
2 h. Then, EGaln alloys were prepared by heating Ga/In (3:1
mass ratio) mixture in a nitrogen atmosphere at 120 °C for 2 h.
The resulted EGaln alloys (liquid metal) were dropped onto
PDMS/ZnS:Cu composite elastomer to build the electrodes,
and then copper foil was pasted onto their surfaces for
electrical measurements. Finally, PDMS was uniformly coated
and was cured on the liquid metal for preventing leakage of
the liquid metal.

2.3 Preparation of Tests Sample for Fluorescence
Spectroscopic

The composite elastomers were charged manually through
friction-separation for several times with PET. To eliminate the
influence of charged electrons on ML performance, all samples
were blown by an ion fan for 30 min to remove charges, and
then, fluorescence spectroscopic characterization was carried
out again.

2.4 Characterization

The surface structure of PDMS/ZnS:Cu and the distribution
of ZnS:Cu in the cross section were obtained from SEM
(JSM-5600, JEOL, Japan). Energy-dispersive spectrometer
was used to determine the element distribution in ZnS: Cu
(Octane Elect Super, EDAX, USA). XRD patterns were
recorded from 10° to 70° (scanning rate 10° min!) using
an Ultima IV instrument (Rigaku, Japan) equipped with
Cu-Ka radiation (4=0.1540 nm). Mechanoluminescence
properties tests were carried out on a universal tensile testing
machine (Instron-5966, USA) with a cross-head speed of
100-1000 mm/min~! at room temperature. The triboelectric
performance of MTBS was measured with a linear motor
(HS01-37 166, NTI AG, USA), an electrostatic tester (6514,
Keithley, USA) and an amplifier (SR570 type, SRS, USA). The
fluorescence spectroscopy was performed on FluoroMax-4
(HORIBA, Japan) to characterize the luminous intensity. All
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the mechanoluminescent images in this paper were captured
with Huawei mate40.

3 Result and Discussion
3.1 Materials Design

As shown in Fig. 1a, benefit from its multilayer structure
design, the MTBS possesses an optoelectronic dual-signal
sensing mode with unique characteristics. Specifically, one
single stimulus is able to produce both electrical and optical
signals at the same time, which is only drove by mechanical
forces (no external power supply is required). The MTBS
is a typical layer-by-layer structure which consists of three
parts from top to bottom based on the contact-separation
mode TENG [38]. The top layer is ML elastomer consisting
of PDMS with well-dispersed ZnS:Cu particles, which can
produce optical signal under external force. Moreover, the
introduction of sandpaper-generated surface microstructures
is able to enhance the charge density on the triboelectric
surface and improve the sensitivity of sensing detection
[39]. When the obtained composite elastomer subjected to
external forces, the defects (point, line and planar defects) of
ZnS crystals start to move, which leads to the breakage and
reconstruction of Zn—S chemical bond (Fig. 1b). The cova-
lently bonded s and p electrons will be redistributed after a
Zn-S bond breaking, leading to an energy band bending and
the tunneling of trapped electrons to the conduction band.
Some of the de-trapped electrons move into the conduction
band and recombine with holes. Thus, the released energy
during the electron—hole complex excites the doped Cu?*
ions and then the de-excitation of excited Cu* ions lead to
a luminescence [40, 41]. In the middle part, gallium-based
LMs are selected as stretchable electrodes due to their low
melting points, low viscosity, high conductivity and non-
toxicity [42—45]. Meanwhile, their fluidity makes the stress
transfer more stable through overall device to ensure ML
performance. The lower part made of PDMS is used as a
triboelectric and encapsulation layer to prevent leakage of
the electrodes. It is worth noting that LMs are able to form
a dense oxide layer on the surface immediately after contact
with air during usage, which is effective enough to prevent
further oxidation and limit the penetration into PDMS dur-
ing prolonged stretching [46, 47]. Therefore, the oxide layer
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of LMs makes the electrical signals of the MTBS more sta-
ble and durable.

