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response time and the fabrication cost. The above issues
restrict its application in scenarios requiring a fast
response to achieve an excellent interactive experience.
IMOD is based on the interference of reflected light by

tuning a flexible thin-film mirror, which displays multiple
colors with high switching speed on the order of tens of
microseconds; however, its commercialization has been
suspended due to its production yield and high-cost man-
ufacture16,17. EWD can display video content at a speed of
tens of microseconds with multiple colors18, while bist-
ability and lifetime still need to be improved19. The struc-
tural color from photonic crystals has also been applied to
display devices20 and has been vigorously promoted in
recent years21–23, but the inherent angle-dependent struc-
tural color causes limited viewing angles and the color
gamut is still not satisfactory. Overall, it is still challenging
to produce a high-quality reflective display with proper
switching speed13, color24, bistability19, and viewing angle25.
In this work, we report on a potential reflective display

technique based on an electro-microfluidic assembly of
particles (eMAP) strategy, offering the advantages of easy
fabrication, fast response, and multi-color display perfor-
mance. The colored particles suspended in a water-in-oil
droplet are driven to form multiple structures, resulting in
a reversible pixel-switching performance in a controllable
manner, according to a strengthened dielectrophoretic
effect. The colored particles in a water-in-oil droplet can
be driven to slide along the curved water-oil interface to
assemble at the bottom or top area to form a planar
structure and around the equator to form an annular
structure in a continuous way, generating closing and
opening states and showing multiple blended colors. This
is in principle different from the particle motion in EPD.
The optimized eMAP display (eMAPD) can display

multiple colors by driving one group of single-color par-
ticles into various assembled structures within a dyed
droplet. This allows operation in two distinct ways, which
we term “light reflection” and “light transmission” modes.
The single particle system greatly simplifies the driving
system26 and increases the response speed of the dis-
play27. The primary colors of CMYK are created to vali-
date the feasibility and full-color performance.
Consequently, the switching between the highest and
lowest reflectance states takes about 0.1 s. Moreover, the
droplet confinement features a large viewing angle of
≥170°. We have also investigated bistability by matching
the particle and water density, maintaining the displayed
image for 30 min after the power-off. In addition, the
fluidic emulsion system offers a smooth and flexible
interface for both encapsulating and manipulating parti-
cles, and meanwhile holding the possibility for preparing a
flexible display. We believe that this proposed eMAPD
would be potentially developed into high-performance
and low-cost electronic paper devices.

Results
Working principle of eMAPD
Dielectrophoretic forces can be generated on particles in a

nonuniform electric field28. This can be used to control
particle motion and distribution, depending on both the
applied electric field intensity and gradient. The water phase
is used to facilitate the dielectrophoretic effect because of its
high polarizability. Here, we take advantage of water-in-oil
droplets for micro-confinement, providing a soft and
mobile fluidic interface for physical encapsulation and
electrical manipulation of colloidal particles. Figure 1
illustrates the working principle and representative results
of an eMAPD. A schematic pixel array of the proposed
eMAPD is illustrated in Fig. 1a, each water droplet is phy-
sically paired in a microwell as a pixel which can display
different colors and greyscales by varying the particles and
applied voltages. As schematically shown in Fig. 1b, from
bottom to top, a display pixel consists of a substrate (typi-
cally a reflector), an electrode pair, a hydrophobic dielectric
layer, a dyed water droplet containing colored particles, a
surrounding oil medium, and a transparent top glass.
In the eMAP, a fluoropolymer film is coated on the

electrode to serve as a dielectric layer to protect the semi-
elliptical electrodes from electrolysis and reduce the flow
fields generated within the droplet due to electroosmosis
or electrothermal effects, and meanwhile create a hydro-
phobic surface for directing the shape of the water dro-
plet29. All pixel walls including the top and bottom
surfaces are hydrophobic, ensuring the water droplets to
contact but do not spread onto the walls. When an AC
voltage is applied to the two neighboring electrodes, the
generated electric field penetrates across the dielectric
film and the oil-water interface into the water droplet,
driving the particles to move and assemble according to
the dielectrophoretic force. Each water droplet localizes in
a cuboid pixel, exhibiting the aspherical (sessile or drum-
like) shapes depending on its size and the applied electric
field. The electro-microfluidic induced particle assembly
then enables the pixel to display blend colors which can
be viewed in either reflection or transmission modes.
It is noted that, in this work, the combination of a con-

