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O P T I C S

Self-positioning microdevices enable adaptable 
spatial displaying
Qi Guo1†, Zeyi Li1†, Yajie Zhou1, Shanshan Zhao1, Yaxin Wang1, Mingjiang Zhang1, Guangen Li1, 
Zhi Tong1, Taotao Zhuang1*, Shu-Hong Yu2,3*

Adaptable display with spatial imaging, fostering advancements in extended reality with unconventional form 
requirements, is indispensable in scientific research, telemedicine, rescue, and space exploration. The adjustable 
photon spin angular momentum derived from chiral optical materials offer applicative lights for binocular stereo 
imaging displays, thus allowing an unimaginable immersive experience while maintaining awareness of sur-
roundings. However, current chiral illuminant struggles to obtain adequate electroluminescence asymmetry dur-
ing power-on display. Here, we present a designed self-positioning strategy to build new flexible spatial displays, 
integrating numerous multilayered circularly polarized electroluminescent microdevices, for real-time depth infor-
mation control on the screen. With the devices’ luminescence asymmetry value of up to 1.0 under electro-excitation, 
we visualize third-dimensional information using our chiral material-integrated tablet. Afterward, combined with a 
robot, we realize a series of remote human-machine interaction operations based on extended reality conditions. 
Our adaptable spatial display bridges the gap between virtuality and reality, making pioneering explorations in 
chiral luminous fields for extended reality and beyond.

INTRODUCTION
Displaying devices play an irreplaceable role in the information era 
(1–3), completing over 70% of information transmission in human-
robot interaction (4–6), whether it is scientific instruments (7, 8), 
industrial equipment (9, 10), medical electronic apparatus (11, 12), 
or spacecraft (13–15). However, most screens have long been limit-
ed to rigid structure and exhibiting two-dimensional (2D) images, 
lacking crucial applicability and depth details. Spatial displaying 
substantially enhances the image’s content, boosts its realism, and 
facilitates its understanding, allowing real-time immersive human-
robot interaction (Fig. 1A). In addition, a 3D displaying system that 
provides a more authentic perception and a user-friendly interface 
for human-robot interaction is sought after but still poses challenges. 
Circularly polarized light drives display come into sight, offering dis-
tinct rotated patterns to the observer’s left and right eyes based on the 
difference in photon spin angular momentum and polarized glasses, 
thus creating stereoscopic imaging effects with minimal viewing angle 
restrictions and reduced dizziness (16–18).

Compared to complex physical-optics methods for generating cir-
cularly polarized light, chiral luminous materials, which are capable 
of circularly polarized luminescence (CPL), show the promise to be 
processed and integrated into modern adaptable spatial displaying 
electronics (19). However, current CPL-based display technology is 
limited to static stereoscopic imaging (20, 21), since it is impossible to 
dynamically control the luminescence pixels in real-time on the basis 
of input digital signals. An adaptable spatial displaying panel that enables 

tunable and visible CPL when operating under current has not been 
achieved.

RESULTS
We took a view and manufactured the 3D display of which arrays of 
CPL generation units constitute the pixels (Fig. 1B). Each CPL unit 
presents as a microdevice with a multilayer structure split into an 
electroluminescent section and a circularly polarized segment, through 
the collaboration of diverse functional layers (Fig. 1, C and D).

For electrically excited illumination, we applied alternating cur-
rent (AC) electric field to drive light-emitting components via spa-
tial contacts between parallels and warps that permits high device 
stability and low processing complexity (22, 23). Thereafter, we de-
signed a self-positioning in situ polymerization strategy to build a 
multimicrosphere collaborative circular polarizer (MCCP) embed-
ded with chiral liquid crystals (Fig. 2A), enabling the generated elec-
troluminescence to be chiral (24–26). The multimicrosphere layer 
with appropriate thickness preserves the helical structure of chiral 
liquid crystals, allowing for the emergence of CPL with continuously 
adjustable wavelengths and large luminescence dissymmetry factors 
(glum), while offering the freestanding characteristic without encap-
sulation.

