e-ISSN 2150-5551

Nano-Micr© Letters CN 31-2103/TB

ARTICLE https:/doi.org/10.1007/s40820-023-01199-y

®) Humanoid Intelligent Display Platform

Check for

updaies for Audiovisual Interaction and Sound Identification
Cite as
Nano-Micro Lett.
(2023) 15:221 Yang Wang!, Wenli Gao!, Shuo Yang!, Qiaolin Chen?, Chao Ye?, Hao Wang',
. 4 . ] .. . ] . 2 2 . . ‘l ’5
Received: 9 May 2023 Q?ang Z.heluslg , Jlng}ien. , ZPSIJ&H Ning', Xin Chen”, Zhengzhong Shao~, Jian Li ",
Accepted: 28 August 2023 Yifan Liu", Shengjie Ling "
© The Author(s) 2023
HIGHLIGHTS

® A humanoid intelligent display platform (HIDP) is created using stretchable and resilient ionotronic materials, and can be applicable

in extreme environments and complex mechanical stimulations.
e HIDP links sound amplitude and brightness through machine learning for audiovisual interaction.

e HIDP identifies and displays animal species and corresponding frequencies in real-time.

ABSTRACT This study proposes a rational strategy for the design, fabrication and

. . o . . Sound signals
system integration of the humanoid intelligent display platform (HIDP) to meet the I .
n L} L]
requirements of highly humanized mechanical properties and intelligence for human— I I
8

machine interfaces. The platform’s sandwich structure comprises a middle light- Machine learning

emitting layer and surface electrodes, which consists of silicon elastomer embedded
with phosphor and silk fibroin ionoelastomer, respectively. Both materials are highly
stretchable and resilient, endowing the HIDP with skin-like mechanical properties and
applicability in various extreme environments and complex mechanical stimulations.
Furthermore, by establishing the numerical correlation between the amplitude change Dot

.

of animal sounds and the brightness variation, the HIDP realizes audiovisual interac-
Humanoid intelligent display

tion and successful identification of animal species with the aid of Internet of Things

(IoT) and machine learning techniques. The accuracy of species identification reaches

about 100% for 200 rounds of random testing. Additionally, the HIDP can recognize animal species and their corresponding frequencies by
analyzing sound characteristics, displaying real-time results with an accuracy of approximately 99% and 93%, respectively. In sum, this study
offers a rational route to designing intelligent display devices for audiovisual interaction, which can expedite the application of smart display

devices in human—machine interaction, soft robotics, wearable sound-vision system and medical devices for hearing-impaired patients.
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1 Introduction

Display platforms in the human—machine interfaces need
to be highly humanized, especially in terms of mechanics
and functionality [1-3]. Mechanically, they should have the
same tactile and mechanical properties as the human skin,
i.e., soft physical form and good elasticity, capable of con-
formal fit with surfaces of different topologies [4]. In daily
use, the platforms should withstand complex mechanical and
environmental stimuli, such as stretching, twisting and bend-
ing. These mechanical stimuli may be long-term or transient
and single-time or long-term cyclic. After these complex
mechanical stimuli are removed, the light-emitting device
in the display needs to quickly return to its original shape
to maintain the display’s accuracy. In some extreme appli-
cations, such as visualized injury warning [5] and outdoor
robots [6], these light-emitting devices are even required to
be robust against extreme damage such as corrosion, needle-
punching, and cutting, and should have self-healing ability
after being partially damaged. In terms of their function,
light-emitting devices need to eliminate the constraints of
the passive display, and are expected to be integrated with
artificial intelligence and IoT technologies to realize intel-
ligent interaction between the display platform and the envi-
ronment, human body, and machines [7-13]. For example,
display devices should have human-like audiovisual abil-
ity to analyze and process audiovisual information. Such
capabilities can enable the realization of human—computer
interactive display, question-and-answer display, thinking
display, and even real-time dialogue display for semantic
communication.

However, the existing display technologies are still far
from meeting these human-like requirements. For example,
the structural and mechanical properties of the existing dis-
play materials are significantly different from those of the
skin [4]. Therefore, only limited materials and technolo-
gies with significant shortcomings can be used to achieve
even the stretchability of display devices. For example,
stretchable, bendable and foldable display platforms are
constructed usually by assembling light-emitting diodes on
an elastic substrate to form a serpentine or buckle meta-
structure [14—17]. However, as the LED is not stretchable,
its effective use-stretch ratio is still less than 120% that is
considerably lower than the stretchability of skin or elasto-
mers [1, 18]. In addition, electroluminescent (EL) devices
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obtained by combining phosphor particles with elastomers
have also been proven to be a practical approach for prepar-
ing highly stretchable display devices [19, 20]. However, in
most of the reported design strategies, the stretchability of
the devices is determined by the electrode layer rather than
the light-emitting layer. The former layer in these systems
is usually a composite made of elastomeric polymers and
conductive nanomaterials, such as silver nanowires [19, 21],
carbon nanotubes [22, 23], and graphene [24]. Therefore,
the connectivity of these nanomaterials will be lower than
the percolation threshold once the tensile strain exceeds a
certain value, which causes a sharp decline in conductivity
and affects the device’s luminescent performance [25, 26].
Consequently, the effective use-stretch ratio of such devices
is usually in the range of 20%-150% [19, 21-24, 27-29].
In addition, such nanostructures cannot restore the origi-
nal connectivity in case of damage, therefore, these devices
often suffer from functional instability or even failure during
cyclic stretching [30].

In terms of functionality, current intelligent dis-
play techniques are also unable to meet the demand for
human—machine interfaces. For instance, current smart
display devices are mainly based on tactile perception and
response [8, 31-33]. The tactile perception can be achieved
through capacitive [5, 34], piezoelectric [31] and triboelec-
tric responses [35, 36]. Therefore, these devices are primar-
ily used for tactile sensing [7], motion monitoring [33, 37,
38], injury warning [5], safety surveillance [35], etc. How-
ever, tactile perception requires a direct contact between
objects and display devices, and consequently the types of
objects and environments that can be sensed are relatively
limited. In addition, these devices cannot communicate
and interact easily with the environment, human body and
machines. These issues can be overcome by using optical
and acoustic signals to realize the interaction between the
display device and the environment. However, the related
research has not been reported yet in published literature.

Therefore, this paper proposes to develop a humanoid
intelligent display platform (HIDP), which has mechani-
cal properties like human skin. Furthermore, it should be
able to withstand harsh scenarios, such as low temperature,
high temperature, and water, as well as complex mechani-
cal stimulus, such as stretch, squeeze, crimp and long-term
cyclic loading. In addition, the platform should have human-
like audiovisual recognition and interaction abilities. For
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instance, it is necessary to realize semantic-distinguishable,
question-and-answer, and conversational display through
audiovisual interaction. The implementation of HIDP makes
it possible to accelerate intelligent display device applica-
tions in human—-machine interface, soft robotics, wear-
able sound-vision system and medical devices for hearing-
impaired patients.

2 Experimental

2.1 Preparation of Silk Fibroin Ionoelastomer (SFIE)
Electrode

The preparation of SFIE electrode mainly includes three
parts. First, the degumming process is carried out, specifi-
cally, Bombyx mori silkworm cocoons (20 g) are boiled in
0.5% (w/w) NaHCO; solution (4 L) for 30 min, and this
process is repeated to thoroughly remove the sericin. Subse-
quently, the degummed silk fibers are washed with distilled
water and dried in an oven at 60 °C for 12 h. Second, LiCl
(2,2.5,3.3,4 and 5 g) are dissolved in formic acid (FA, 98%,
100 g), respectively, followed by the addition of degummed
silk fibers (10 g) and stirred vigorously at room temperature
for 1 h, and then filtered by gauze to remove impurities. The
related mass ratio of SF/LiCl in silk fibroin ionotronics (SFI)
is varied from 5:1 to 2:1, respectively. Last, the SFI electrode
is molded, and the above dissolved solution is poured into a
30%20 cm? silicone rubber mold after stationary placement
for 0.5 h. The FA solvent is evaporated in a chemical fume
hood at a relative humidity (RH) of about 80%. The RH is
kept at about 80% with a high power humidifier for three
days, which incubates SFI electrode to fabricate a resulting
SFIE. After completing the above operations, the SFIE is
stored in a drying box. For the characterization experiments
except for luminance test, the mass ratio of SF/LiCl is set
at5:2.

