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Contactless User-Interactive Sensing Display for
Human—-Human and Human—Machine Interactions

Jiaqi He, Ruilai Wei, Xiaole Ma, Wenqgiang Wu, Xiaojun Pan, Junlu Sun, Jiaqi Tang,

Zhangsheng Xu, Chunfeng Wang,* and Caofeng Pan*

Creating a large-scale contactless user-interactive sensing display (CUISD)
with optimal features is challenging but crucial for efficient human-human or
human-machine interactions. This study reports a CUISD based on dynamic
alternating current electroluminescence (ACEL) that responds to humidity.
Subsecond humidity-induced luminescence is achieved by integrating a highly
responsive hydrogel into the ACEL layer. The patterned silver nanofiber
electrode and luminescence layer, produced through electrospinning and
microfabrication, result in a stretchable, large-scale, high-resolution,
multicolor, and dynamic CUISD. The CUISD is implemented for the real-time
control of a remote-controlled car, wherein the luminescence signals induced
by touchless finger movements are distinguished and encoded to deliver
specific commands. Moreover, the distinctive recognition of breathing
facilitates the CUISD to serve as a visual signal transmitter for information

metasurfaces with reconfigurable struc-
tural colors,'"*®]  and utilizing novel
mechanochromic/mechanoluminescent

materials.['®?!!  However, these UISDs
are generally pressure-sensing or strain-
sensing devices, where physical contact
is required for sensing and display. Such
direct physical contact not only confines
the interactive motions to simple touch-
ing or sliding but also imposes serious
restrictions on remote or hygiene-focused
sensing applications. Additionally, frequent
physical contact results in inevitable me-
chanical wear and fatigue, shortening the
device’s lifespan. Hence, the development
of revolutionary contactless user-interactive

interaction, which is particularly beneficial for individuals with disabilities.
The paradigm shift depicts in this work is expected to reshape the way
authors interact with each other and devices, discovering niche applications

in virtual/augmented reality and the metaverse.

1. Introduction

The emergence of artificial intelligence and metaverse tech-
nology has boosted the revolution of human-machine inter-
actions from rigid buttons and panels to soft interface elec-
tronics with unprecedented performances.!'] User-interactive
sensing displays (UISDs) can sense and convert human stim-
uli into human-readable visual signals, thereby enhancing
the operability and dexterity of human-machine interactions
through hand-eye coordination and offering significant conve-
nience for nondigital users.[*®! Consequently, different UISDs
have been developed by embedding pressure-sensing elements
into electroluminescent/electrochromic devices,[* 3! developing

sensing displays (CUISDs) that facilitate
versatile, convenient, hygienic, and long-
lasting interaction is in high demand,
especially for individuals with disabilities.

Recent studies have revealed interest-
ing progress in contactless sensors for
user-interactive interfaces by recognizing
changes in capacitance,?2] humidity,**! magnetic field,!?>2¢]
thermal radiation,/?”-2%] and electrostatic induction.[?*!) For ex-
ample, Liu et al. demonstrated a triboelectric sensor that could
perform simultaneous tactile and touchless sensing, permitting
touchless interactive teaching of soft robots to perform skilled
locomotion.??] Kamijo et al. reported a near-infrared-sensitive
organic photodetector array that can detect near-infrared light
reflected from the fingers and hands, enabling touchless ges-
ture recognition and control.®*] However, these sensors cap-
ture information and transfer it into electrical signals; thus
they cannot provide real-time visual feedback to the user own-
ing to the absence of a light medium. To addressing this is-
sue, the sensor is linked to a display via a microcontroller.
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However, the serial connection among the three components is
intricate and requires an energy-lossy interconnection circuit, re-
sulting in a cumbersome and energy-inefficient interaction sys-
tem. How to combine contactless sensors with luminescence
technology in an efficient and elegant manner to construct a
single-device CUISD presents a significant challenge. Several
impressive studies have recently shown the feasibility by devel-
oping magneto-interactive electroluminescencel®! or humidity-
Jinfrared radiation-responsive structural color;1*>3¢] however, the
former requires an additional magnetic object during operation,
whereas the latter suffers from insufficient color rendering and
mechanical compliance. Furthermore, ensuring optimal user ex-
perience imposes additional demands on the CUISD: i) stretch-
ability and ease of fabrication to enable large-scale wearable ap-
plications; ii) fast and stable sensing of noncontact stimuli; iii)
multicolor, dynamic and high-spatial-resolution display of the
sensing signals; and iv) easily identifiable signals for contactless
human-human or human-machine interaction.