MTBS acts on the coupling of triboelectrification and
electrostatic induction, where the skin and PDMS are
considered as positive and negative frictional electric
material, respectively. As shown in Fig. 1¢, human skin acts
as the ground and the MTBS attached to human body acts
as a single electrode TENG. Since silicone rubber possesses
a strong ability to gain electrons while human skin with a
strong tendency to lose electrons, silicone rubber is well
suited to be a triboelectric layer material for self-powered
human motion sensing [48]. During the cyclic contact
and separation between skin and the MTBS, alternating
currents can be generated due to the flow of charges. Based
on this visualized bimodal sensor, various human—machine
interface scenarios are demonstrated, including intelligent
control with high recognition rate through machine learning
and human physiological activity monitoring (Fig. 1d).
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3.2 Mechanoluminescent Sensing

The ML layer of the visualized bimodal sensor is achieved
by homogeneously embedding the ZnS:Cu phosphors into
PDMS (PDMS/ZnS:Cu). According to the cross-sectional
scanning electron microscopy (SEM) of the PDMS/ZnS:Cu
composite elastomer shown in Fig. 2a, ZnS:Cu particles
with an average particle size of around 20 pm are uniformly
embedded in PDMS matrix. Energy-dispersive X-ray (EDX)
spectral mapping reveals the elemental distribution of indi-
vidual ZnS:Cu particles. In addition to the elements Zn, S
and Cu, there is also Al on the surface for moisture resist-
ance. X-ray powder diffraction (XRD) confirms the pres-
ence of the wurtzite structure of ZnS:Cu phosphors (Fig. 2b)
[49]. The changes in brightness and color during force lumi-
nescence were analyzed according to the standards of the
International Commission on Luminescence. The ML per-
formances of the composite elastomer under stretching (30%
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Fig. 1 Structure design of the MTBS. a Schematic of the design for the bimodal self-powered sensor. b ML mechanism of ZnS:Cu particles. ¢
Schematic diagrams of the working principle of the MTBS. d Developed intelligent control system by recognizing handwriting numbers based

on interdisciplinary machine learning approach
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strain) are shown in Fig. 2c. The luminescence intensity of
the composite elastomer increases with increasing stretching
rate (from 100 to 800 mm min~"). Grayscale color analysis is
used as an efficient and scientific method to accurately indi-
cate the lightness/darkness of the pixel in images of the com-
posite elastomer [50-52]. As shown in Fig. 2c—d, both the
intensity and grayscale value of the luminescence increase
with increasing stretching rate. The relationship between
stretching rate and grayscale values is approximately linear
with a goodness of fit >97% (Fig. S1). In addition, color
variations are quantified by RGB color intensity analysis.
RGB is the color representing the three channels of red (R),
green (G) and blue (B), and all colors are obtained by the
variations of the three RGB color channels and their super-
position on each other [53, 54]. We observe that the R and
B values of elastomer luminescence did not change much
with increasing stretching rate, while the G value changes
sharply (Fig. 2e) and linearly (Fig. S2). This color change
characteristic lays the foundation for the subsequent signal
collection and processing. The stress—strain curves of the
composite elastomer are shown in Fig. S3. The results show
that the composite material has good mechanical properties
and can meet the needs of human motion monitoring. To
test the durability and stability of the ML performances of
the obtained MTBS, the PDMS/ZnS:Cu composite elasto-
mer is subjected to 2000 times of stretch-released cycles by
stretching at a strain of 30% (Fig. S4). As shown in Fig. 2f,
the repeated stretching-releasing processes have almost no
effect on the ML performances of the composite elastomer,
which is crucial for the sensing of the elastomer in practical
visualization. Excellent repeatability of ML is important for
multiple writing, intelligent recognition stability, etc. More
importantly, the light intensity increases with the number of
frictions (Fig. S5). Because the triboelectric effect supplies
an external field that can reduce the trap-depth of charges in
ZnS:Cu. More trapped charges, especially the deep-trapped
charges would be released by the in situ internal piezoelec-
tric field of ZnS:Cu, resulted in the improved luminescence