2.2 Fabrication of HIDPs

The electroluminescent (EL) solution is prepared by mixing
EL phosphor powder (ZnS, Shanghai Keyan Phosphor Tech-
nology Co., Ltd) with Ecoflex 00-30 (Smooth-On, Inc) in a
ratio of 1:1. The as-prepared solution is stirred thoroughly
for 15 min, subsequently spin-coated into a film on polysty-
rene substrates at rates of 1000, 1500, 2000 and 3000 rpm,
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respectively, followed by curing at room temperature for
1 h. And the resulting thickness of EL film is 105, 83, 58
and 40 pm, respectively. Subsequently, both surfaces of the
EL layer are treated with plasma cleaning at 10 W for 40 s
to strengthen the interface bonding between the SFIE and
EL layer. Eventually, the HIDP with a sandwich structure
is prepared by assembling the EL layer and two SFIE elec-
trodes. The patterned HIDPs are prepared by punching the
SFIE electrode into various patterns via printing molds and
assembling with the EL layer.

2.3 SFIE Characterization

The optical transmittance of SFIE (SF: LiCl=5:2, thick-
ness: 0.1 mm) is measured using a UV-Visible-NIR spec-
trophotometer (Agilent Cary 5000) with a scanning range
of 380-800 nm. The mechanical testing of SFIE samples is
performed by a mechanical testing machine (Instron 5966
machine, Instron, Norwood, USA) with a tensile rate equal
to 50 mm min~"'. Both sides of samples are installed on the
testing machine. The height of the frame is adjusted to keep
the samples at zero load point, and the initial length of the
samples is measured with a caliper. The peel test of the
SFIE sample is also carried out by the mechanical testing
machine. The SFIE electrode with/without the PS substrate
is tightly fitted to the pig skin, respectively. Both sides of
samples are installed on the testing machine testing machine
for the peel test, and the tensile rate is 10 mm min~". Tensile
measurements are carried out at 20 °C and 44%RH.

2.4 HIDP Characterization

The cross-sectional morphology of HIDP device is observed
by a high-resolution scanning electron microscope (SEM,
JEOL JSM-7800F, Tokyo, Japan) at an acceleration voltage
of 1 kV. Samples are coated with a 5 nm thick gold layer to
provide conductivity before observation. The capacitance
of the electrical double layer and light-emitting layer is
measured with an LCR digital bridge (TH2830) between
frequencies ranging from 50 Hz to 100 kHz. The luminance
of the HIDP device (the mass ratio of SF/LiCl is from 5:1
to 2:1) is measured by using a PR-655 photometer (Pho-
toresearch), and the related alternating voltage signals are
generated using a function generator (FY8300S-60 M) and
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a high-voltage amplifier (LPA400B). All the luminous tests
are carried out in a dark environment.

Mechanical testing of the HIDP samples is performed
using a mechanical testing machine (Instron 5966 machine,
Instron, Norwood, USA). To apply an alternating electric
field during the stretching process, both ends of the fixture
are pasted with copper sheets as the external connection
electrode of the HIDP to apply alternating voltage signals.
Both sides of samples are installed on the copper sheets.
The height of the frame is adjusted to keep the samples at
the zero load point, and the initial length of the samples is
measured with a caliper. The luminescence change of the
HIDP devices is observed synchronously during the stretch-
ing process with a tensile rate of 50 mm min~' using a cam-
era (Canon, EOS 80D). The experimental steps of observ-
ing the luminous state during cyclic stretching test are the
same as described above, where the tensile rate, strain and
cycle times are set at 200 mm min~!, 200% and 100 cycles,
respectively.

Following the aforementioned experimental method, the
luminescence changes of HIDP devices with pre-notches
(1 mm) are recorded in situ using a camera (Canon, EOS
80D) during the tensile test. In this test, a tensile rate of

50 mm min~!

is used, and the cyclic stretching test is
carried out with tensile rate, strain and cycle times set at

200 mm min~!, 200% and 100 cycles, respectively.

2.5 Machine Learning Classification of Brightness
Changes for Animal Voice Identification

The raw data of animal voices were 5 segments of audio,
2 min for each animal. The audio was perceived by the sound
sensor when playing, and the sound intensity (400—-1023) was
converted into an electrical signal through Arduino board,
then the voltage (0-5 V) signal was divided into 4 levels
and triggered the flashing of HIDP with a voltage amplifier.
The flashing was recorded as a video with a frame rate of 30
and a length of 2 min. In machine learning research for clas-
sification from flash recording, we selected interest points
on HIDP randomly and collected the RGB values changes
of these points within 5 s. Therefore, the shape of one piece
of data was (150, 3). Each video was sampled 200 times to
generate a dataset containing 1000 pieces of data.

The compilation of machine learning algorithm was car-
ried out with TensorFlow (2.4.0). The neural network model
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took the RGB values changes data as input and outputted the
binary codes of correspond animals. The training process
was set with cross entropy loss function and Adam opti-
mizer. After 500 epochs, the performance of the model on
both the training set (350) and validation set (150) was simi-
lar, with an accuracy of nearly 100%.

In actual testing, we used functions from OpenCV (4.6.0)
to capture real-time images captured by the camera. We set
the mouse click event to activate the sampling program at
any time and location, captured the 5-s RGB values changes
of several points of interest. The program took data from
all collection points into the model prediction, and give the
average probability of belonging to each animal.

2.6 Code Compilation for Deep Learning and Data
Analysis of Animal Sounds

The models for recognizing the species and correspond-
ing frequencies of animal vocalizations are compiled using
Python (3.10.8) and TensorFlow (2.11.0). A total of 4586
pieces of audio from five types of animal sounds (bird, cat,
dog, elephant and tiger) with different frequencies are used
for training the classification models for predicting the spe-
cies and frequencies of animal sounds. For testing, 242 sets
of animal sounds are used. A sound (barking, meowing,
etc.) is characterized as a vibration that propagates through
a medium, which can be converted to an electrical signal
through the use of a transducer, such as a microphone. This
signal can then undergo further preprocessing and analysis
using machine learning techniques. Sound waves are rich in
information that includes frequency, amplitude and direc-
tion. Features from this information can be extracted and
utilized for learning. Therefore, the one-dimensional signal
is converted to Mel-spectrogram [39] for deep learning. The
Mel-spectrogram is an image representation of the audio
signal that converts frequency into a Mel scale, which can be
used as the input to our machine learning model. The Mel-
spectrogram can be used for providing the sound information
similar to what a human would perceive. The Mel scale is
related to the frequency in Hertz by the following equation:

f
= 25951 1+
" ©810 ( 700 M

where m represents the Mel-frequency and f represents the
real frequency.
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To standardize the signal, zero-padding is implemented
prior to feature extraction. The sampling rate is all set to
16,000, whereas the duration remains constant at 10.02 s.
The audio library called Librosa is applied to extract the
Mel-spectrogram from the raw audio waveforms. Following
this process, each input sample has a shape of 128 X 627. The
machine learning models are expected to learn features from
the images of the Mel-spectrogram. The machine learning
model is based on Res-Nets-50v2, which is a 50-layer CNN.
It contains 1 MaxPool layer, 48 convolutional layers, and 1
average pool layer. The Adam optimizer is used with a learn-
ing rate of 0.001. A total of 200 batches are trained to test
and save the model, including prediction model and network
weight. To adapt to the input with other audio lengths, the
input shape of models is set to (128, None, 1).

2.7 Customized Tkinter Interface

A graphical user interface (GUI) is built using tkinter in
Python (3.10.8), deploying the classifications models as
aforementioned. Specifically, the GUI receives a sound sig-
nal from a transducer (a microphone in this study) and con-
verts it into a Mel-spectrogram. The CNN model receives
the Mel-spectrogram for prediction and encodes the result to
‘utf-8’. The HIDP then simultaneously receives and displays
the prediction results. In addition, the tkinter GUI synchro-
nously displays the prediction results. At the HIDP interface,
“b” refers to bird, “C” refers to cat, “d” refers to dog, “E”
refers to elephant, and “t” refers to tiger. The numbers 1~9
refers to the frequency of animal sounds, and O refers to
invalid audio.

3 Results and Discussion

3.1 Design of HIDP

The light-emitting device designed here adopts a sand-
wich structure as shown in Fig. la. The middle layer is
the light-emitting layer, and the two electrode layers cover
the top and bottom surfaces as illustrated in Figs. 1b-d.
Such structural design can not only simplify the device but
also contribute to the realization of skin-like mechanical
properties and tactile sensation. This is because all three
layers can be made of highly stretchable materials. The
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simplified sandwich structure also makes it easier to pre-
pare larger display screens compared to other more com-
plex designs. More specifically, a silicone/ZnS composite
membrane produced by spinning coating is adopted for
the luminous layer, as shown in Figs. 1b and S1. In this
composite, silicone is the structural support with mechani-
cal properties similar to the human skin. For example, the
strength and modulus of both silicon and human skin are
within the range of 0.2-0.5 and 0.1-0.7 MPa, and both
are resilient under stretching. The embedded ZnS particles
form the luminous component, which can be activated by
an alternating current (AC) electric field. In addition, the
spin coating is adopted because it can reasonably fix the
thickness of the membrane by controlling the amount of
dispersion used. This is especially important for the prepa-
ration of ultra-thin membranes.