Herein, we present a single-device CUISD to address all the
aforementioned requirements. The CUISD has a hierarchical ar-
chitecture composed of a humidity-sensing hydrogel layer on top,
alternating current electroluminescence (ACEL) layer in the mid-
dle, and interdigitated multilayer silver nanofiber (Ag NF) elec-
trodes at the bottom. The conductivity changes of the hydrogel as
a fingertip approaches or from a human breath trigger the sub-
second dynamic response of the ACEL, facilitating noncontact
sensing and display. The use of optimized multilayered Ag NF
electrode contributes to the large-scale fabrication of CUISD with
good stretchability and robustness. The patterned ACEL layer en-
ables multicolor and dynamic visualization of humidity changes
at a high spatial resolution. By exploiting the ability of the CUISD
to visualize finger proximity and track its position, real-time con-
trol of a remote-controlled (RC) car by contactless finger move-
ment was demonstrated. Moreover, we designed a breath-based
smart mask for visual human-human and human-machine in-
teractions by encoding luminescent signals into Morse or binary
code, providing an alternative interactive route for users with im-
paired movement or occupied hands.

2. Results and Discussion

2.1. Design and Working Mechanism of the CUISD

The schematic structure of the CUISD is depicted in Figure 1a,
showcasing a stretchable large-area CUISD with pixels connected
in parallel through an interdigitated Ag NF electrode. Each pixel
can light up in response to the humidity of the fingertip. The
magnified view (Figure 1b) of one representative pixel reveals
that there is five main layers arranging from top to bottom: the
sensing layer, luminescence layer, dielectric layer, electrode layer,
and substrate. The sensing layer comprises a humidity-sensitive
hygroscopic hydrogel. The luminescent layer consists of a mix-
ture of polydimethylsiloxane (PDMS) and ACEL particles. The
dielectric layer is formed by combining BaTiO, (BTO) nanoparti-
cles with PDMS. The electrode layer, depicted in Figure 1c, con-
sists of multilayered hollow Ag NFs embedded in the PDMS sub-
strate, featuring excellent tensile conductivity and transparency.
Figure 1d presents photographs of the CUISD under differ-
ent conditions. The device remained nonluminescent after the
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power was turned on under a relative humidity (RH) of 20%,
as shown in Figure 1d-i. In contrast, at a high RH (~80%), the
device exhibited bright electroluminescence on both the front
(Figure 1d-ii) and backside (Figure 1d-iii). Furthermore, as shown
in Figure 1d-iv, the device luminesces when the fingertip ap-
proaches under a low RH, demonstrating its excellent noncon-
tact interactive display capability. The working mechanism en-
abling humidity-sensitive luminescence was analyzed from the
cross-section of the device, as illustrated in Figure 1le. Under low-
humidity conditions, the electric field is insufficient for stim-
ulating the ACEL particles for electroluminescence owning to
the wide gap between electrodes and poor conductivity of the
sensing layer. Conversely, under high-humidity conditions, the
sensing layer features an enhanced conductivity due to more ab-
sorbed water molecules. This causes the electric field between
the electrodes and the sensing layer to surpass the threshold of
~10° V m™! (see the simulation of the electric field strength dis-
tribution of the luminescence layer in Figure S1, Supporting In-
formation), inducing electroluminescence in the luminescence
layer.

2.2. Multilayered Ag NF Electrode for the CUISD

The development of stretchable and transparent electrodes is
the first step toward achieving high-performance intrinsically
stretchable CUISD. Inspired by the naturally high transparency
and excellent tensile properties of silk, a multilayered Ag NF elec-
trode with a 2D ramified structure was prepared via a combina-
tion of electrostatic spinning, magnetron sputtering, photolithog-
raphy, wet etching, and transfer printing. The schematic of the
fabrication process is shown in Figure S2 (Supporting Informa-
tion) and detailed fabrication parameters are provided in the Ex-
perimental Section. Intricate electrode patterns with defined fea-
tures were achieved, as shown in Figure 2a. The linewidth can
be reduced to several tens of micrometers, and sharp and clear
edges were obtained, indicating the high patterning accuracy of
the electrode.