In our developed one-step synthesis of the MCCP, the chiral mi-
crospheres were formed by wrapping the hydrophobic end of poly-
vinyl alcohol (PVA) around chiral liquid crystals and well dispersed 
in the prepolymer solution of polyacrylamide (PAM). Uncured 
MCCP should spontaneously move from hydrophobic regions to 
hydrophilic luminescent locations, thanks to its fine hydrophilicity 
and fluidity derived from lowering effect of PAM on frictional resis-
tance between liquids (Fig. 2B and fig. S1A). We further simulated 
the pressure distribution of the uncured MCCP on panel surface 
using the finite-element method (Fig. 2C and movie S1), which ex-
plained its self-positioning capacity (27) (Fig. 2D, fig. S1B, and mov-
ie S2), thus helping to downgrade the processing challenge (fig. S1, 
C to E).
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After being self-positioning to desired positions, the prepolymer 
system (Fig. 2E) was gradually solidified into a uniform MCCP film 
with the assistance of ultraviolet (UV) light irradiation (figs. S2 and 
S3) and tightly bonded with the luminescent sections because of the 
strong adhesion of PAM. Densely packed microspheres (Fig. 2F) were 
observed in the MCCP film using cross-sectional scanning electron 
microscopy (SEM), allowing high-quality CPL production.

We then examined the chiroptical performance of the CPL gen-
eration device, to lay the foundation for the prospective stereoscopic 
display. The MCCP, consisting of chiral microspheres, selectively con-
verted the electroluminescence of the photoelectric layer (fig. S4, A to 
C) to CPL with controlled handedness (Fig. 2G and fig. S4D), relying 
on the intrant chiral dopants. We tuned the component ratio, that is, 
the mass fraction of R/S5011 (chiral dopants) and nematic liquid crys-
tals (E7) we used, of MCCP to align its photonic bandgap (PBG) with 
the electroluminescence spectrum of the phosphor (Fig. 2H and fig. 
S4, E to G), toward achieving highest luminescence asymmetry. We 
also studied the MCCP thickness dependence of the device performance 
and concluded that 30- to 40-μm MCCP layer thickness eventuated 

the strongest CPL signals (Fig. 2I) with the glum value up to 1.0 under 
power on (Fig. 2J).

We also used a fiber-coupled spectrometer to measure the intensity 
of the transmitted light passing through the orthogonal polarization 
plane without (Fig. 2K) and with (Fig. 2L) conversion by a quarter-
wave plate (converting CPL into linear-polarized light), corroborating 
distinctly favorable circular polarization characteristics of the emis-
sions from the multilayer device. We further evaluated the visualiza-
tion of generated CPL using photoluminescence spectra analysis. The 
noticeable photoluminescence intensity variations under left- and 
right-handed circular polarized filters resulted from the passage of the 
synclastic handedness CPL while forbidding the opposite one (fig. S4H), 
which also manifested as a remarkable discrepancy in the luminance 
(fig. S4I), providing feasibility for stereo-displaying.

These gratifying results evidenced the high-quality electro-CPL 
generation, thereby allowing for the desired immersive visual per-
ception. The neo-micro-CPL device we structured could be refined 
into the upper MCCP section and the thermoplastic polyurethanes 
dispersing ZnS phosphors layer, sandwiched between two poly(2,3- 