The electrode layers are made of silk fibroin ionotronics
(SFI), a material that consists of silk fibroin, Li* ions, and
water. Compared with the electron-type stretchable elasto-
mers, the SFI has many advantages as the electrode layer of
HIDP [40-43]. First, SFI has a material composition simi-
lar to skin: both are based on the structural framework of
proteins and contain a certain amount of water and ions.
The ions and waters in both SFI and skin systems can act
as charge carriers to realize the ionic and hydration proton
conduction [43]. Second, SFI has excellent optical trans-
parency and its transmittance is higher than 85% in visible
wavelengths as shown in Fig. S2. This high transmittance
ensures high fidelity of the display. Third, the components
of the SFI are biodegradable and biocompatible, therefore,
the application of its devices can be extended to artificial
skin, and even to biomedicine and other related fields. Last,
thanks to the unique ionic and hydrating proton conduction
mechanism independent of the percolation threshold [43],
the SFI, similar to other ionotronics, can maintain its con-
ductivity even under ultrahigh tensile strain. This behavior
is in sharp contrast to the failure of electronic stretchable
electrodes at high stretch ratios. In addition, the inherent
advantages of ionotronics, such as frost resistance, adhesion,
notch insensitivity, and self-healing, provide great benefits to
the assembly of HIDPs and the application of these devices
in harsh environmental conditions [13, 44—46].

However, SFIs are viscoelastic rather than elastic. The
viscoelasticity is beneficial for its assembly with a lumines-
cent layer, as it ensures a tight fit between SFI and lumines-
cent layer after the hydrophilic treatment of the luminescent

@ Springer
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Fig. 1 Design and images of HIDP. a Schematic of the structure and working principle of the HIDP. b Schematic of the luminescent elastomer structure. ¢ Cross-
sectional SEM image of the HIDP. d Schematic of the silk fibroin ionotronics structure. e Photographs of HIDPs with various patterns. f Photographs of “silk”-
patterned HIDP before (top) and after (bottom) being stretched to three times its original length. g Photographs illustrating the digital-patterned HIDP (4 cm x5 cm)
attached to the back of the hand are deformed by stretching (top) and bending (bottom) of the palm. h Photograph of the digital-patterned HIDP under bending. i
Photographs of the digital-patterned HIDP before (left) and after (right) being stretched under the strain of 60%
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layer, as shown in Fig. S1. Indeed, as Fig. S3 shows, the
spline bonded by the two materials can withstand a weight of
20 g, which is about 200 times its own mass, and the bonded
interface remains stable without separating or tearing. In
contrast, viscoelastic materials are readily deformed under
small external forces and cannot recover their initial shape
after the removal of the external force. Therefore, the hygro-
scopic-induced crystallization strategy is introduced here to
regulate the crosslinking state of the silk molecular network
[40]. As for silk fibroin, the crystallization, i.e., conforma-
tional transition, forms f-sheet nanocrystals, which refer to a
structure that serves as the crosslinker of the molecular net-
work to limit the slippage of amorphous chains. Therefore,
the transition of SFI from viscoelasticity to the elasticity
can be achieved by controlling the degree of crystallinity
of SF, thereby preparing silk fibroin ionoelastomer (SFIE)
with mechanical properties and elasticity that match those
of the human skin.

Detailed experimental procedures for conducting hygro-
scopic induced crystallization strategy are described in the
experimental section. In short, this strategy incubates the
SFI in a sealed high-humidity environment (relative humid-
ity ~ 80%) for three days. During this process, the strong
hygroscopicity of lithium ions drives them to absorb a large
amount of water from the surroundings and thereby causes
the amorphous SF network to swell. The resulting SFIE can
thus be regarded as a highly concentrated polymer solution
in which the free water can be easily transported over the
whole amorphous network. In this case, a significant plasti-
cization of free water reduces the glass transition tempera-
ture of SF to a temperature considerably below the room
temperature. Hence, the conformational transition of SF
from the random coil into B-sheet nanocrystals can occur at
room temperature. The crystallization of SF terminates when
the crystal crosslinking density reaches a certain level, where
the free volume between SF molecules cannot accommodate
the motion of their chain segments, as shown in Fig. 1d. The
resulting SF network thus features a dual network structure
with dense entanglements and sparse nanocrystals. The for-
mer enables the transmission of tension in a polymer chain
along its length and to many other chains [47]. Meanwhile,
the latter prevent the polymer chains from disentangling.
Accordingly, the resulting SFIE has a high stretchability and
excellent elasticity. After being stretched to three times the
original length, it can recover to 87.5% within 10 s, and fully
recover after 70 s. This is shown in Fig. S4a.
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3.2 Mechanical Performance of HIDP

When SFIE and light-emitting layer are integrated, their
skin-like mechanical properties are also retained in the
resulting HIDP, which has a skin-like tactile impression,
stretchability and elasticity. In addition, it can be mechani-
cally punched or cut into desired shapes as shown in
Figs. le-i, or assembled into a stretchable luminescent dis-
play device through compression molding. The HIDP encap-
sulated by very-high-bond (VHB) tape can be used as dis-
play in harsh environments, such as low temperature (— 7.5
°C), high temperature (90 °C) and underwater, as shown in
Fig. S5. In addition, the similar mechanical properties of the
SFIE and the light-emitting layer, and good interface bond-
ing of these two materials enable the HIDP to maintain a
stable light emission during the stretching process, as shown
in Fig. 2a and Movie S1. Figures 2a and S6 show that when
the tensile strain is lower than 400%, the brightness of HIDP
remains constant, showing a bright blue color. Only after
the strain exceeds 500%, the luminous intensity of HIDP
gradually weakens with the increase of strain. Even when the
strain is as high as 700%, only 64% of the luminous intensity
is lost, as shown in Fig. Sé6a.

The similar mechanical properties of HIDP and bioelasto-
mers are further confirmed by tensile tests shown in Fig. 2.
Its true stress—strain curve features a J-shaped increase in
stress as the strain increases, i.e., Z—Z > 0 (Fig. 2b). This curve
shows that initially, a small increase in stress results in large
extensions. However, the material becomes stiffer and more
difficult to extend at larger extensions. J-shaped stress—strain
curves cause the biomaterials to be extremely tough [48,
49]. This is because the lower part of the J-shaped curve is
substantially extended for low applied stress. Thus, the shear
modulus in this region is very low, and the released strain
energy on the fracture cannot be transmitted to the fracture
zone. The similarity between HIDP and bioelastomers is
also reflected in the tensile toughness and Young’s modulus,
which are equal to 3.3+ 1.3 MJ m~> and 0.83 +0.48 MPa,
respectively (Fig. S7). These values are equivalent to the
skins of humans [50], pigs [51] and rats [52], and also match
the requirements for e-skins. In addition, the elongation at
break, 849 + 80%, is even higher than that of bioelastomers
and other soft materials, as shown in Fig. 2c. The maxi-
mum tensile strain at which the luminous intensity of the
device can remain stable (defined as the effective working
strain here) is 410% for HIDP. The HIDP is also 1.1-12.7
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Fig. 2 Mechanical performance of the HIDP. a Snapshots of the HIDP under stretching. b True stress-elongation curves of the HIDP, ther-
moplastic materials, biological skin, and rubber. The true stress-elongation curves of thermoplastic materials, biological skin, and rubber are
adapted with permission [73]. Copyright 2018, The American Association for the Advancement of Science. ¢ Comparison of Young’s modulus
and strain of failure of the HIDP, and other representative ionotronics material. The Ashby plot of representative ionotronics materials has been
adapted with permission [74]. Copyright 2014, Royal Society of Chemistry. d Photographs of the HIDP at the first (first two) and 100th stretch-
ing cycle (last two) with a stretch amplitude of 200%. e Comparison of the hysteresis and fracture toughness of the HIDP and other elastomers.
The Ashby plot of other elastomers has been adapted with permission [75]. Copyright 2019, Proceedings of the National Academy of Sciences.
f Snapshots of the pre-notched HIDP during the stretching process. g Tensile stress—strain curve of the pre-notched HIDP. h Photographs of the

dual-color HIDP at the strain of 0% and 300%

times higher than other flexible display devices, like PLEC
[18, 22, 53], PLED [54-57], island bridge OLED [17, 58,
59] and ACEL AgNWs/Elastomer [19, 21, 27, 60, 61], as
shown in Fig. 3e. The effective working strain of HIDP is
even higher than the fracture strain of most bioelastomers,
as shown in Fig. 2¢. This advantage ensures the application
of HIDP in areas that require large deformation, such as
wearable sports devices, and saving of space during storage
and transportation.

The HIDP also exhibits outstanding elasticity. When it
is stretched to three times the original length, it can recover
90% within 10 s and 100% within 1 min, as shown in Fig.