The number of the Ag NF layers greatly affects the stretcha-
bility, conductivity, and transparency of the electrode. Therefore,
electrodes with different numbers of Ag NF layers were prepared
and investigated. As shown in Figure 2D, the areal density of the
Ag NF gradually increased with the number of layers, which were
connected to each other via longitudinal lapping, thereby increas-
ing the conductive pathways. After being transferred from the
glass to the PDMS substrate, the Ag NFs were embedded into the
PDMS with a small number of exposed Ag NFs on the surface
to ensure charge transfer, which is indicated by the conductive
atomic force microscopy (C-AFM) image and scanning electron
microscopy (SEM) image, as shown in Figures 2c and S3 (Sup-
porting Information), respectively. The encapsulation of Ag NFs
not only improved the average surface roughness (Ra) of the elec-
trode from 321.92 to 20.21 nm (Figure 2d), enabling the seam-
less connection between the electrodes and others but also en-
dowed the robustness of the electrode, which can be reversibly
deformed in various modes (Figure 2e). The diameters of the Ag
NFs were in the range of 300-700 nm, as shown in Figure 2f.
Figure 2g shows the relative resistance changes (AR/R,) of
the Ag NF electrodes with different numbers of layers during
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Figure 1. Design and working mechanism of the CUISD. a) Schematic of the stretchable large-area CUISD. b) Exploded view of an individual pixel of
the CUISD. c) Schematic and SEM images of the hollow Ag NFs embedded in PDMS. d-i) Photograph of the CUISD at the RH of 20% after the power
was turned on. d-ii) Top view of the CUISD at 80% RH after the power was turned on. d-iii) The bottom view of the CUISD at 80% RH after the power
was turned on. d-iv) Photograph of the CUISD responding to fingertip proximity at 20% RH after the power was turned on. e) Schematic of the working

mechanism of the CUISD.

stretching. As the number of layers was increased, AR/R,
decreased, resulting from the increased connecting channels
among the Ag NFs. In addition, the square resistance of the elec-
trode surface decreased as the number of layers increased owing
to the increase in the electrode thickness, leading to more con-
nection sites between the Ag NFs (Figure 2h). Although the in-
crease in the number of layers improved the electrical conductiv-
ity, it can also cause several problems. In particular, the increase
in the number of electrode layers complicates the preparation
process. Moreover, it increases the areal density of the Ag NFs,
thereby decreasing the transparency from 90% to 60%, as shown
in Figure 2i. Consequently, we selected a three-layer Ag NF elec-
trode for the device fabrication, which exhibited a stable electrical
performance under bending and twisting (Figure 2j,k) and low
resistance of <20 Q for over 5000 stretching cycles (Figure 21)
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and <100 Q for 15 000 stretching cycles (inset of Figure 21) at a
50% strain, confirming its reliability.

2.3. Fabrication and Characterizations of the CUISD

Figure 3a illustrates the architecture of a CUISD pixel, in which
the electrode comprised three layers of Ag NFs embedded in
PDMS, as previously described. The hierarchical structure of the
hydrogel/ZnS: Cu/BTO/Ag NFs/PDMS can be clearly identified
in the cross-sectional SEM and energy-dispersive spectroscopy
(EDS) maps, as shown in Figure 3b,c, respectively. For the ACEL
device, a dielectric layer with a high dielectric constant can fo-
cus the electric field on the emissive layer and lower the exter-
nal driving voltage required to generate light. Thus, the dielectric
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Figure 2. Multilayered Ag NF electrode for the CUISD. a) SEM images of the patterned Ag NF electrode. b) SEM images of the Ag NF electrode with
different numbers of Ag NF layers. c) The C-AFM image of the Ag NFs after being transferred from the glass to the PDMS substrate. d) AFM images of the
Ag NFs before and after embedding in PDMS. e) Optical images of the Ag NF electrode upon different deformations, showing its mechanical compliance
and transparency. f) Diameter distribution of the Ag NFs. g) The relative resistance changes (AR/Ry) of the Ag NF electrodes with different numbers of
layers during stretching. h) Thickness and square resistance of the Ag NF electrodes with different numbers of layers. The error bars were based on the
standard deviation results of independent measurements of the three devices. i) Transmission spectra of the Ag NF electrodes with different numbers of
layers. j,k) AR/Rg of a three-layer Ag NF electrode under bending or twisting at different angles, respectively. I) Stability of a three-layer Ag NF electrode