Fig. 1. Human-robot interaction enabled by spatial displays based on CPL. (A) Spatial display based on CPL achieves deep interaction with robot by providing depth 
information. (B) Schematic diagram and photo of the CPL-based adaptable spatial display. Size of display, 1 m × 0.12 m. (C and D) Structure design of the pixel (CPL-
microdevice) of the CPL display (C), and the corresponding functional layer morphologies observed by cross-sectional SEM (D). Scale bar in (D), 20 μm.
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Fig. 2. Characterization of the MCCP and chiroptical performance of CPL devices. (A) Illustration of the structure of the multimicrosphere collaborative circular polar-
izer, with abundant chiral liquid crystal–composed microspheres (encapsulated by PVA), which were distributed in PAM. (B) Schematic diagram of self-positioning syn-
thetic strategy. (C) Self-positioning process simulation at the hydrophilic-hydrophobic interface. (D) Simulation of the pressure distribution of uncured MCCP droplets on 
different zones of the panel surface. (E) Polarized optical microscopy (POM) image of uncured MCCP, showing the Maltese cross pattern with characteristic stripes. Scale 
bar, 20 μm. (F) SEM image of the cross section of MCCP, visualizing dissected chiral liquid crystal microspheres. Scale bar, 20 μm. (G) Schematic illustration of the designed 
layered device, generating both left- and right-handed CPL. (H) Circular dichroism spectra of the MCCP. (I) The luminescence dissymmetry factor spectra changed corre-
spondingly with the thickness of MCCP (controlled by print speed for MCCP dosage). (J) CPL and the corresponding luminescence dissymmetry factor spectra of different 
rotated CPL devices. (K and L) Emission intensity of the left- and right-handed devices as a function of polarization angle without (K) and with the quarter wavelength 
plate (L) in the polar coordinate system, where θ represents the transmission angle.
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dihydrothieno-1,4-dioxin)–poly(styrene sulfonate) (PEDOT:PSS) 
electrodes (fig. S5), exhibiting adjustable multicolor electro-CPL 
(fig. S6).

Subsequently, these microdevices were integrated, and being a 
pixel-controllable CPL array, through the patterned spraying of or-
thogonal conductive circuits and the alternately covering of left- and 

right-handed MCCP (Fig. 3A). After the array encapsulation and 
combination with the crossbar configuration-based control system 
which demonstrated notable applicability in large-scale display, an 
adaptable stereoscopic display panel was obtained (Fig. 3B and fig. 
S7). We then analyzed the panel’s relative deviation of electrolumi-
nescence intensity, and found that it was ca. 8% in 100-unit (fig. S8, 

Fig. 3. CPL spatial panel performance. (A) Schematic of the integrated CPL panel. (B) Photograph of the bent CPL panel. Scale bar, 2 cm. (C) Statistical distribution of the 
relative deviation (luminance of one single unit minus the average value) in emission intensity for 500 CPL units, inset showing the working photograph. (D) Electro-CPL 
intensity of the bent CPL panel under bending cycling. (E) glum values at various view angles. (F) The CPL intensity distinction observed by polarizer when powering on 
display, and inset showing brightness-discrepancy map. (G) Conceptual illustration of the depth information acquisition mechanism. (H) Photograph and schematic of 
depth apparatus. (I to L) Depth images of the display collected by the depth apparatus before (I) and after (J) wearing CPL-functional glasses (dashed zone showing 
stereo-effect) at a measure distance of 60 cm, with the corresponding digital results in (K) and (L). Scale bars in (I) and (J), 3 cm. (M) Photograph of CPL panel with different 
pixel sizes. Scale bar, 2 cm. (N) The depth information corresponding to the display in (M), and the depth information generated by binocular stereo vision increase with 
the increase of pixel size.
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A and B) and less than 15% in 500-unit (Fig. 3C) panels, respec-
tively, which indicates the scalable production capacity towards further 
practice. The integrated display maintained stable electrolumines-
cence intensities, the alterations below 5%, after 2000 switching cy-
cles (fig. S8C) and over a 200-hour continuous operation (fig. S8D) 
under actual usage conditions, respectively. The suppleness of the 
electro-CPL panel enables the large-sized external force–driven ar-
bitrary bending, while persisting high-performance electrolumines-
cence and a viewing effect that meets commercialization requirement 
(Fig. 3D and fig. S8E). The strongly boosted electro-CPL by MCCP 
layer with satisfying glum values (fig. S8F) and remained almost con-
stant with different driven voltage (fig. S8G) and continuous opera-
tion (fig. S8H). We also varied working environments, under some 
extreme conditions, and our 3D displaying device showed the du-
rability (figs. S8I and S9). The AC-driven electroluminescent de-
vices, constructed with emissive materials embedded in flexible and 
stretchable dielectric matrices, generally have higher requirements 
for operating voltage and energy supply but exhibit exceptional me-
chanical adaptability to deformation, making them ideal candidates 
for applications in flexible spatial displays and human-machine in-
teractive sensory interfaces (figs. S10 and S11). With the large glum 
values (over 0.5) at various observing angles, adapting to its flexion 
or user movement (Fig. 3E), also led to the remarkable brightness dis-
crepancy of the adaptable display under the polarizer (Fig. 3F).