© The authors

S4b. As shown in Fig. 2d, the HIDP maintains a stable light
emission after 100 stretch cycles at the strain of 200%, as
shown by Movie S2. In addition, no changes in lumines-
cence intensity are observed as shown in Fig. S6b, indicating
that the HIDP can withstand cyclic stretches. During a single
stretch cycle, the ratio of dissipated energy, i.e., the area
between loading and unloading curves to the work applied,
i.e., the area under loading curves of HIDP is 0.44, which is
a hysteresis value consistent with previously reported high-
performance double network (DN) elastomers [62] and
polyacrylamide (PAM) alginate hydrogels [63], as shown
in Fig. 2e.

https://doi.org/10.1007/s40820-023-01199-y
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Fig. 3 Luminescence properties of the HIDP. a Luminance of HIDPs versus excitation voltage with different thickness of EL film at various
spin-coating rates. b Luminance of HIDPs versus excitation voltage at different mass ratios of SF/LiCl. ¢ Emission spectra of HIDPs at different
mass ratios of SF/LiCl when the excitation voltage is 615 V. d Emission spectra of HIDPs at various excitation voltages. e Comparison of the
stretchability and maximum brightness of the HIDP, and other representative light-emitting devices. f Luminance-voltage frequency curve of the
HIDP. g Emission spectra of the HIDP. h Snapshots showing the color change of the HIDP with the increase of the voltage frequency. The mass

ratio of SF/LiCl in the HIDP is 5:2, and the excitation voltage is 200 V

Mechanical fatigue and local damage may occur in the
long-term use of luminescent display devices. Therefore,
the fracture mechanics of HIDP are also evaluated by the
cyclic stretch of single-edge pre-notched splines (Figs. 2f,
g and S8). As Fig. 2g shows, the stress—strain curve of HIDP
exhibits an n-shaped ductile fracture mode, which is essen-
tially different from the linear response of brittle materials.
Nevertheless, the fracture strain is still as high as 400%, even
in the presence of a pre-notch. The pre-notched HIDP main-
tains a stable luminous state throughout the tensile fracture
process, as shown in Figs. 2f, g. Its fracture toughness of
863 I m~2 is higher than that of pure PDMS elastomers with
bimodal networks [64] (65 J m~?) and comparable to those
of DN elastomers [62] (2,000 ] m'z), and DN hydrogels [65]
(2,113 T m~2) reported previously (Fig. 2e). In addition, it

SHANGHAI JIAO TONG UNIVERSITY PRESS

maintains a stable luminescence state during the 40 cycles of
stretch with a maximum strain of 200%, as shown in Fig. S8.
The fatigue threshold of the HIDP calculated by the cyclic
stretching of pre-notched splines is 358 J m~2, as shown
in Fig. S9. These values are comparable with DN PAAm
hydrogels [66] and polyamide (PA) hydrogels [67], as shown
in Fig. S10.

Furthermore, the cyclic stress—strain curve reveals that the
pre-notched HIDP can maintain mechanical stability in long-
term cyclic stretching, and the notch does not expand within
this process, as shown in Fig. S8. In contrast, other ionotron-
ics often suffer mechanical shakedown during cyclic stretch-
ing; materials experience decrease in structural instability-
induced stress during the prolonged loading—unloading

@ Springer
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stretching. This mechanical failure often causes structural
and functional instability of the devices.

In addition, there is a self-healable hydrogen bond
between silk fibroin and water molecules in SFIE. The chela-
tion between silk fibroin and lithium ions can also destroy
and reformate. Accordingly, HIDP is self-healable. For
example, after the HIDP is cut and then lapped, the HIDP
can still emit with the same brightness as before cutting,
as shown in Fig. S11. As illustrated in Fig. 2h, blue- and
green-emitting HIDPs can be assembled into dual-color
light-emitting devices taking advantage of this self-healing
property. The devices maintain a stable two-color display
under a high tensile stain, i.e., 300% (Fig. S12).

3.3 Luminescence Properties of HIDP

As Figs. 3a, b show, the brightness L of HIDP increases
with the thickness of the emitting layer. When the thick-
ness of the light-emitting layer is lower than 40 pm, the
light-emitting layer will be damaged by the high electric
field, as shown in Fig. 3a. In addition, the brightness of
HIDP is also positively correlated with the applied volt-
age V, and this correlation can be quantitatively described
by the impact ionization model. Specifically, according to
the luminescence mechanism of HIDP, the charge at the
interface enters the conduction band of the phosphor layer,
and accelerates to high energy electrons under a high elec-
tric field. Susbequently, an inelastic collision takes place
between the high energy electrons and the luminescent
center. The electrons of the light-emitting center transi-
tion from the excited state to the ground state, and emits
photons in this process [3, 23, 68]. Therefore, the voltage
applied on the light-emitting layer is closely related to the
brightness of the device. As Fig. 1a shows, the equivalent
circuit of HIDP can be simplified as a structure of three
capacitors in series. This is because when an alternating
current is applied to both ends of the HIDP, it becomes
equivalent to three capacitors in series. Among them, the
electric double layer is formed by the copper electrode,
SFIE contains the capacitors C, and C;, and the light-emit-
ting layer contains the capacitor C,. As the capacitors are
connected in series, they store the same amount of charge
[69],1.e.,0 = C,V, = C,V, = C;V;. The capacitance tests
reveal that C, is considerably smaller than C, in the range
of 100 Hz-50 kHz, as shown in Fig. S13. Therefore, most

© The authors

of the voltage is coupled to the light-emitting layer. In this
case, the relationship between L and V of HIDP can be
quantitatively described as [70]:

L=L0exp<_—'18> @)
V2

where L is proportional to V, and L, and f are the physi-
cal constants of the light-emitting layer, which are related
to the proportion and size of ZnS particles, the dielectric
constant of the polymer matrix, and the device’s thickness.
As Fig. 3a, b shows, the quantitative description developed
by this equation agrees closely with the experimental test
values.

In addition to the luminescent properties of the light-
emitting layer itself, the lithium content in SFIE also sig-
nificantly affects the brightness of HIDP. As Figs. 3¢ and
3d show, when the mass ratio of LiCl in SFI increases
from 5:1 to 2:1, the conductivity of SFIE increases from
2.1x107 to 43x 10 S m~! (Fig. S14), which increases
the brightness of HIDP from 0.6 cd m™ to 86 cd m™ at
a voltage of 615 V. In addition, as Fig. 3f shows, when
the applied voltage is constant, the luminous brightness
of HIDP increases as the voltage frequency increases.
The CIE chromatogram and EL spectrum reveal that the
wavelengths of the luminous peak of HIDP gradually shift
from green (504 nm) to blue (460 nm) as the frequency
increases from 100 Hz to 20 kHz. This can be noticed
in Fig. 3g, h. The color change caused by the change in
frequency is mainly attributed to the special energy level
structure of ZnS:Cu. It has two energy levels of blue and
green luminescent centers. At low frequencies, the holes
captured by the green luminous center are dominant,
which excites the green light. On the other hand, at high
frequency, the combination of blue emission centers and
holes increases, resulting in the blue shift of color.

3.4 HIDP for Intelligent Identification
and Question-and-answer Display

3.4.1 Audiovisual Interaction
In real life, sound waves travel through a medium in a non-
visual manner. Therefore, establishment of the correlation

between sight and hearing is conducive to the interaction
of the man—-machine interface in a noisy environment and

https://doi.org/10.1007/s40820-023-01199-y
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provides the possibility of communication for the audiovisu-
ally impaired individuals. This audiovisual correspondence
can be established for HIDP because the brightness of the
luminescence is proportional to the intensity and frequency
of the voltage signal, as demonstrated in Fig. 4a. There-
fore, different sound signals, e.g., volume and scale can be
encoded into different voltage intensities and frequencies
to drive the dynamic luminescence of the HIDP. Conse-
quently, the HIDP can display brightness, color, flicker fre-
quency, and other information corresponding to the sound
to visualize it. Under this guidance, we realize the interac-
tion between sound and display using the sound sensor and
display driving chip. In addition, machine learning is used to
learn the dynamic display process of different sound sources
to convert the light to sound. The dynamic display of HIDP
is used to recognize various sound sources.