under different stretching cycles.
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Figure 3. Fabrication and characterizations of the CUISD. a) Schematic of a CUISD pixel. b,c) Cross-section SEM image and EDS mapping images
of the CUISD, respectively. d) Permittivity of different dielectric materials. e) Stress—strain curves of different dielectric materials. f) Fourier transform
infrared spectra of the hydrogel sensing layer before and after the absorption of water molecules. g) Stress—strain curves of the CUISD device under
cyclic stretching. h) Optical images of the CUISD under different RH levels at a strain of 0% and 50%. i) Luminescence intensity and conductivity of the
CUISD under different RH. j) Response times of the CUISD to rapid humidity changes. k) Luminescence of the CUISD device under different applied
strains at 70% RH. |,m) Response behaviors of the CUISD device to the approach of a fingertip. n) Luminescence intensity of the CUISD with the finger

approach and contact.

layer of the BTO particles embedded in PDMS (BTO-PDMS) was
selected considering a tradeoff between the permittivity and the
stretchability. As shown in Figure 3d, the frequency-dependent
dielectric constant of BTO-PDMS is higher than that of pure
PDMS and parylene but lower than that of a polyvinylidene flu-
oride (PVDF) film. However, the tensile fracture strain of PVDF
was only 5%, which is considerably smaller than that of BTO-
PDMS (up to 180%), as indicated in the stress—strain curves in
Figure 3e. The good stretchability of BTO-PDMS benefits from
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the homogeneous dispersion of BTO particles in PDMS owning
to the surface treatment of the BTO particles (Figure S4, Support-
ing Information). Figure 3f shows the infrared spectra of the hy-
groscopic hydrogel in response to moisture, in which an obvious
peak at 3500-3800 cm ™! can be observed after absorbing water
molecules, indicating the good humidity sensitivity of the hydro-
gel. The results of the cyclic stretching tests of the CUISD device
are shown in Figure 3g, showing a hysteresis loop in the first cy-
cle owning to the initial energy dissipation and a good overlap

© 2024 Wiley-VCH GmbH
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between the second and the 50th cycles, indicating the excellent
mechanical stability of the device within an elastic strain of 50%.

The luminescence response of the CUISD to humidity un-
der an AC power supply (110 V, 2 kHz) was explored. As shown
in Figure 3h, the luminescent imagery of the CUISD at vary-
ing humidity levels illustrates a clear increase in the lumines-
cent area and brightness as RH increased from 30% to 90%.
Even under a tensile strain of 50%, the CUISD consistently ex-
hibited stable humidity-induced luminescence. Figure 3i shows
the positive correlation between the luminescence intensity of
CUISD and RH. This correlation is ascribed to the increase in
the conductivity of the sensing layer due to the elevated humid-
ity. For contactless sensors, response speed is an important factor
for practical applications. The response times of the CUISD to
rapid humidity changes are depicted in Figure 3j. The CUISD
exhibited subsecond responses (0.4 s for luminescence inten-
sity and 0.5 s for capacitance) to humidity fluctuations from
30% to 90% and prompt disappearance of luminescence within
2 s as the RH was reverted to 30%. Luminescent stability is
a critical property for displays, especially stretchable ones. As
shown in Figure 3k-i and Video S1 (Supporting Information), the
CUISD maintained stable luminescence at 70% RH despite in-
creasing applied strain. The brightness was maintained in the
range of 17-19 c¢d m~? (Figure 3k-i). Stability during stretch-
ing is attributed to the opposing effects of thinning and widen-
ing, which counteract electric-field changes. The chromaticity di-
agram demonstrates that stretching did not alter the lumines-
cence of the device (Figure 3k-iii). After 1000 cycles of stretching
at 50% strain and 70% RH, the luminescence intensity of the
CUISD decreased by less than 20%, attesting to its excellent lu-
minescence stability and tensile durability. By utilizing the nat-
ural humidity of the human skin, CUISD can respond to the
approach of a fingertip. As shown in Figure 31,m, the lumines-
cence intensity and area gradually increased as the fingertip ap-
proached owing to the distance-dependent humidity field sur-
rounding the fingertip. The CUISD maintained its humidity re-
sponsiveness even under the strain of the finger joint (Figure
S5, Supporting Information). Moreover, direct fingertip contact
can induce enhanced luminescence because it enables higher
moisture adsorption on the CUISD surface. Consequently, the
CUISD opens up possibilities for displaying handwritten letters
or trajectory monitoring of mollusks, and the differentiation be-
tween contact and noncontact humidity sensing can be also re-
alized, as shown in Figures 3n and S6 (Supporting Informa-
tion).