property.
3.3 Triboelectric Sensing

MTBS possesses excellent ML performance and good
self-powered TENG performance, which can be used in
collecting mechanical energy in different environments
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and is able to realize a self-powered sensing without bat-
tery [55-58]. The output performances of the MTBS were
tested by a home-made measurement system consisting
of a function generator, a power amplifier, a linear motor,
an electrostatic meter, and a signal acquisition computer
[36, 59] (Fig. 3a). In order to study the effect of different
contact materials on the output performance of TENG,
polylactic acid (PLA), gelatin, paper and polyethylene
terephthalate (PET) were used as friction materials and
the open-circuit voltage (V) and short-circuit current (/)
were measured (Fig. 3c). Among these friction materi-
als, both the V. and I values reach a maximum in PET,
due to the maximum difference in electron gain and loss
between PET and PDMS/ZnS:Cu composite films. In sub-
sequent tests, PET was selected as the friction material.
To improve the sensitivity, we construct microstructures
on the surface of PDMS/ZnS:Cu layer (Fig. 3b). Figure 3d
shows the effect of structured surface on the V. and I..
The smooth and rough surfaces were compared separately
(rough surface was obtained by sandpaper molds while
smooth surface was obtained by smooth Teflon molds).
The voltage of devices with smooth surface is only about
8 V, while the voltage of devices with rough surface
increases to 24 V (a three-fold increase). Generally, the
output of TENG under contact separation mode is highly
dependent on the applied pressure and the frequency
of contact [17, 60]. Under the normal impact force, the
device can generate different V. and /. and the normal
force range is 1-25 N. Both the V. and [ increase with
the increase in impact force, which can reach a maximum
V.. of 27 V and I of 0.3 pA under 25 N of applied normal
impact force (Fig. 3e). When the frequency of the applied
force increased from 0.5 to 2 Hz, the current is around
0.3 pA, but it still increases slightly. The V. increased
from 20 to 27 V from 0.5 to 2 Hz (Fig. 3f). The MTBS
also possesses a very fast response and recovery speed
of only 61 and 70 ms after applying or releasing, which
makes it possible to monitor external stimuli in real time
(Fig. S6). The use of the obtained MTBS as a sensor for
human motion monitoring means that it may be subjected
to repeated mechanical forces and shocks during usage, so
the durability and durability of the devices is very impor-
tant. As shown in Fig. 3g, after 4000 cycles of applied
force (5 N), there is no significant drop of output signals
of the device. In summary, these results show that the
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Fig. 2 ML output performance of the composite elastomer. a Cross-sectional SEM images of PDMS/ZnS:Cu composite elastomer and EDS
mapping of individual ZnS:Cu particles. b XRD patterns of ZnS:Cu particles. ¢ Digital images of mechanoluminescent elastomer at a range of
stretch rates. d Changes in grayscale values of mechanoluminescent elastomer at a range of stretch rates. e RGB values of mechanoluminescent
elastomer vary with the stretching rate. f Durability of mechanoluminescent elastomer for more than 2000 stretching-releasing cycles

obtained MTBS possesses significant advantages in the
practical applications of self-powered sensing.

To demonstrate the capability of the obtained MTBS as a
self-powered physiological sensor, several practical applica-
tions for its dynamic mapping of human motion and writing
are performed separately (Fig. 4a). As shown in Fig. 4c—d,
the MTBS was attached to the volunteer’s wrist and knee,
and the sensor is able to immediately responds by output-
ting signals according to the body movement. In addition,
the MTBS can also be used as a pedometer for monitoring
human movements, based on the fact that each movement
with contact-separation action is able to produce a clear out-
put signal (~200 nA, Fig. 4e). Then, the MTBS was mounted
on the mouse to differentiate frequencies of mouse clicks
(Fig. 4f). By using the MTBS-attached finger to touch the

© The authors

table in different strength, there is a large difference of the
output signals (~8 nA vs. 60 nA, Fig. 4g). The designed
MTBS can detect larger-scale human movements as well as
subtle human movements. As shown in Fig. 4h, when we
attached the MTBS to the volunteer’s throat the sensor can
generate regular current signals as the vibration of the throat.
In addition, wearable gesture sensors capable of sensing dex-
terous movements of each finger can play an important role
in future human—computer interaction interfaces. As shown
in Fig. 4b, when the volunteer expresses the Arabic numbers
1, 2, 3, 4 and 5 by gestures, the sensor with different signal
combination states (every finger movement can be detected
separately) can be used to accurately identify the meaning
of different gestures. As shown in Fig. 4i—k, when different
numbers are written on the MTBS using a pen, there are

https://doi.org/10.1007/s40820-023-01054-0
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ferent frequencies. g Long-term stability of MTBS output under 4000 loading—unloading cycles

different current signal outputs as well as visual pictures of
the numbers. Since the luminescent signals generated by the
MTBS during handwriting are transient for about 200 ms
(Video S1 and Fig. S7), which is almost impossible to accom-
plish for recognition. A tool has been developed to obtain
clear digital images by continuously intercepting multiple
frames from the input video and combining them for super-
imposition. Take the writing of number “2” as an example,
by using a pen to write on the composite elastomer and inter-
cepting the consecutive images (Fig. S8), the trajectory of
the force applied to the material can be clearly seen, which
is important for the visual monitoring of writing process on

SHANGHAI JIAO TONG UNIVERSITY PRESS

the obtained composite elastomer. Overall, the MTBS shows
excellent stability and sensitivity for human motion recogni-
tion and possesses great potential for future applications in
wearable electronics. Further, the possibility of bright hand-
writing on MTBS based on the desired ML properties can
expand the scope of its applications.