The images with subtle differences of the same object are cap-
tured by two eyes separately and then processed by the brain to ob-
tain depth information, that is, binocular stereo vision (28–31) (Fig. 
3G). We then used a depth apparatus composed of two cameras (Fig. 
3H) with the same eye distance as humans to quantify the stereo-
scopic imaging effect of the display mode (fig. S12, A and B), whose 
built-in algorithm could simulate the brain, calculating the depth 
information of the observed object with an accuracy exceeding 95% 
(fig. S12C). The as-measured depth information of the stereo imaging 
area on the CPL-pixel panel changed conspicuously with and without 
polarized glasses (Fig. 3, I and J and movie S3). We then calculated 
the actual depth information (Z, cm) with the formula as follows

D is the distance acquired by the cameras. The as-calculated depth 
of the stereoscopic image is approximately 5 cm in this case (Fig. 3, 
K and L, and fig. S12D), offering the chance for further precise con-
trol applications. This algorithm could also be extended to various 
pixel sizes (Fig. 3, M and N) for demonstrating substantial stereo-
scopic imaging effects.

The discrepant-handedness CPL panel comes on stream immedi-
ately for its most promising application, stereoscopic display. Further-
more, we have completed a large-sized bendable CPL stereoscopic 
panel containing over 1 × 104 neo-micro-CPL devices (Fig. 4A) and 
another small-sized panel with a pixels per inch reaching 85 (fig. S13).

The as-prepared CPL-pixel panel, working with designed smart 
polarized glasses (Fig. 4B), alternatively transmits left- and right-
handed CPL and further connects to intelligent devices (fig. S14), to 
achieve immersive human-robot interaction. Building upon this, we 
conducted the human-robot interaction using our circularly polar-
ized spatial displays, attaining an immersive experience of virtual 
world for users (Fig. 4C and movie S4).

Going one step further, we practiced the virtual reality interac-
tion potential of the stereoscopic-imaging CPL-pixel panel and 
human-robot action synchronization device (Fig. 4D and fig. S15). 

When the user grasped the in-depth cube in the panel, the else-
where robotic arm could perform the same operation for the actual 
object synchronously (Fig. 4E and movie S5). The system demon-
strates over 90% accuracy in grasping objects at varying distances, 
ensuring its reliability in application (Fig. 4F).

We further expanded to real-world scenarios to showcase the po-
tential in practice, for example, disaster relief, focusing on condi-
tions prone to secondary disasters (e.g., earthquakes) that would 
endanger the safety of rescue personnel (Fig. 4, G and H). To better 
leverage the advantages of this stereoscopic display system, achieve 
more precise control over display effects, and enhance depth per-
ception contrast with the surrounding environment, thereby facili-
tating real-time scene reconstruction and remote rescue operations, 
our depth information–based simulation for trapped personnel res-
cue scenarios represents human-shaped targets using rectangular 
regions (Fig. 4I). Benefiting from all the above optimization, we suc-
cessfully operated the robot to remotely rescue trapped “personnel,” 
ensuring the safety of rescue personnel to the most extent (Fig. 4, J 
to L, and movie S6).