2.4. Large-Scale, High-Resolution, and Multicolor CUISD for
Dynamic Display and Motion Tracking

Dynamic display can alter patterns in response to interactive
signals, enhancing the user experience with an intuitive visual
impact. Through a comprehensive exploration of the working
mechanism of ACEL, we devised a CUISD capable of achiev-
ing dynamic pattern changes triggered by humidity. As previ-
ously mentioned, CUISD remains nonluminescent at a low RH
owning to the weak electric fields, resulting from the wide gap
(>350 um) between the electrodes and the poor conductivity of
the sensing layer. When the electrode gap width was decreased
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(<350 um), CUISD triggered inter-gap electroluminescence at
a low RH by intensifying the electric field between the elec-
trodes, as illustrated in the left panel Figure 4a. However, at
high RH, luminescence occurred between the electrodes and the
sensing layer, where the electric field was enhanced by water
absorption. Simultaneously, the electric field at the gap weak-
ened, causing the luminescence there to vanish, as illustrated
in the right panel of Figure 4a. Thus, the humidity modulation
can facilitate a dynamic transition between luminescence at the
gaps and that at the electrodes. Combined with the patterned
deposition of luminescent pixels via microfabrication (see Ex-
perimental Section for details), the dynamic display of an ex-
pression was demonstrated. As shown in Figure 4b and Video
S2 (Supporting Information), the CUISD displayed a crying ex-
pression at low RH and then transferred to a laughing expres-
sion as RH increased. Furthermore, a dynamic display with ad-
ditional color changes can be realized using different ACEL par-
ticles for the luminescence pixels (see Experimental Section and
Figure S7, Supporting Information for details). Figure 4c and
Video S2 (Supporting Information) show an orange “DRY” pat-
tern at a low RH, transforming into a green “WET” pattern as
the RH exceeded 60%, with the corresponding luminescent spec-
tra and chromaticity diagram showing in the bottom panel of
Figure 4c.

Another innovative application of CUISD is the real-time spa-
tial mapping of fingertip moisture, which provides a strategy for
fingertip motion tracking for contactless human-machine inter-
actions (HMIs). Figure 4d shows a high-resolution CUISD with
7569 pixels arranged in an area of 3.4 X 3.4 cm?, in which the
pixels with a size of 200 um x 200 um were only deposited onto
the electrodes to avoid the inter-gap luminescence. The shape
of the fingertip closed to the high-resolution CUISD was well
recognized (Figure 4e, Video S3, Supporting Information), and
the 3D intensity profile of the corresponding luminous pixels
can be extracted using a self-developed program (Figure 4f). A
large-scale (Maximum 10 cm X 10 cm) multicolor CUISD was
also developed for motion tracking and discrimination of multi-
fingers, as shown in Figures 4g,h and S8 (Supporting Informa-
tion), which is more suitable for interaction control. This con-
cept was validated by implementing a contactless user inter-
action system utilizing CUISD. This system, as illustrated in
Figure 4i, comprises three units: i) acquisition, where a mul-
ticolor CUISD with specific shapes (Figure S9, Supporting In-
formation) transforms fingertip humidity signals into light sig-
nals; ii) transmitter, where a camera captures light signals and
encodes them through STM32, and the encoded information is
transmitted to the cloud via a Wi-Fi module; and iii) receiver,
where another Wi-Fi module on the RC car receives signals, gen-
erating commands to control the car movement and the robotic
arm manipulation through a microcontroller unit (MCU). Uti-
lizing this scheme, color discrimination and trajectory recog-
nition of humidity-induced luminescence signals were identi-
fied. As shown in Figure 4j, an orange light was applied to
the commands for the robotic arm to pick up and drop down
objects, and the trajectory of the green light was assigned to
the motion of the trolley. Thus, the precise operation of an
RC car to carry objects to the designated locations was demon-
strated, as shown in Figure 4k and Video S4 (Supporting Infor-
mation).