ductive water droplet phase and an aspherical droplet shape
are the key factors enabling the dielectrophoretic-driven
particle motion and distribution within a reasonable electric
field range. The water droplet works as the confined medium
space for particle suspension, encapsulation, and motion.
Because of its higher permittivity and conductivity than the
oil medium, the droplet is automatically positioned in the gap
between the neighboring electrodes under the electric field30.
As a result, a remarkably consistent and symmetrical electric
field distribution within each droplet can be achieved, which
ensures that the particle polarization and motion occur in a
synchronized manner throughout the droplet array. Sili-
cone oil is selected to preserve the electrohydrodynamic
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Abstract
Reflective displays have stimulated considerable interest because of their friendly readability and low energy
consumption. Herein, we develop a reflective display technique via an electro-microfluidic assembly of particles
(eMAP) strategy whereby colored particles assemble into annular and planar structures inside a dyed water droplet to
create “open” and “closed” states of a display pixel. Water-in-oil droplets are compressed within microwells to form a
pixel array. The particles dispersed in droplets are driven by deformation-strengthened dielectrophoretic force to
achieve fast and reversible motion and assemble into multiple structures. This eMAP based device can display
designed information in three primary colors with ≥170° viewing angle, ~0.14 s switching time, and bistability with an
optimized material system. This proposed technique demonstrates the basis of a high-performance and energy-saving
reflective display, and the display speed and color quality could be further improved by structure and material
optimization; exhibiting a potential reflective display technology.

Introduction
With the rapid development of the Internet of Things

(IoTs), large amounts of information need to be displayed
to people under proper environmental conditions.
Transmissive and emissive displays such as liquid crystal
display (LCD) and organic light emission diode (OLED),
show high-quality display performance and have been
widely applied in electronic terminals1–4. Reflective dis-
play exhibits comfortable readability and clear vision in
outdoor strong light environments with low energy

consumption, providing preferential options for electrical
shelf labels, E-readers, smart windows, and even applica-
tions in buildings and megamalls5,6. In the last three
decades, several reflective display technologies have been
developed, for instance, electrophoretic display (EPD),
Interferometric modulator display (IMOD), electrowet-
ting display (EWD), cholesterol liquid crystal display, and
photonic crystal display7–9.
EPD has been the most successful one to date and has

been commercialized and widely applied for e-readers and
e-labels10,11. It displays information by reflecting the
environmental light via colored particles driven by the
electrophoretic force to move up and down within pixels
(e.g., capsules or wells), achieving paper-like display per-
formance, which is also named E-paper12,13. The switch-
ing time of a white and black EPD is typically about
several hundred milliseconds, while multi-color EPD
takes several to tens of seconds to achieve full switch-
ing14,15. Colored particles with different surface charges
are driven by diverse voltage signals, increasing the
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response time and the fabrication cost. The above issues
restrict its application in scenarios requiring a fast
response to achieve an excellent interactive experience.
IMOD is based on the interference of reflected light by

tuning a flexible thin-film mirror, which displays multiple
colors with high switching speed on the order of tens of
microseconds; however, its commercialization has been
suspended due to its production yield and high-cost man-
ufacture16,17. EWD can display video content at a speed of
tens of microseconds with multiple colors18, while bist-
ability and lifetime still need to be improved19. The struc-
tural color from photonic crystals has also been applied to
display devices20 and has been vigorously promoted in
recent years21–23, but the inherent angle-dependent struc-
tural color causes limited viewing angles and the color
gamut is still not satisfactory. Overall, it is still challenging
to produce a high-quality reflective display with proper
switching speed13, color24, bistability19, and viewing angle25.
In this work, we report on a potential reflective display

technique based on an electro-microfluidic assembly of
particles (eMAP) strategy, offering the advantages of easy
fabrication, fast response, and multi-color display perfor-
mance. The colored particles suspended in a water-in-oil
droplet are driven to form multiple structures, resulting in
a reversible pixel-switching performance in a controllable
manner, according to a strengthened dielectrophoretic
effect. The colored particles in a water-in-oil droplet can
be driven to slide along the curved water-oil interface to
assemble at the bottom or top area to form a planar
structure and around the equator to form an annular
structure in a continuous way, generating closing and
opening states and showing multiple blended colors. This
is in principle different from the particle motion in EPD.
The optimized eMAP display (eMAPD) can display