(a) Sound signals Identification

Voice sensing

The present study uses animal calls as the sound source
for identification. As Fig. 4b shows, the sounds of different
animals can be distinguished by the human ear because their
sounds’ frequency, amplitude, and timbre are different for
different species and similar for the same species. Consider
the calls of birds, dogs and cats as examples. The calls of
birds are often short and sharp; thereby, the amplitude of
these sounds mainly consists of sharp peaks, and the dis-
tance between the peaks is short. On the other hand, dog
barking has a long and low tone, therefore, the sound signal
has a constant wobble and there is a relatively large time
difference between the two sounds. In addition, although
the pattern of a cat meowing is similar to that of the dog
barking in terms of amplitude changes, there are significant
differences in signal strength and periodicity in the sound
spectrum. When these spectra are converted into an applied
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Neural network
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Fig. 4 Visualization of sounds and intelligent identification via the HIDP. a Schematic of the technical roadmap for identification of animal
sounds through monitoring and analysis of the luminescent change of the HIDP with machine learning. b Flow chart of sound visualization
and intelligent identification of animal sounds through the HIDP. The sound signals are first converted into voltage signals to trigger the flash
of star-patterned HIDP, which are recorded by a camera. Finally, the recurrent neural network is applied to identify the animal sounds from the
RGB changes of interest points in flash patterns. ¢ Schematic of operation steps for using sound visualization platform to distinguish the animal
sounds. The operation steps include launching the movie, selecting five points in the HIDP area, loading of all the patterns in the flashing pro-
cess, inputting the patterns into the ML model, and predicting the species of animal sounds
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voltage, it is found that their regularity is preserved even
though the complexity of the spectra is greatly reduced.
Therefore, the HIDP shows different periodic brightness
changes for calls from different types of animals, while
the calls from the same type of animal exhibit a significant
similarity.

Accordingly, these brightness changes displayed by the
HIDP are used as the input of machine learning classifi-
cation. Using the recurrent neural network (RNN) model,
we successfully identify the animal species based on the
brightness variation information displayed by the HIDP.
Sounds from five species of animals are included in this
RNN dataset: birds, cats, dogs, elephants and tigers. Our
compiled program can automatically capture 150 frames (30
frames per second) of luminance changes at points of inter-
est in the HIDP display video stream corresponding to these
animal calls. Features are pre-extracted through two one-
dimensional convolution layers, and subsequently the clas-
sification results are obtained using three long short-term
memory (LSTM) layers. The RNN synthesizes the required
hidden information from the input changes and converges
to about 100% accuracy after about 500 rounds of training.
The classification model is further compiled into a graphical
program to provide a user-friendly interactive experience,
which allows the camera to either collect the HIDP bright-
ness change video on the spot or locally retrieve the pre-
recorded video from the PC. By manually or automatically
selecting five points of interest in a video stream, the sound
source can be identified from the brightness changes with an
accuracy of about 100% for 200 rounds of random testing,
as shown in Fig. 4c and Movie S3.

3.4.2 Voice-responsive Display

In addition, the species and frequency of animal calls can
also be identified by learning the characteristics of the
sound. In this case, a convolutional neural network (CNN)
model was utilized, which takes the Mel spectrogram of
animal sounds as input. The Mel spectrogram logarith-
mically renders frequencies above a certain threshold,
which is known as the corner frequency. For example, in
the linearly scaled spectrogram, the vertical space between
1,000 and 2,000 Hz is half of the vertical space between
2,000 and 4,000 Hz. However, in the Mel spectrogram,
the space between those ranges is approximately the same.

© The authors

This scaling is analogous to human hearing; thus, it is
better suited for applications that need to model human
hearing perception and are used in audio classification.
Here, 4586 Mel spectra of animal calls are used to train the
CNN model and further predict the species and frequency
of animal sounds, respectively (Fig. 5a). The constructed
CNN model is based on the Res-Nets-50v2 [71], which is
a 50-layer CNN that contains 1 MaxPool layer, 48 con-
volutional layers, and 1 average pooling layer. The Adam
optimizer is used with a learning rate of 0.001 (Fig. 5b). In
each epoch, the CNN model is fed by the Mel spectrogram
having a format of 128 X 627. After tens of thousands of
epochs, the identification accuracy of the models for spe-
cies and frequency of animal calls converges to 99% and
93%, respectively, as shown in Fig. 5c.

To realize human—computer interaction, the CNN mod-
els are integrated into the tkinter-sourced human—computer
interface illustrated in Fig. 5d. In this platform, the audio
signal of animal sounds collected by the microphone is first
transmitted to the computer terminal and automatically
converted into a Mel spectrogram by employing the librosa
library in Python [72]. The Mel spectrogram is further input
into the CNN model for recognition. The recognition result,
i.e., the species and frequency of animal calls, is displayed
in real-time on the tkinter interface. Simultaneously, the
single-chip microcomputer connected to the PC converts
the recognition result into "utf-8" format to drive the HIDP
and display the recognition result in real-time. As Fig. 5d
shows, when the microphone receives two roars of a tiger,
the model can recognize the signal and display "t 2" in HIDP
and "tiger 2" on the tkinter interface in real-time (Fig. 5d,
Movie S4). In addition to animal sounds, this platform can
distinguish simple human sentences and analyze the seman-
tics, enabling the HIDP to realize a question-and-answer
display. As shown in Fig. S5e and movie S5, when speaking
“7 plus 8 results” into the microphone, the HIDP not only
displays “7”, “+7, “8”, but also displays the result of “15”
in real-time. Similarly, when speaking “8 minus 6 results”
into the microphone, the HIDP displays “8”, “-", “6”, and
the result of “2” sequentially.

https://doi.org/10.1007/s40820-023-01199-y
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4 Conclusions

In summary, this study developed an electroluminescent
HIDP with structural and mechanical properties that were
highly skin-like. Structurally, the HIDP featured a sand-
wich structure comprising a middle light-emitting layer
and two surface electrodes. In this design, the light emit-
ting layer was constructed by embedding ZnS particles

N
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in silicone elastomer due to its high stretchablility and
resilience. The two surface electrodes were made of SFIE,
a material with composition, mechanical properties, and
functions highly similar to those of human skins. Mechani-
cally, HIDP, consistent with human skins, exhibited high
stretchability, resilience, and self-healing ability. For
example, the tensile strain of HIDP could reach 700% and
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recover to its original length within 1 min while maintain-
ing a stable luminescence. In addition, after 100 cycles of
stretching of a pre-notched HIDP with a maximum strain
of 200%, no fracture occurred, and a constant luminous
intensity was maintained. These mechanical merits and
the inherent advantages of ionotronics in frost resistance
and self-healing capacity allowed the HIDP to be used
in extreme environments, such as low temperature, high
temperature, and water, or complex mechanical loading,
such as stretch, squeeze and crimp. More importantly, the
advantages of HIDP were also reflected in its functionality
and intelligence. The numerical correlation between the
amplitude change of the animal sounds and the change in
brightness of the display and the frequency of the bright-
ness changes were established by combing with IoT and
machine learning techniques. This allowed the HIDP to
realize the audiovisual interaction and successful identi-
fication of the animal species from the brightness varia-
tion information displayed by the HIDP. The identification
accuracy for sounds from five species of animals reached
about 100% for 200 rounds of random testing. Addition-
ally, by analyzing sound characteristics, the species and
frequencies of animal sounds were identified, and HIDP
displayed the recognition results in real-time. The accu-
racy for species and frequency identification reached 99%
and 93%, respectively. Summarizing, this study provided a
rational route for designing intelligent display devices for
audiovisual interaction with the potential to accelerate the
application of smart display devices in human—-machine
information interaction, soft robotics, wearable sound-
vision system and medical devices for hearing-impaired
patients.

Acknowledgements This work was supported by the National
Natural Science Foundation of China (Nos. 21935002, 51973116,
52003156); the starting grant of ShanghaiTech University; the
Double First-Class Initiative Fund of ShanghaiTech University.
Materials were tested at Analytical Instrumentation Center (#SPST-
AIC10112914), and the Center for High-resolution Electron
Microscopy (ChEM), SPST, ShanghaiTech University. No ethical
approval was required for the experiments described in this article.

Funding Open access funding provided by Shanghai Jiao Tong
University.

Declarations

© The authors

Conlflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-023-01199-y.