DISCUSSION
In summary, we fabricate an adaptable spatial displaying enabled 
human-robot interaction system, mainly composed of the chiral con-
version layer and the electroluminescent section to achieve highly-
asymmetric electro-CPL. The left- and right-handed CPL pixels 
arrange alternately to form the arrays of the panel for founding im-
mersive stereo imaging with intelligent polarized glasses. Develop-
ment of this straightforward, stable, and highly operational display 
also encourages us to investigate neo-characterization to precisely 
capture the depth information and quantify the stereo imaging for 
further practice. With that, we showcase an immersive human-robot 
interaction and successfully simulate the ideal secure rescue in a di-
saster scenario, building the bridge between the real world and the 
digital universe.

MATERIALS AND METHODS
Materials and chemicals
The nematic liquid crystal host E7 (n = 1.747 and Tc = 60°C) and 
the chiral dopants R/S5011 were purchased from Shijiazhuang Yesh-
eng Chemical Technology Co. Ltd. PEDOT:PSS (1.4% in water), PVA 
(99.5%), PAM, 2-hydroxy-2-methylpropiophenone (98%), N,N′-
methylenebisacrylamide (99%), and acrylamide (99%) were pur-
chased from Adamas. Ethyl alcohol and chloroform were purchased 
from Sinopharm Chemical Reagent Co. Ltd. ZnS phosphor and thermo‑ 
plastic polyurethane were purchased from Xin Shuangjian Technol-
ogy Co. Ltd. All chemicals were used directly without any further 
purification.

Synthesis of prepolymers for photopolymerization materials
We developed a method to prepare scalable prepolymers of PAM 
(32, 33). First, 12.65-g acrylamide was dissolved in 100 ml of water, 
and then 1.80-g poly(acrylamide) was added. Subsequently, the 
solution was heated to 60°C at a rate of 10°C/min and stirred for 
4 hours. After that, 0.20-g 2-hydroxy-2-methylpropiophenone and 
0.20-g N,N′-methylenebisacrylamide were added, and the solution 
was continuously stirred for 2 hours in dark. After cooling to room 
temperature, it was stored in a dark environment for further use.

Z = 8 × 33,090.534∕D
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Fig. 4. Practice of CPL display-offered depth information. (A) Photograph of a large-sized bendable CPL spatial panel. Scale bar, 3 cm. (B) Photographs of the user 
wearing CPL-functional glasses, allowing for stereo vision and interaction with smart devices. (C) The depth information of the pattern in the display changes after wearing 
polarized glasses, which plays a role in human-robot interaction. Scale bars, 5 cm. (D) Schematic diagram of the stereo imaging enabled immersive remote human-robot 
interaction. (E) Photographs of the remote user-robot synchronous grasping action frames. (F) The accuracy of remote collaboration based on depth information. L0 is the 
depth information of the panel measured by depth apparatus, and L is the one of the user's hand when grasping. (G and H) Photograph (G) and the actual depth image 
(H) of a “trapped individual.” (I) The depth information of “trapped individual” (dashed area) in spatial display. Scale bar, 5 cm. (J to L) Photographs of the stereo-imaging 
enabled step-by-step disaster-relief practice.
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Chiral liquid crystals fabrication
We prepared chiral liquid crystals (CLCs) with different PBGs by 
mixing E7 with chiral dopants R/S5011 (34, 35). A series of chiral 
dopants with weight ratios of 2.28, 2.79, and 3.15 weight % (wt %) 
were introduced to obtain CLCs with PBG in the red, green, and 
blue regions, respectively. Nematic liquid crystals and chiral dopants 
were dispersed in chloroform with ultrasonic treatment for 5 min, 
and then the CLCs mixture was obtained after evaporating the solvent 
in a drying box for ca. 48 hours.

Synthesis of precursor multimicrosphere circular 
collaborative polarizer
To obtain CLCs microspheres with suitable size (36, 37), we devised 
an aqueous one-pot synthesis method. We mixed 0.51 g of CLCs, 
2.00 g of PVA solution (10 wt % in water), and 3.00 g of prepolymers 
for photopolymerization materials in the vial, and then used a high-
speed emulsifier (IKAT18, Germany) to stir at 10,000 rpm for 5 min 
for achieving the evenly dispersed CLCs microspheres of the de-
sired size.