multiple colors by driving one group of single-color par-
ticles into various assembled structures within a dyed
droplet. This allows operation in two distinct ways, which
we term “light reflection” and “light transmission” modes.
The single particle system greatly simplifies the driving
system26 and increases the response speed of the dis-
play27. The primary colors of CMYK are created to vali-
date the feasibility and full-color performance.
Consequently, the switching between the highest and
lowest reflectance states takes about 0.1 s. Moreover, the
droplet confinement features a large viewing angle of
≥170°. We have also investigated bistability by matching
the particle and water density, maintaining the displayed
image for 30 min after the power-off. In addition, the
fluidic emulsion system offers a smooth and flexible
interface for both encapsulating and manipulating parti-
cles, and meanwhile holding the possibility for preparing a
flexible display. We believe that this proposed eMAPD
would be potentially developed into high-performance
and low-cost electronic paper devices.

Results
Working principle of eMAPD
Dielectrophoretic forces can be generated on particles in a

nonuniform electric field28. This can be used to control
particle motion and distribution, depending on both the
applied electric field intensity and gradient. The water phase
is used to facilitate the dielectrophoretic effect because of its
high polarizability. Here, we take advantage of water-in-oil
droplets for micro-confinement, providing a soft and
mobile fluidic interface for physical encapsulation and
electrical manipulation of colloidal particles. Figure 1
illustrates the working principle and representative results
of an eMAPD. A schematic pixel array of the proposed
eMAPD is illustrated in Fig. 1a, each water droplet is phy-
sically paired in a microwell as a pixel which can display
different colors and greyscales by varying the particles and
applied voltages. As schematically shown in Fig. 1b, from
bottom to top, a display pixel consists of a substrate (typi-
cally a reflector), an electrode pair, a hydrophobic dielectric
layer, a dyed water droplet containing colored particles, a
surrounding oil medium, and a transparent top glass.
In the eMAP, a fluoropolymer film is coated on the

electrode to serve as a dielectric layer to protect the semi-
elliptical electrodes from electrolysis and reduce the flow
fields generated within the droplet due to electroosmosis
or electrothermal effects, and meanwhile create a hydro-
phobic surface for directing the shape of the water dro-
plet29. All pixel walls including the top and bottom
surfaces are hydrophobic, ensuring the water droplets to
contact but do not spread onto the walls. When an AC
voltage is applied to the two neighboring electrodes, the
generated electric field penetrates across the dielectric
film and the oil-water interface into the water droplet,
driving the particles to move and assemble according to
the dielectrophoretic force. Each water droplet localizes in
a cuboid pixel, exhibiting the aspherical (sessile or drum-
like) shapes depending on its size and the applied electric
field. The electro-microfluidic induced particle assembly
then enables the pixel to display blend colors which can
be viewed in either reflection or transmission modes.
It is noted that, in this work, the combination of a con-

ductive water droplet phase and an aspherical droplet shape
are the key factors enabling the dielectrophoretic-driven
particle motion and distribution within a reasonable electric
field range. The water droplet works as the confined medium
space for particle suspension, encapsulation, and motion.
Because of its higher permittivity and conductivity than the
oil medium, the droplet is automatically positioned in the gap
between the neighboring electrodes under the electric field30.
As a result, a remarkably consistent and symmetrical electric
field distribution within each droplet can be achieved, which
ensures that the particle polarization and motion occur in a
synchronized manner throughout the droplet array. Sili-
cone oil is selected to preserve the electrohydrodynamic
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Introduction
With the rapid development of the Internet of Things