References

1. C. Larson, B. Peele, S. Li, S. Robinson, M. Totaro et al.,
Highly stretchable electroluminescent skin for optical sign-
aling and tactile sensing. Science 351, 1071-1074 (2016).
https://doi.org/10.1126/science.aac5082

2. H. Yin, Y. Zhu, K. Youssef, Z. Yu, Q. Pei, Structures and
materials in stretchable electroluminescent devices. Adv.
Mater. 34, 2106184 (2022). https://doi.org/10.1002/adma.
202106184

3. Z.Yang, W. Wang, J. Pan, C. Ye, Alternating current electro-
luminescent devices with inorganic phosphors for deformable
displays. Cell Rep. Phys. Sci. 1, 100213 (2020). https://doi.
org/10.1016/j.xcrp.2020.100213

4. Z.Zhang, Light-emitting materials for wearable electronics.
Nat. Rev. Mater. 7, 839-840 (2022). https://doi.org/10.1038/
s41578-022-00502-4

5. Y. Zhang, Y. Fang, J. Li, Q. Zhou, Y. Xiao et al., Dual-mode
electronic skin with integrated tactile sensing and visualized
injury warning. ACS Appl. Mater. Interfaces 9, 37493-37500
(2017). https://doi.org/10.1021/acsami.7b13016

6. S.A. Morin, R.F. Shepherd, S.W. Kwok, A.A. Stokes, A.
Nemiroski et al., Camouflage and display for soft machines.
Science 337, 828-832 (2012). https://doi.org/10.1126/scien
ce.1222149

7. T. Yokota, P. Zalar, M. Kaltenbrunner, H. Jinno, N. Mat-
suhisa et al., Ultraflexible organic photonic skin. Sci. Adv. 2,
e1501856 (2016). https://doi.org/10.1126/sciadv.1501856

8. B. Lee, J.-Y. Oh, H. Cho, C.W. Joo, H. Yoon et al., Ultra-
flexible and transparent electroluminescent skin for real-
time and super-resolution imaging of pressure distribution.

https://doi.org/10.1007/s40820-023-01199-y


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01199-y
https://doi.org/10.1007/s40820-023-01199-y
https://doi.org/10.1126/science.aac5082
https://doi.org/10.1002/adma.202106184
https://doi.org/10.1002/adma.202106184
https://doi.org/10.1016/j.xcrp.2020.100213
https://doi.org/10.1016/j.xcrp.2020.100213
https://doi.org/10.1038/s41578-022-00502-4
https://doi.org/10.1038/s41578-022-00502-4
https://doi.org/10.1021/acsami.7b13016
https://doi.org/10.1126/science.1222149
https://doi.org/10.1126/science.1222149
https://doi.org/10.1126/sciadv.1501856

Nano-Micro Lett.

(2023) 15:221

Page 150f 17 221

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nat. Commun. 11, 663 (2020). https://doi.org/10.1038/
s41467-020-14485-9

Y. Wang, J. Ren, Z. Lv, L. Cao, S. Lin et al., Direct func-
tionalization of natural silks through continuous force-reeling
technique. Chem. Eng. J. 435, 134901 (2022). https://doi.org/
10.1016/j.cej.2022.134901

J.H. Koo, S. Jeong, H.J. Shim, D. Son, J. Kim et al., Wearable
electrocardiogram monitor using carbon nanotube electronics
and color-tunable organic light-emitting diodes. ACS Nano 11,
10032-10041 (2017). https://doi.org/10.1021/acsnano.7b042
92

X. Shi, Y. Zuo, P. Zhai, J. Shen, Y. Yang et al., Large-area
display textiles integrated with functional systems. Nature 591,
240-245 (2021). https://doi.org/10.1038/341586-021-03295-8

Y. Wu, S.S. Mechael, C. Lerma, R.S. Carmichael, T.B. Carmi-
chael, Stretchable ultrasheer fabrics as semitransparent elec-
trodes for wearable light-emitting e-textiles with changeable
display patterns. Matter 2, 882—-895 (2020). https://doi.org/10.
1016/j.matt.2020.01.017

C. Dai, Y. Wang, Y. Shan, C. Ye, Z. Lv et al., Cytoskeleton-
inspired hydrogel ionotronics for tactile perception and elec-
troluminescent display in complex mechanical environments.
Mater. Horiz. 10, 136-148 (2023). https://doi.org/10.1039/
D2MHO01034H

Y. Lee, J.W. Chung, G.H. Lee, H. Kang, J.-Y. Kim et al., Stan-
dalone real-time health monitoring patch based on a stretch-
able organic optoelectronic system. Sci. Adv. 7, eabg9180
(2021). https://doi.org/10.1126/sciadv.abg9180

A. Robinson, A. Aziz, Q. Liu, Z. Suo, S.P. Lacour, Hybrid
stretchable circuits on silicone substrate. J. Appl. Phys. 115,
143511 (2014). https://doi.org/10.1063/1.4871279

S.-I. Park, Y. Xiong, R.-H. Kim, P. Elvikis, M. Meitl et al.,
Printed assemblies of inorganic light-emitting diodes for
deformable and semitransparent displays. Science 325, 977—
981 (2009). https://doi.org/10.1126/science.1175690

T. Kim, H. Lee, W. Jo, T.-S. Kim, S. Yoo, Realizing stretch-
able oleds: a hybrid platform based on rigid island arrays on
a stress-relieving bilayer structure. Adv. Mater. Technol. 5,
2000494 (2020). https://doi.org/10.1002/admt.202000494

J. Liang, L. Li, X. Niu, Z. Yu, Q. Pei, Elastomeric polymer
light-emitting devices and displays. Nat. Photon. 7, 817-824
(2013). https://doi.org/10.1038/nphoton.2013.242

J. Wang, C. Yan, K.J. Chee, P.S. Lee, Highly stretchable
and self-deformable alternating current electroluminescent
devices. Adv. Mater. 27, 2876-2882 (2015). https://doi.org/
10.1002/adma.201405486

C.H. Yang, B. Chen, J. Zhou, Y.M. Chen, Z. Suo, Electrolu-
minescence of giant stretchability. Adv. Mater. 28, 44804484
(2016). https://doi.org/10.1002/adma.201504031

F. Stauffer, K. Tybrandt, Bright stretchable alternating cur-
rent electroluminescent displays based on high permittivity
composites. Adv. Mater. 28, 7200-7203 (2016). https://doi.
org/10.1002/adma.201602083

Z. Yu, X. Niu, Z. Liu, Q. Pei, Intrinsically stretchable poly-
mer light-emitting devices using carbon nanotube-polymer

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

composite electrodes. Adv. Mater. 23, 3989-3994 (2011).
https://doi.org/10.1002/adma.201101986

X. Wang, J. Sun, L. Dong, C. Lv, K. Zhang et al., Stretchable
and transparent electroluminescent device driven by triboelec-
tric nanogenerator. Nano Energy 58, 410-418 (2019). https://
doi.org/10.1016/j.nanoen.2019.01.058

H. Shin, B.K. Sharma, S.W. Lee, J.-B. Lee, M. Choi et al.,
Stretchable electroluminescent display enabled by graphene-
based hybrid electrode. ACS Appl. Mater. Interfaces 11,
14222-14228 (2019). https://doi.org/10.1021/acsami.8b22135

J. Ge, H.-B. Yao, X. Wang, Y.-D. Ye, J.-L. Wang et al.,
Stretchable conductors based on silver nanowires: improved
performance through a binary network design. Angew. Chem.
Int. Ed. 52, 1654-1659 (2013). https://doi.org/10.1002/anie.
201209596

S. Choi, S.I. Han, D. Jung, H.J. Hwang, C. Lim et al., Highly
conductive, stretchable and biocompatible ag—au core—sheath
nanowire composite for wearable and implantable bioelectron-
ics. Nat. Nanotechnol. 13, 1048—-1056 (2018). https://doi.org/
10.1038/s41565-018-0226-8

B. You, Y. Kim, B.-K. Ju, J.-W. Kim, Highly stretchable and
waterproof electroluminescence device based on superstable
stretchable transparent electrode. ACS Appl. Mater. Interfaces
9, 5486-5494 (2017). https://doi.org/10.1021/acsami.6b14535

L. Cai, S. Zhang, Y. Zhang, J. Li, J. Miao et al., Direct printing
for additive patterning of silver nanowires for stretchable sen-
sor and display applications. Adv. Mater. Technol. 3, 1700232
(2018). https://doi.org/10.1002/admt.201700232

Y. Chen, Y. Wu, S.S. Mechael, T.B. Carmichael, Heterogene-
ous surface orientation of solution-deposited gold films ena-
bles retention of conductivity with high strain—a new strat-
egy for stretchable electronics. Chem. Mater. 31, 1920-1927
(2019). https://doi.org/10.1021/acs.chemmater.8b04487

D. Son, J. Kang, O. Vardoulis, Y. Kim, N. Matsuhisa et al.,
An integrated self-healable electronic skin system fabricated
via dynamic reconstruction of a nanostructured conducting
network. Nat. Nanotechnol. 13, 1057-1065 (2018). https://doi.
org/10.1038/s41565-018-0244-6

J.I. Lee, H. Choi, S.H. Kong, S. Park, D. Park et al., Visco-
poroelastic electrochemiluminescence skin with piezo-ionic
effect. Adv. Mater. 33, 2100321 (2021). https://doi.org/10.
1002/adma.202100321

C. Li, Q. He, Y. Wang, Z. Wang, Z. Wang et al., Highly robust
and soft biohybrid mechanoluminescence for optical signaling
and illumination. Nat. Commun. 13, 3914 (2022). https://doi.
org/10.1038/s41467-022-31705-6

D.-K. Kwon, J.-M. Myoung, Wearable and semitransparent
pressure-sensitive light-emitting sensor based on electrochem-
iluminescence. ACS Nano 14, 8716-8723 (2020). https://doi.
org/10.1021/acsnano.0c03186