© 2024 Wiley-VCH GmbH
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Figure 4. CUISD for dynamic display and motion tracking. a) Schematic of the working mechanism and simulation of the dynamic display of the CUISD.
b) Optical images of CUISD with the dynamic transition of images. c) Optical images of CUISD with simultaneous dynamic display and color changes.
d) Optical images of a high-resolution CUISD with 7569 pixels arranged in an area of 3.4 x 3.4 cm?. e) Spatial mapping of fingertip moisture. f) 3D
intensity profile of the corresponding luminous pixels. g,h) Large-scale multicolor CUISD for multi-finger sensing. i) Flowchart of the humidity-induced
luminescence signal recognition method. j) Logic commands and corresponding actions of the RC car. k) Precise control of an RC car to carry an object
using the CUISD.

2.5. CUISD for Breath-Based Interaction Systems
Breathing, an incessant and involuntary biomechanical process,

endures throughout an individual’s lifespan, irrespective of their
psychological or physiological state. For those grappling with pro-
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found paralysis or disabilities that result in the loss of physical
mobility and language skills, respiration emerges as their sole
avenue of communication. Consequently, the development of a
breath-triggered interaction interface becomes imperative, facili-
tating effective communication among individuals with paralysis

© 2024 Wiley-VCH GmbH
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Figure 5. CUISD for breath-based interaction systems. a) Mask integrated with a CUISD for breath-based interactions. b) Luminescence intensity of the
CUISD mask under continuous exhalation and inhalation. ¢) Luminescence response of the CUISD mask under different breathing states. d) Conceptual
diagram of the CUISD mask for human—human interaction and human—machine interactions. e,f) Morse codes generated by the CUISD mask for
human—human communication. g) Infrared thermograms of the CUISD mask during oral and nasal exhalation. h) Relative capacity change of the
CUISD mask during oral and nasal exhalation. i) Luminescence intensity of the CUISD mask during oral and nasal exhalation. j) Statistics of peak
luminescence intensity of nasal and oral respiration. The results were obtained by counting the changes in luminescence intensity induced by 50 oral
breaths and 50 nasal breaths. k) Flowchart of the human—machine interaction system utilizing the respiratory signals. |) The binary data is achieved by
alternating nasal and oral breathing, delivering the information of “HELP” unambiguously.

or disabilities. As depicted in Figure 5a, the CUISD was seam-
lessly integrated into a mask to transform breath into lumines-
cent signals, offering customizable display options through eas-
ily adjustable colors. Real-time monitoring of luminescence in-
tensity revealed the fluctuating patterns, mirroring dynamic res-
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piration (Figure 5b). During exhalation, the water molecules in
the exhaled gas decreased the resistance of the sensing layer and
enhanced the luminescence. Meanwhile, during inhalation, the
desorption of water molecules increased the resistance, leading
to attenuated luminescence intensity. Additionally, the CUISD
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mask performed effectively even after the wearer consumed wa-
ter or alcohol. As shown in Figure S10 (Supporting Information),
water or alcohol intake increased the luminescence intensity ow-
ing to the increased amount of water molecules in the exhaled
gas. Notably, the recovery time for luminescence was shorter af-
ter alcohol consumption than that after water consumption ow-
ing to the superior volatility of alcohol. These response features
showcase the suitability of the CUISD mask for interaction ap-
plications. Also, this introduce new possibilities in healthcare. As
shown in Figure 5¢, the apnea halted luminescence, and changes
in respiratory rate were manifested in luminescence frequencies.