Production of luminescent pixel points
We used spray coating to create the intended pattern on various sub-
strates. Initially, the desired shape (width, 2 mm) of the lower elec-
trode was achieved by combining masks, and then a substrate that 
matched the size was securely attached. Then, PEDOT:PSS (mixed 
with ethanol in a 1:3 weight ratio) was poured into the reservoir of an 
airbrush pen (S-130, Ningbo SIBONGD Electromechanical Tech-
nology Co. Ltd) powered by an air pump (AF18, Ningbo HSENG 
Pneumatic Machinery Co. Ltd) and spray coated onto the black sub-
strate with 0.9 bar compressed air. We moved the airbrush pen back 
and forth until the substrate is evenly covered by PEDOT:PSS, and 
then dried it with hot air at 50°C for 2 min and repeat the above pro-
cess three to four times. During the spraying process, we maintained 
a 15 cm distance between the airbrush pen and the substrate, with no 
specific humidity requirement. A blend of ZnS phosphor and ther-
moplastic polyurethane (weight ratio of ZnS, 45%) was evenly spread 
onto the lower electrode and then subjected to a 60°C oven for ca. 
24 hours to achieve a consistent thin film. Subsequently, an orthogo-
nal upper electrode was applied on top of the luminescent layer fol-
lowing the same procedure as the lower electrode, and luminescent 
pixel points formed at the intersections.

Production of real-time multilayer stereoscopic panel 
based on CPL
A pneumatic extrusion-type microelectronic printer (MP1100, Prtronic, 
China) was used for chiral layer printing. The uncured MCCP was 
loaded into a 5.0-ml syringe barrel with a nozzle having an inner 
diameter of 250 μm. The release of uncured MCCP was accurately 
regulated by adjusting the printing speed and pressure. Patterns are 
customizable through the drawing software provided by the printer. 
The uncured MCCP was printed evenly on the emitting part, and 
the overflow part gradually returned to the emitting part by the self-
propelled capacity, reducing the printing accuracy requirements. 
The left- and right-handed uncured MCCPs were alternately printed 
into the surface of the electroluminescence section, respectively. 
Last, closely attached, fixed MCCP on the top surface of the electro-
luminescence section was created after being exposed to 365-nm 
UV light for 5 min.

Characterization
The UV-visible (UV-vis) near-infrared spectrophotometer (Shimadzu 
3700 DUV) was used for transmission and UV-vis spectra, Hitachi F-
4700 fluorescence spectrophotometer for fluorescence spectra. CD and 
CPL spectra were measured on a JASCO J-1500 and JASCO CPL-300 
spectrophotometer, respectively. Polarized optical microscopy images 
were recorded on the material microscope upright at Mshot MP41. 
The Fourier transform infrared (FTIR) spectrum was measured with 
an FTIR microscope (Nicolet iN10MX). The TG-DSC curve and DSC 
curves were recorded on a thermogravimeter (TA Discovery TGA) 
and a differential scanning calorimeter (Shimadzu, DSC-60), respec-
tively. SEM images were obtained by using a field-emission scanning 
electron microanalyzer (Zeiss Supra 40 scanning electron microscopes 
at an acceleration voltage of 1.5 kV). The circular polarization charac-
teristic of emission of the display was demonstrated by converting CPL 
to linearly polarized light using a quarter-wave slice (350 to 850 nm, 
Thorlabs), and then the direction of linear polarization was discrimi-
nated by a rotating polarizer (400 to 700 nm, Thorlabs). Brightness in-
tensity was performed on brightness meter (Hopoocolor, CX1000). 
Electro-optical conversion efficiency is measured by the comprehen-
sive light-color-electricity test system (Hopoocolor, HPCS-6500) with 
an integrating sphere. The depth information was calculated by a home‑ 
made binocular depth apparatus (based on Xiangyuanyuedong, D405). 
The temperature information is measured and calculated by an infra-
red thermometer (DELIXI, DM5005).
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