S.W. Lee, S.H. Cho, H.S. Kang, G. Kim, J.S. Kim et al., Elec-
troluminescent pressure-sensing displays. ACS Appl. Mater.
Interfaces 10, 13757-13766 (2018). https://doi.org/10.1021/
acsami.8b01790

X.Y. Wei, X. Wang, S.Y. Kuang, L. Su, H.Y. Li et al., Dynamic
triboelectrification-induced electroluminescence and its use in

@ Springer


https://doi.org/10.1038/s41467-020-14485-9
https://doi.org/10.1038/s41467-020-14485-9
https://doi.org/10.1016/j.cej.2022.134901
https://doi.org/10.1016/j.cej.2022.134901
https://doi.org/10.1021/acsnano.7b04292
https://doi.org/10.1021/acsnano.7b04292
https://doi.org/10.1038/s41586-021-03295-8
https://doi.org/10.1016/j.matt.2020.01.017
https://doi.org/10.1016/j.matt.2020.01.017
https://doi.org/10.1039/D2MH01034H
https://doi.org/10.1039/D2MH01034H
https://doi.org/10.1126/sciadv.abg9180
https://doi.org/10.1063/1.4871279
https://doi.org/10.1126/science.1175690
https://doi.org/10.1002/admt.202000494
https://doi.org/10.1038/nphoton.2013.242
https://doi.org/10.1002/adma.201405486
https://doi.org/10.1002/adma.201405486
https://doi.org/10.1002/adma.201504031
https://doi.org/10.1002/adma.201602083
https://doi.org/10.1002/adma.201602083
https://doi.org/10.1002/adma.201101986
https://doi.org/10.1016/j.nanoen.2019.01.058
https://doi.org/10.1016/j.nanoen.2019.01.058
https://doi.org/10.1021/acsami.8b22135
https://doi.org/10.1002/anie.201209596
https://doi.org/10.1002/anie.201209596
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1021/acsami.6b14535
https://doi.org/10.1002/admt.201700232
https://doi.org/10.1021/acs.chemmater.8b04487
https://doi.org/10.1038/s41565-018-0244-6
https://doi.org/10.1038/s41565-018-0244-6
https://doi.org/10.1002/adma.202100321
https://doi.org/10.1002/adma.202100321
https://doi.org/10.1038/s41467-022-31705-6
https://doi.org/10.1038/s41467-022-31705-6
https://doi.org/10.1021/acsnano.0c03186
https://doi.org/10.1021/acsnano.0c03186
https://doi.org/10.1021/acsami.8b01790
https://doi.org/10.1021/acsami.8b01790

221

Page 16 of 17

Nano-Micro Lett. (2023) 15:221

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

visualized sensing. Adv. Mater. 28, 6656—6664 (2016). https://
doi.org/10.1002/adma.201600604

Y. Wang, H. Wu, L. Xu, H. Zhang, Y. Yang et al., Hierarchi-
cally patterned self-powered sensors for multifunctional tactile
sensing. Sci. Adv. 6, eabb9083 (2020). https://doi.org/10.1126/
sciadv.abb9083

X. Zhou, X. Xu, Y. Zuo, M. Liao, X. Shi et al., A fiber-shaped
light-emitting pressure sensor for visualized dynamic monitor-
ing. J. Mater. Chem. C 8, 935-942 (2020). https://doi.org/10.
1039/C9TC05653]

L. Su, Z. Jiang, Z. Tian, H. Wang, H. Wang et al., Self-pow-
ered, ultrasensitive, and high-resolution visualized flexible
pressure sensor based on color-tunable triboelectrification-
induced electroluminescence. Nano Energy 79, 105431
(2021). https://doi.org/10.1016/j.nanoen.2020.105431

T. Kaneko, K. Tanaka, H. Kameoka, S. Seki, presented at
ICASSP 2022-2022 IEEE International Conference, iSTFT-
Net: Fast and lightweight mel-spectrogram vocoder incorpo-
rating inverse short-time Fourier transform, Japan, March,
2022.

H. Zhang, L. Cao, J. Li, Y. Liu, Z. Lv et al., Dual physically
crosslinked silk fibroin ionoelastomer with ultrahigh stretch-
ability and low hysteresis. Chem. Mater. 4, 1752-1761 (2023).
https://doi.org/10.1021/acs.chemmater.2c03536

Q. Liu, S. Yang, J. Ren, S. Ling, Flame-retardant and sustain-
able silk ionotronic skin for fire alarm systems. ACS Mater.
Lett. 2, 712-720 (2020). https://doi.org/10.1021/acsmateria
Islett.0c00062

Q. Liu, X. Li, H. Zhang, J. Ren, S. Yang et al., Intellisense silk
fibroin ionotronic batteries for wildfire detection and alarm.
Nano Energy 101, 107630 (2022). https://doi.org/10.1016/].
nanoen.2022.107630

S. Yang, Q. Liu, J. Ren, S. Ling, Influence of hydrated protons
on temperature and humidity responsiveness of silk fibroin
hydrogel ionotronics. Giant 5, 100044 (2021). https://doi.org/
10.1016/j.giant.2020.100044

C. Dai, C. Ye, J. Ren, S. Yang, L. Cao et al., Humanoid iono-
tronic skin for smart object recognition and sorting. ACS
Mater. Lett. 5, 189-201 (2023). https://doi.org/10.1021/acsma
terialslett.2c00783

Y. Zhu, Y. Xia, M. Wu, W. Guo, C. Jia et al., Wearable, freez-
ing-tolerant, and self-powered electroluminescence system for
long-term cold-resistant displays. Nano Energy 98, 107309
(2022). https://doi.org/10.1016/j.nanoen.2022.107309

J. Liu, Q. Chen, Q. Liu, B. Zhao, S. Ling et al., Intelligent silk
fibroin ionotronic skin for temperature sensing. Adv. Mater.
Technol. 5, 2000430 (2020). https://doi.org/10.1002/admt.
202000430

R. Long, C.Y. Hui, Fracture toughness of hydrogels: Measure-
ment and interpretation. Soft Matter 12, 8069-8086 (2016).
https://doi.org/10.1039/c6sm01694d

Z. Chen, T. Zhang, C.-T. Chen, S. Yang, Z. Lv et al., Mechani-
cally and electrically biocompatible hydrogel ionotronic fib-
ers for fabricating structurally stable implants and enabling
noncontact physioelectrical modulation. Mater. Horiz. 9,
1735-1749 (2022). https://doi.org/10.1039/D2MHO00296E

© The authors

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

S. Lin, J. Liu, X. Liu, X. Zhao, Muscle-like fatigue-resistant
hydrogels by mechanical training. Proc. Natl. Acad. Sci. USA
116, 10244-10249 (2019). https://doi.org/10.1073/pnas.19030
19116

F.H. Silver, J.W. Freeman, D. DeVore, Viscoelastic proper-
ties of human skin and processed dermis. Skin Res. Technol.
7, 18-23 (2001). https://doi.org/10.1034/j.1600-0846.2001.
007001018.x

J. Ankersen, A.E. Birkbeck, R.D. Thomson, P. Vanezis, Punc-
ture resistance and tensile strength of skin simulants. Proc.
Inst. Mech. Eng. Part H 213, 493-501 (1999). https://doi.org/
10.1243/0954411991535103

H. Oxlund, J. Manschot, A. Viidik, The role of elastin in
the mechanical properties of skin. J. Biomech. 21, 213-218
(1988). https://doi.org/10.1016/0021-9290(88)90172-8

J. Liu, J. Wang, Z. Zhang, F. Molina-Lopez, G.-J.N. Wang
et al., Fully stretchable active-matrix organic light-emitting
electrochemical cell array. Nat. Commun. 11, 3362 (2020).
https://doi.org/10.1038/s41467-020-17084-w

C.-C. Jao, J.-R. Chang, C.-Y. Ya, W.-C. Chen, C.-J. Cho et al.,
Novel stretchable light-emitting diodes based on conjugated-
rod block elastic-coil copolymers. Polym. Int. 70, 426431
(2021). https://doi.org/10.1002/pi.6023

J.-H. Kim, J.-W. Park, Intrinsically stretchable organic light-
emitting diodes. Sci. Adv. 7, eabd9715 (2021). https://doi.org/
10.1126/sciadv.abd9715

J. Liang, L. Li, K. Tong, Z. Ren, W. Hu et al., Silver nanowire
percolation network soldered with graphene oxide at room
temperature and its application for fully stretchable polymer
light-emitting diodes. ACS Nano 8, 1590-1600 (2014). https://
doi.org/10.1021/nn405887k

M.S. White, M. Kaltenbrunner, E.D. Glowacki, K. Gut-
nichenko, G. Kettlgruber et al., Ultrathin, highly flexible and
stretchable pleds. Nat. Photon. 7, 811-816 (2013). https://doi.
org/10.1038/nphoton.2013.188