The applications of the CUISD mask in both human-human
and human-machine interactions are illustrated in Figure 5d.
The Morse code, an established method of information transmis-
sion, was used to decipher the luminescence signals induced by
breathing from the CUISD mask to enable real-time communi-
cation. Figure 5e shows the dot represented by the flashing lumi-
nescence produced by a short breath and the dash represented
by the continuous luminescence produced by a long breath. En-
coding luminescence based on different exhalation durations en-
abled the transmission of an “SOS” message (Figure 5f). Conse-
quently, breath control facilitates the transmission of lumines-
cent signals encoded by the Morse code, enabling intuitive vi-
sual human-human interaction. Furthermore, we developed a
human-machine interaction system for acquiring and analyz-
ing respiratory signals. As shown in Figure 5g, the temperature
changes in the CUISD mask from the exhalation through the
nose and mouth exhibited significant variations because of the
smaller volume of air exhaled through the nose and larger dis-
tance from the CUISD compared to the mouth. This conclu-
sion was confirmed by the capacitance changes induced by nose
and mouth breathing, as shown in Figure 5h. Figure 5i demon-
strated the disparity in the luminescence intensity induced by
nose and mouth exhalation, whereby mouth breathing elicited a
more intense luminescence. The statistical analysis of the lumi-
nescence intensity of 50 breaths from the nose and the mouth
further indicated that mouth breathing resulted in a substan-
tially larger luminous intensity than nose breathing (Figure 5j).
The information conversion process involves assigning a value of
“0” or “1” to the luminous intensity caused by nose and mouth
breathing using a translation program with a specified thresh-
old (threshold = 1000). The signal conversion process is detailed
in Figure 5k, wherein the luminescence induced by nose and
mouth breathing was converted into real-time data by the spec-
trometer and transmitted to the computer and then displayed
as letters using the MATLAB program. The MATLAB program
determined peaks by assigning a value of “0” if the peak inten-
sity is between 200-1000 and “1” if the peak intensity exceeded
1000, encoding every five values into a letter via a binary cipher.
Figure 51 and Video S5 (Supporting Information) show the binary
data achieved by alternating nasal and oral breathing, where the
delivered information of “HELP” can be recognized unambigu-
ously.

3. Conclusion

We demonstrated a single-device CUISD with attributes of
stretchability, large-area, high-resolution, fast-response, multi-
color, and dynamic visualization for contactless interaction appli-
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cations. The CUISD relied on the ACEL triggered by humidity as
a fingertip approached or with respiration. The control of an RC
car to carry objects to a designated location through contactless
finger movements was demonstrated using CUISD to visualize
finger proximity and accurately track its position. A smart mask
integrated with a CUISD was realized, exhibiting the unique ca-
pability of recognizing breathing patterns for human-human
and human-machine interactions, which is important for the
communication of individuals with physical and sensory impair-
ments. The present findings provide a supplementary channel
for current interaction technologies, holding immeasurable ap-
plication prospects in the fields of virtual/augmented reality and
metaverses.

4. Experimental Section

Materials:  PDMS (SYLGARD 184, Dow Corning), polyvinyl alcohol
(PVA) powder (molecular weight, 80000), BaTiO3 (99.9%, Aladdin), ZnS:
Cu and ZnS: Mn (Shanghai Keyan Phosphor Technology Co., Ltd.), a neg-
ative photoresist (NR9-3000PY, FUTURREX), a negative tone photo-epoxy
(SU-8 GM-1070, GERSTELTEC), a moisture-absorbing hydrogel (Shanghai
Mifang Electronic Technology Co., Ltd.), and HNO; (5 M, Sigma-Aldrich)
were used as received in this study.

Preparation of the Multilayer Ag NF Electrodes: A 10 wt.% polyvinyl
alcohol (PVA) aqueous solution was prepared by mixing PVA powder
(molecular weight: 80 000) with deionized water. The mixture was stirred
at 1000 rpm for 24 h at 60 °C to obtain a homogeneous solution. Ran-
domly oriented PVA nanofibers were then electrostatically spun onto cir-
cular metal frames (8 cm diameter conductive ring) using a Shenzhen
Tongli Technology Co., Ltd. setup. The PVA solution was injected through
a G7 needle via a syringe pump at 0.3 mL h™!, with a constant voltage
of 11 kV applied between the needle and the grounded substrate (8 cm
diameter conductive ring). A layer of Ag (=150 nm) was coated on the
nanofibers using magnetron sputtering, resulting in PVA/Ag core—shell
structured nanofibers. The Ag/PVA was transferred to a deionized water
surface, picked up with glass, and then patterned using negative photore-
sist through photolithographic steps. After etching and cleaning, a layer
of PDMS (20:1 ratio) was spin-coated, cured, and peeled off, yielding the
PDMS-embedded Ag nanofibers electrode.