3.4 Signal Identification and Intelligent Control

Based on the excellent performances of the obtained MTBS,
the clear-cut and bright images for controllable handwriting
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is acquired (Fig. 5a), which greatly facilitate the accurate
recognition and efficient intelligent control. The frame-
by-frame enhancement magnification can be adjusted to
improve some of the digital defects during the image com-
position process (Fig. S9). In addition, to facilitate the rec-
ognition process based on machine learning approach, the
training process of the machine learning network was per-
formed based on the Mixed National Institute of Standards
and Technology database (MNIST), an open-source third-
party database of handwriting digits [61, 62]. In order to
improve recognition efficiency and accuracy, the handwrit-
ing digital images based on the obtained MTBS (extracted
green color at first to avoid disturbance) and then converted
to the digitization matrix (Fig. S10). As shown in Fig. S11,
compared with extracting red and blue, extracting green for
image synthesis makes the writing content the clearest. Con-
sist with the above characterization about ML performances,

© The authors

the grayscale and G-value of the writing area change sig-
nificantly with the applied force and a very small force is
enough for the achievement of handwriting signal input
(Fig. 5b). The MTBS can be used to distinguish the obtained
handwriting patterns and has great potential for intelligent
control by recognizing numbers.

Machine learning can be used for handwritten digit rec-
ognition through various algorithms [63, 64]. Random for-
est (RF) algorithm, which integrates multiple decision trees
through the idea of integrated learning, was used to recog-
nize the handwriting digital images [65—-67]. The correct rec-
ognition rate of the three algorithms was compared (random
forest, K-nearest neighbor, decision tree), the random forest
algorithm has the highest correct rate because it integrates
multiple decision trees through the idea of integrated learn-
ing (Fig. S12). RF algorithm is to determine the result by
category voting after classifying the input data according to

https://doi.org/10.1007/s40820-023-01054-0
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their different features, and designate the category with the
highest number of votes as the final output result (Fig. 5c).
The correct rates of RF algorithm-based machine learn-
ing with training amounts of 1000, 5000, 10,000, 30,000
and 60,000 are compared, and it is found that the correct
rate of machine learning increases as the training amount
increases. However, the time required for machine learn-
ing also increases, so in order to balance the time required
for machine learning with the correct rate, we choose the
training amount of 60,000 for identification (Fig. S13). The
developed RF algorithm-based machine learning network
was trained by using 60,000 handwriting digits from the
open-source MNIST handwriting digit database (Fig. S14),
and the accuracy was later verified by using another 10,000
handwriting digits for test. The results show that the model
used for recognizing hand-written digits possesses a high

accuracy rate (96.87%, Fig. 5d), verifying the good reliabil-
ity of digit recognition system based on machine learning.
To further validate this concept, videos of writing 2, 4 and
6 on the MTBS were imported into the developed integrated
software (combing data reading, image synthesis, recogni-
tion and control), after which the handwriting information
recognized by the software is transmitted to the trolley via
wireless signals to achieve intelligent remote control of the
trolley (Fig. Se). Figure 5f and Videos S2—-S4 show that by
defining the moving mode, the trolley can move forward
and turn left/right according to the written numbers (Video
S5). This handwriting-controlled motion system can be used
to manipulate machines to help humans perform complex
operations and has great promise for intelligent control and
human—machine interface in the future.
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Fig. 5 Intelligent control system. a Images of Arabic numeral from 1 to 9 processed by the developed software. b Histogram of Gray Scale and
B-value in response to the applied force during handwriting and the conversion of generated images to the images with white character with
black background grayscale for Arabic numbers 2, 4 and 6. ¢ Schematic diagram of RF machine learning algorithm. d Prediction confusion
matrix based on 10,000 test data. e Schematic diagram of handwriting numerically controlled trolley movement system. f Movement of the trol-
ley is controlled by different input digital signals, such as left turn, right turn and straight ahead. (Color figure online)
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4 Conclusion

In summary, we propose a visualized bimodal sensor which
is easy to be manufactured and completely self-powered.
Through the design of a multilayer structure based on
deformable LMs combined with a micro-nano-structured
mechanoluminescent elastomer, the obtained MTBS can
output synergistic optoelectronic signals under stress with
good reproducibility. In addition, thanks to the processing
of transient optical signals, visualization of handwriting and
intelligent control by machine learning are achieved. We
also demonstrate the application of the device in gesture
recognition. Our research provides ideas for future bimodal
sensing mechanisms that have broad application scenarios
in intelligent control and visual interaction devices.
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