T. Sekitani, H. Nakajima, H. Maeda, T. Fukushima, T. Aida
et al., Stretchable active-matrix organic light-emitting diode
display using printable elastic conductors. Nat. Mater. 8, 494—
499 (2009). https://doi.org/10.1038/nmat2459

P. Lee, J. Lee, H. Lee, J. Yeo, S. Hong et al., Highly stretch-
able and highly conductive metal electrode by very long metal
nanowire percolation network. Adv. Mater. 24, 3326-3332
(2012). https://doi.org/10.1002/adma.201200359

Y. Lin, W. Yuan, C. Ding, S. Chen, W. Su et al., Facile and
efficient patterning method for silver nanowires and its appli-
cation to stretchable electroluminescent displays. ACS Appl.
Mater. Interfaces 12, 24074-24085 (2020). https://doi.org/10.
1021/acsami.9b21755

B.S. Kim, H. Kwon, H.J. Kwon, J.B. Pyo, J. Oh et al., Buck-
ling instability control of 1d nanowire networks for a large-
area stretchable and transparent electrode. Adv. Funct. Mater.
30, 1910214 (2020). https://doi.org/10.1002/adfm.201910214
E. Ducrot, Y. Chen, M. Bulters, R.P. Sijbesma, C. Creton,
Toughening elastomers with sacrificial bonds and watching
them break. Science 344, 186—189 (2014). https://doi.org/10.
1126/science.1248494

https://doi.org/10.1007/s40820-023-01199-y


https://doi.org/10.1002/adma.201600604
https://doi.org/10.1002/adma.201600604
https://doi.org/10.1126/sciadv.abb9083
https://doi.org/10.1126/sciadv.abb9083
https://doi.org/10.1039/C9TC05653J
https://doi.org/10.1039/C9TC05653J
https://doi.org/10.1016/j.nanoen.2020.105431
https://doi.org/10.1021/acs.chemmater.2c03536
https://doi.org/10.1021/acsmaterialslett.0c00062
https://doi.org/10.1021/acsmaterialslett.0c00062
https://doi.org/10.1016/j.nanoen.2022.107630
https://doi.org/10.1016/j.nanoen.2022.107630
https://doi.org/10.1016/j.giant.2020.100044
https://doi.org/10.1016/j.giant.2020.100044
https://doi.org/10.1021/acsmaterialslett.2c00783
https://doi.org/10.1021/acsmaterialslett.2c00783
https://doi.org/10.1016/j.nanoen.2022.107309
https://doi.org/10.1002/admt.202000430
https://doi.org/10.1002/admt.202000430
https://doi.org/10.1039/c6sm01694d
https://doi.org/10.1039/D2MH00296E
https://doi.org/10.1073/pnas.1903019116
https://doi.org/10.1073/pnas.1903019116
https://doi.org/10.1034/j.1600-0846.2001.007001018.x
https://doi.org/10.1034/j.1600-0846.2001.007001018.x
https://doi.org/10.1243/0954411991535103
https://doi.org/10.1243/0954411991535103
https://doi.org/10.1016/0021-9290(88)90172-8
https://doi.org/10.1038/s41467-020-17084-w
https://doi.org/10.1002/pi.6023
https://doi.org/10.1126/sciadv.abd9715
https://doi.org/10.1126/sciadv.abd9715
https://doi.org/10.1021/nn405887k
https://doi.org/10.1021/nn405887k
https://doi.org/10.1038/nphoton.2013.188
https://doi.org/10.1038/nphoton.2013.188
https://doi.org/10.1038/nmat2459
https://doi.org/10.1002/adma.201200359
https://doi.org/10.1021/acsami.9b21755
https://doi.org/10.1021/acsami.9b21755
https://doi.org/10.1002/adfm.201910214
https://doi.org/10.1126/science.1248494
https://doi.org/10.1126/science.1248494

Nano-Micro Lett.

(2023) 15:221

Page 170f 17 221

63.

64.

65.

66.

67.

68.

69.

J.-Y. Sun, X. Zhao, W.R.K. Illeperuma, O. Chaudhuri, K.H.
Oh et al., Highly stretchable and tough hydrogels. Nature 489,
133-136 (2012). https://doi.org/10.1038/nature11409

G.D. Genesky, C. Cohen, Toughness and fracture energy of
pdms bimodal and trimodal networks with widely separated
precursor molar masses. Polymer 51, 4152-4159 (2010).
https://doi.org/10.1016/j.polymer.2010.06.054

Y. Jia, Z. Zhou, H. Jiang, Z. Liu, Characterization of fracture
toughness and damage zone of double network hydrogels. J.
Mech. Phys. Solids 169, 105090 (2022). https://doi.org/10.
1016/j.jmps.2022.105090

E. Zhang, R. Bai, X.P. Morelle, Z. Suo, Fatigue fracture of
nearly elastic hydrogels. Soft Matter 14, 3563-3571 (2018).
https://doi.org/10.1039/C8SMO00460A

R. Bai, Q. Yang, J. Tang, X.P. Morelle, J. Vlassak et al.,
Fatigue fracture of tough hydrogels. Extreme Mech. Lett. 15,
91-96 (2017). https://doi.org/10.1016/j.em1.2017.07.002

J. Wang, P.S. Lee, Progress and prospects in stretchable elec-
troluminescent devices. Nanophotonics 6, 435-451 (2017).
https://doi.org/10.1515/nanoph-2016-0002

C. Keplinger, J.-Y. Sun, C.C. Foo, P. Rothemund, G.M. White-
sides et al., Stretchable, transparent, ionic conductors. Science
341, 984-987 (2013). https://doi.org/10.1126/science.1240228

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

70.

71.

72.

73.

74.

75.

D. Vij, Handbook of Electroluminescent Materials (CRC
Press, London, 2004)

K. He, X. Zhang, S. Ren, J. Sun, presented at Computer
Vision—ECCV 2016: 14th European Conference, Identity
mappings in deep residual networks, Amsterdam, The Neth-
erlands, October, 2016.

A. Srivastava, S. Jain, R. Miranda, S. Patil, S. Pandya et al.,
Deep learning based respiratory sound analysis for detection
of chronic obstructive pulmonary disease. Peer. J. Comput.
Sci. 7, €369 (2021). https://doi.org/10.7717/peerj-cs.369

M. Vatankhah-Varnosfaderani, A.N. Keith, Y. Cong, H. Liang,
M. Rosenthal et al., Chameleon-like elastomers with molecu-
larly encoded strain-adaptive stiffening and coloration. Sci-
ence 359, 1509-1513 (2018). https://doi.org/10.1126/science.
aar5308

A. Miserez, J.C. Weaver, O. Chaudhuri, Biological materials
and molecular biomimetics—filling up the empty soft materials
space for tissue engineering applications. J. Mater. Chem. B
3, 13-24 (2015). https://doi.org/10.1039/C4TB01267D

Z. Wang, C. Xiang, X. Yao, P. Le Floch, J. Mendez et al.,
Stretchable materials of high toughness and low hysteresis.
Proc. Natl. Acad. Sci. USA 116, 5967-5972 (2019). https://
doi.org/10.1073/pnas.1821420116

@ Springer


https://doi.org/10.1038/nature11409
https://doi.org/10.1016/j.polymer.2010.06.054
https://doi.org/10.1016/j.jmps.2022.105090
https://doi.org/10.1016/j.jmps.2022.105090
https://doi.org/10.1039/C8SM00460A
https://doi.org/10.1016/j.eml.2017.07.002
https://doi.org/10.1515/nanoph-2016-0002
https://doi.org/10.1126/science.1240228
https://doi.org/10.7717/peerj-cs.369
https://doi.org/10.1126/science.aar5308
https://doi.org/10.1126/science.aar5308
https://doi.org/10.1039/C4TB01267D
https://doi.org/10.1073/pnas.1821420116
https://doi.org/10.1073/pnas.1821420116

	Humanoid Intelligent Display Platform for Audiovisual Interaction and Sound Identification
	Highlights
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Preparation of Silk Fibroin Ionoelastomer (SFIE) Electrode
	2.2 Fabrication of HIDPs
	2.3 SFIE Characterization
	2.4 HIDP Characterization
	2.5 Machine Learning Classification of Brightness Changes for Animal Voice Identification
	2.6 Code Compilation for Deep Learning and Data Analysis of Animal Sounds
	2.7 Customized Tkinter Interface

	3 Results and Discussion
	3.1 Design of HIDP
	3.2 Mechanical Performance of HIDP
	3.3 Luminescence Properties of HIDP
	3.4 HIDP for Intelligent Identification and Question-and-answer Display
	3.4.1 Audiovisual Interaction
	3.4.2 Voice-responsive Display


	4 Conclusions
	Acknowledgements 
	Anchor 22
	References