Fabrication of the CUISD: The fabricated Ag NFs electrodes were
treated with plasma, and then a dielectric layer with a BaTiO3; to PDMS
mass ratio of 1:1 was spin-coated on top of the electrodes at 3000 rpm for
60 s. The electrodes were dried and then coated with ZnS: Cu and PDMS
at a mass ratio of 2:1. For the stretchable CUISD, the luminescent layer
was obtained by spin-coating ZnS: Cu with PDMS at a mass ratio of 2:1 at
3000 rpm for 60 s. For the dynamic displays and high-resolution CUISDs,
the luminescent layer was achieved by mixing ZnS: Cu with a negative-
tone photo-epoxy (SU-8 GM-1070) at a mass ratio of 2:1 through a series
of photolithographic processes The multicolor display was achieved by the
two-step alignment photolithography of ZnS: Cu and ZnS: Mn mixed with
photo-epoxy. After curing the luminescent layer, the moisture-absorbing
hydrogel of the sensing layer was scraped onto the surface of the lumines-
cent layer and dried using a nitrogen gas gun.

Signal Recognition and Interaction of the CUISD: The recognition of
the light-emitting color and the direction of the luminescence trajectory
of the device were based on a set of embedded systems, containing an
ESP8266 Wi-Fi module, an OV5640 camera module, a liquid crystal dis-
play (LCD) display with a resolution of 800 x 480, and an STM32F767 core
processor. The optical signal of the device was captured by the OV5640
camera module, and the MCU displayed the captured data stream to the
LCD, and then extracted the RGB coordinates of the optical signal from
the LCD, and compared the RGB coordinates with the green coordinates
RGB=(0<r<23<b<5 2<g<c<5) and the orange coordinates
RGB=(3<r<50<b<4, 1<gc?5)thatwas set up in the MCU in
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advance. When the extracted RGB coordinates and the preset orange co-
ordinates were compared successfully, the corresponding command (“a”)
would be issued directly, and when it was compared successfully with the
preset green coordinates, the direction of the light trajectory would be rec-
ognized, and the corresponding commands would be issued after recog-
nizing the different directions (up, down, left, and right corresponding to
“u”, “b”, “d”, and “c”, respectively). The principle of light track recogni-
tion was as follows: LCD could be regarded as an 800 x 480 coordinate
system, MCU would record the pixel coordinates of green light under dif-
ferent frames and obtained the direction of the light track by comparing
the coordinates of the green light under different frames.

The RC car could be divided into four core parts: The Arduino UNO core
board for the master control, an ESP8266 module for receiving signals,
a clamp composed of clamp/arm/tunable servo motors, and wheels for
controlling the movement. When the car received the command “a” for
the first time, the Arduino marked state 1 for the clamping operation, and
when it received “a” for the second time, the Arduino marks state 2 for the
return operation. When the car received the “u”, “b”, “d”, “c” signals, it
moved forward, backward, to the left, and to the right, respectively.

Characterizations: The SEM (FEI Nova NanoSEM 450) equipped with
EDAX was employed to characterize morphology and composition. XRD
patterns were obtained using a PANalytical X’ Pert 3 Powder diffractometer
with Cu Ka radiation. Surface roughness and electrical conductivity were
measured via AFM (Asylum Research MFP-3D-SA). Total reflectance FT-
IR spectra were obtained using a VERTEX80v spectrophotometer. Trans-
mission spectra were detected by a UV-vis—NIR spectrophotometer (Shi-
madzu UV 3600). Permittivity was measured with a Nanocontral Concept
90 dielectric impedance spectrometer. Resistance and capacitance were
recorded with an Agilent E4980A LCR meter. Square resistance was char-
acterized using a four-point probe meter (Xinyangdianzi CXT-2663). Me-
chanical properties and stability were tested with a Yuelian YL-S71 ten-
sile machine and LinMot E1100 linear motor, respectively. Relative humid-
ity was measured with a HABOTEST-HT618 humidity meter. Humidity-
induced luminescence properties were assessed using a fiber optic spec-
trometer (Ocean QE65 Pro) and a screen luminance meter (Xinbao-
SM208) in a constant temperature and humidity test chamber (Aerospace
Zhida Test Equipment Co., Ltd. Y HD-150 L).

Statistical Analysis: The diameter statistics in Figure 2f were obtained
by counting randomly selected SEM images of Ag NFs electrodes by Image
) software. The error bars in Figure 2h were based on three independent
measurements of three devices and the results were expressed as standard
deviations. Figure 5j was obtained by taking the results of 50 oral breaths
and 50 nasal breaths respectively and performing discrete statistics in the
Origin software.

Supporting Information

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