(IoTs), large amounts of information need to be displayed
to people under proper environmental conditions.
Transmissive and emissive displays such as liquid crystal
display (LCD) and organic light emission diode (OLED),
show high-quality display performance and have been
widely applied in electronic terminals1–4. Reflective dis-
play exhibits comfortable readability and clear vision in
outdoor strong light environments with low energy

consumption, providing preferential options for electrical
shelf labels, E-readers, smart windows, and even applica-
tions in buildings and megamalls5,6. In the last three
decades, several reflective display technologies have been
developed, for instance, electrophoretic display (EPD),
Interferometric modulator display (IMOD), electrowet-
ting display (EWD), cholesterol liquid crystal display, and
photonic crystal display7–9.
EPD has been the most successful one to date and has

been commercialized and widely applied for e-readers and
e-labels10,11. It displays information by reflecting the
environmental light via colored particles driven by the
electrophoretic force to move up and down within pixels
(e.g., capsules or wells), achieving paper-like display per-
formance, which is also named E-paper12,13. The switch-
ing time of a white and black EPD is typically about
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takes several to tens of seconds to achieve full switch-
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© The Author(s) 2023
OpenAccess This article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits 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 license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license 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 license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Guofu Zhou (guofu.zhou@m.scnu.edu.cn) or
Lingling Shui (shuill@m.scnu.edu.cn)
1Guangdong Basic Research Center of Excellence for Structure and
Fundamental Interactions of Matter, Guangdong Provincial Key Laboratory of
Nanophotonic Functional Materials and Devices, School of Information and
Optoelectronic Science and Engineering, South China Normal University,
510006 Guangzhou, China
2International Joint Laboratory of Optofluidic Technology and System (LOTS),
National Center for International Research on Green Optoelectronics, South
China Academy of Advanced Optoelectronics, South China Normal University,
510006 Guangzhou, People’s Republic of China
Full list of author information is available at the end of the article

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;



2744  | Light Sci Appl | 2023 | Vol 12 | Issue 12 LSA

where Erms is the root mean square (rms) of the electric
field. For a sine wave, the rms value is ~0.707 times the
peak value. ∇|Erms|

2 represents the gradient of |Erms|
squared, εm is the permittivity of the liquid medium, and R
is the particle radius. Re[fCM] represents the real part of
the Clausius-Mossotti (CM) factor (fCM), meaning the
effective polarizability of a particle described as,

f CM ¼ eεp �eεm
eεp þ 2eεm

� �

where eεp and eεm indicate the complex permittivity of the
particle and the medium, respectively.
In this work, the colored polystyrene (PS) particles with

lower permittivity and conductivity than the water phase
are used as the reflective materials, which are subjected to
negative dielectrophoretic (nDEP) forces and flow
upwards in the droplet. The water droplets are subjected
to positive DEP (pDEP) forces due to their relatively high
permittivity and conductivity compared to the oil med-
ium. The paired water droplet in a pixel is therefore
attracted into the gap between a pair of semi-elliptical
electrodes with high electric field strength; meanwhile, it
undergoes dielectrowetting effect under an AC field32.
When an AC voltage is applied, the electric field enters

the oil phase from the electrode surface and then pene-
trates across the oil-water interface into the water droplet.
The electric potential in the oil phase (Uoil) falls rapidly
due to its relatively low permittivity compared to the
water phase33. It is worth mentioning that the droplet
shape strongly affects the displacement (γ) that the field
crosses through the oil phase, and thus affects Uoil

(Uoil= -E·γ). As Uoil is negatively correlated with the
potential drop in the water droplet, a low γ is preferable to
obtain a high E distribution in the water droplet. Dielec-
trowetting induces an increase in the droplet-substrate
contact area and a decrease in γ, and therefore facilitates
the particle assembly and motion. More importantly, the
height and length of the pixel walls determine the shape of
the corresponding droplets. The relatively large and low
height-to-length ratios correspond to the sessile and
drum-like droplet shapes, respectively. In comparison to a
sessile shape, a drum-like droplet shows a large droplet-
substrate contact area and can therefore enhance the
internal electric fields within a water droplet. In the aspect
of display performance, the pixel height and length are
also related to the displaying color and resolution.
To investigate the mechanism of such an electrical

responsive system, both theoretical and experimental
characterizations have been carried out, as presented in
Figs. 2, S1, and S2. The electric field distribution was
simulated using COMSOL 5.5a. We assume that the
water droplet is tangential to the surrounding pixel walls.
In Fig. 2a–c, the droplet geometries corresponding to the
pixel structures are demonstrated. We abbreviate the rms

value of electric field strength (|Erms | ) as E. At the same
pixel height (H), with the increase of the side length (L),
the droplet is compressed from spherical to drum-like
shapes. Consequently, the electric field strength (E) within
the droplet increases (Fig. 2a), and thereby the particle
motion can be accelerated. In addition, the longer side
length corresponds to the larger droplet’s occupying area
(Odroplet) as viewed from the top, which can be calculated
as:

Odroplet ¼ πL2

4 Lþ Tð Þ2

where the pixel wall thickness (T) is fixed at 20 μm to
maintain its mechanical strength. A larger L is correlated
to the higher contrast and saturation of the colors but
yields a lower resolution for a display device. However,
excessive increases in L will hinder the particles from
reaching the ceiling center of the droplet, which is
unfavorable for the State III transition, as presented in
Fig. 2a. The reason lies in the fact that the particles
subjected to nDEP typically prefer to escape from the high
E region (yellow) and stay in the low E region (purple).
The field distribution in the droplet with L= 445 and
545 μm shows a trapezoidal high E region that overlaps
with the droplet ceiling center, keeping particles from
reaching the center. To evaluate this nDEP effect, we
simulated the x component of ∇jErmsj2, denoted as ∇E2x,
distributed near the ceiling center at a fixed value of
H= 150 μm, accounting for FDEP ∝ ∇E2. As presented in
Fig. 2b, the decrease in ∇E2x from the center towards the
edge of a droplet ceiling indicates that the particles
experience the repulsive forces from the ceiling center.
We experimentally found that L= 345 μm (H= 150 μm)
is the threshold value to ensure that the potential energy
of electrical dipole-dipole interactions (Fig. S2) can
overcome the x component of the nDEP effect, allowing
particles to reach the droplet ceiling center. The higher L
corresponds to a stronger nDEP effect, hindering the
particles from assembling into State III. Therefore, the
moderate value of 345 μm is selected as the optimized side
length.
As shown in Fig. 2a, at fixed L= 345 μm, E within the

droplet reduces with the increase of H. The State III
transition is unreachable at H= 100 μm, and the low H/L
value pushes the ceiling close to the electrode gap. The E
value at the ceiling center is much higher than that of the
ceiling edge, hindering the particles from reaching the top
center of the droplet. In addition, the nDEP effect is also
evaluated as shown in Fig. 2c. As a result, an increase in H
assists the system in reaching State III. Collectively, a
moderate value of H is preferred. Hereby, H= 150 μm has
been selected corresponding to L= 345 μm.
Using these optimized parameters, we have conducted a

combined simulation and experimental investigation to
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effect and avoid water evaporation. Such a water-in-oil
emulsion system establishes an inherent barrier to avoid
ink leakage and cross-contamination among adjacent
pixels. In addition, the oil-water fluidic interface enables
flexible manipulation of droplet shapes to comfort the
pixels and meanwhile provides a flexible and suitable
fluidic interface for particle motion and assembly. In this
way, the optical light reflection and transmission can be
well-tuned via the applied electric field combined with
particle and droplet properties, achieving a single light
valve and arrayed display performance.
In the pixel unit of such an eMAPD, multiple and

reversible states have been observed, as depicted in
Fig. 1c, which can be defined as States I, I′, II, II′, and III.
Hereby, the States I′ and II′ represent the transitions
between the two adjacent states, i.e., I-to-II and II-to-III,
respectively. When a voltage is applied via the paired
electrodes, the particles start to assemble along the elec-
tric field lines. With an increase in the applied voltage, the
particles gradually rise and conduct to diverse states,
presenting different colors and hues. In the initial State I,
the incident light goes through the dyed water droplet and

then is reflected by the particles sitting on the droplet
floor, corresponding to a blended color of droplet and
particles. Once particles reach the droplet equator, they
form an annular structure denoted as State II, presenting
an “open” state in which the incident light passes through
the transparent droplet and then is reflected by the sub-
strate. Hereby, the eMAPD displays the blended color of
the water droplet and the underneath substrate. When the
particles are driven to assemble at the droplet ceiling,
namely State III, the incident light is reflected directly by
the particles, and creates a reflection state with solely the
particle color. Between States I and II, and States II and
III, there are multiple intermediate states. Hereby, we
define States I′ and II′ to represent two typical transition
states, showing how the particles gradually move and
distribute within the droplet in a continuous way. These
states and controllability are essential for realizing mul-
tiple colors or multi-level grayscale in an eMAPD.
The dielectrophoretic (DEP) force acting on a colloidal

particle suspended in a liquid medium can be written as31,

FDEPh i ¼ 2πεmRe f CM½ �R3∇jErmsj2

I II IIII’ II’

c

a

� �
Low U High U

Off Bottom substrate
�

Top substrate

Pixel well
Electrodes

On

Colored particle
Aqueous droplet

b

Fig. 1 Schematic and experimental results of the electro-microfluidic assembly of particles display (eMAPD). a 3D schematic of the eMAPD
working principle. b Schematic of the detailed device structures and materials of a pixel. c Drawings (top row) and experimental photographs
(bottom row) of the representative states of a display pixel. States I, II, and III denote the three main states of the particle distribution in a water
droplet sitting on the floor, surrounding at the equator, and floating on the ceiling. States I′ and II′ correspond to the representative intermediate
transition states from States I to II and from States II to III, respectively. Optical images were taken under a light transmission mode. Scale bar, 100 μm
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where Erms is the root mean square (rms) of the electric
field. For a sine wave, the rms value is ~0.707 times the
peak value. ∇|Erms|

2 represents the gradient of |Erms|
squared, εm is the permittivity of the liquid medium, and R
is the particle radius. Re[fCM] represents the real part of
the Clausius-Mossotti (CM) factor (fCM), meaning the
effective polarizability of a particle described as,

f CM ¼ eεp �eεm
eεp þ 2eεm

� �

where eεp and eεm indicate the complex permittivity of the
particle and the medium, respectively.
In this work, the colored polystyrene (PS) particles with

lower permittivity and conductivity than the water phase
are used as the reflective materials, which are subjected to
negative dielectrophoretic (nDEP) forces and flow
upwards in the droplet. The water droplets are subjected
to positive DEP (pDEP) forces due to their relatively high
permittivity and conductivity compared to the oil med-
ium. The paired water droplet in a pixel is therefore
attracted into the gap between a pair of semi-elliptical
electrodes with high electric field strength; meanwhile, it
undergoes dielectrowetting effect under an AC field32.
When an AC voltage is applied, the electric field enters

the oil phase from the electrode surface and then pene-
trates across the oil-water interface into the water droplet.
The electric potential in the oil phase (Uoil) falls rapidly
due to its relatively low permittivity compared to the
water phase33. It is worth mentioning that the droplet
shape strongly affects the displacement (γ) that the field
crosses through the oil phase, and thus affects Uoil

(Uoil= -E·γ). As Uoil is negatively correlated with the
potential drop in the water droplet, a low γ is preferable to
obtain a high E distribution in the water droplet. Dielec-
trowetting induces an increase in the droplet-substrate
contact area and a decrease in γ, and therefore facilitates
the particle assembly and motion. More importantly, the
height and length of the pixel walls determine the shape of
the corresponding droplets. The relatively large and low
height-to-length ratios correspond to the sessile and
drum-like droplet shapes, respectively. In comparison to a
sessile shape, a drum-like droplet shows a large droplet-
substrate contact area and can therefore enhance the
internal electric fields within a water droplet. In the aspect
of display performance, the pixel height and length are
also related to the displaying color and resolution.
To investigate the mechanism of such an electrical

responsive system, both theoretical and experimental
characterizations have been carried out, as presented in
Figs. 2, S1, and S2. The electric field distribution was
simulated using COMSOL 5.5a. We assume that the
water droplet is tangential to the surrounding pixel walls.
In Fig. 2a–c, the droplet geometries corresponding to the
pixel structures are demonstrated. We abbreviate the rms

value of electric field strength (|Erms | ) as E. At the same
pixel height (H), with the increase of the side length (L),
the droplet is compressed from spherical to drum-like
shapes. Consequently, the electric field strength (E) within
the droplet increases (Fig. 2a), and thereby the particle
motion can be accelerated. In addition, the longer side
length corresponds to the larger droplet’s occupying area
(Odroplet) as viewed from the top, which can be calculated
as:

Odroplet ¼ πL2

4 Lþ Tð Þ2

where the pixel wall thickness (T) is fixed at 20 μm to
maintain its mechanical strength. A larger L is correlated
to the higher contrast and saturation of the colors but
yields a lower resolution for a display device. However,
excessive increases in L will hinder the particles from
reaching the ceiling center of the droplet, which is
unfavorable for the State III transition, as presented in
Fig. 2a. The reason lies in the fact that the particles
subjected to nDEP typically prefer to escape from the high
E region (yellow) and stay in the low E region (purple).
The field distribution in the droplet with L= 445 and
545 μm shows a trapezoidal high E region that overlaps
with the droplet ceiling center, keeping particles from
reaching the center. To evaluate this nDEP effect, we
simulated the x component of ∇jErmsj2, denoted as ∇E2x,
distributed near the ceiling center at a fixed value of
H= 150 μm, accounting for FDEP ∝ ∇E2. As presented in
Fig. 2b, the decrease in ∇E2x from the center towards the
edge of a droplet ceiling indicates that the particles
experience the repulsive forces from the ceiling center.
We experimentally found that L= 345 μm (H= 150 μm)
is the threshold value to ensure that the potential energy
of electrical dipole-dipole interactions (Fig. S2) can
overcome the x component of the nDEP effect, allowing
particles to reach the droplet ceiling center. The higher L
corresponds to a stronger nDEP effect, hindering the
particles from assembling into State III. Therefore, the
moderate value of 345 μm is selected as the optimized side
length.
As shown in Fig. 2a, at fixed L= 345 μm, E within the

droplet reduces with the increase of H. The State III
transition is unreachable at H= 100 μm, and the low H/L
value pushes the ceiling close to the electrode gap. The E
value at the ceiling center is much higher than that of the
ceiling edge, hindering the particles from reaching the top
center of the droplet. In addition, the nDEP effect is also
evaluated as shown in Fig. 2c. As a result, an increase in H
assists the system in reaching State III. Collectively, a
moderate value of H is preferred. Hereby, H= 150 μm has
been selected corresponding to L= 345 μm.
Using these optimized parameters, we have conducted a

combined simulation and experimental investigation to
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effect and avoid water evaporation. Such a water-in-oil
emulsion system establishes an inherent barrier to avoid
ink leakage and cross-contamination among adjacent
pixels. In addition, the oil-water fluidic interface enables
flexible manipulation of droplet shapes to comfort the
pixels and meanwhile provides a flexible and suitable
fluidic interface for particle motion and assembly. In this
way, the optical light reflection and transmission can be
well-tuned via the applied electric field combined with
particle and droplet properties, achieving a single light
valve and arrayed display performance.
In the pixel unit of such an eMAPD, multiple and

reversible states have been observed, as depicted in
Fig. 1c, which can be defined as States I, I′, II, II′, and III.
Hereby, the States I′ and II′ represent the transitions
between the two adjacent states, i.e., I-to-II and II-to-III,
respectively. When a voltage is applied via the paired
electrodes, the particles start to assemble along the elec-
tric field lines. With an increase in the applied voltage, the
particles gradually rise and conduct to diverse states,
presenting different colors and hues. In the initial State I,
the incident light goes through the dyed water droplet and

then is reflected by the particles sitting on the droplet
floor, corresponding to a blended color of droplet and
particles. Once particles reach the droplet equator, they
form an annular structure denoted as State II, presenting
an “open” state in which the incident light passes through
the transparent droplet and then is reflected by the sub-
strate. Hereby, the eMAPD displays the blended color of
the water droplet and the underneath substrate. When the
particles are driven to assemble at the droplet ceiling,
namely State III, the incident light is reflected directly by
the particles, and creates a reflection state with solely the
particle color. Between States I and II, and States II and
III, there are multiple intermediate states. Hereby, we
define States I′ and II′ to represent two typical transition
states, showing how the particles gradually move and
distribute within the droplet in a continuous way. These
states and controllability are essential for realizing mul-
tiple colors or multi-level grayscale in an eMAPD.
The dielectrophoretic (DEP) force acting on a colloidal

particle suspended in a liquid medium can be written as31,

FDEPh i ¼ 2πεmRe f CM½ �R3∇jErmsj2

I II IIII’ II’

c

a

� �
Low U High U

Off Bottom substrate
�

Top substrate

Pixel well
Electrodes

On

Colored particle
Aqueous droplet

b

Fig. 1 Schematic and experimental results of the electro-microfluidic assembly of particles display (eMAPD). a 3D schematic of the eMAPD
working principle. b Schematic of the detailed device structures and materials of a pixel. c Drawings (top row) and experimental photographs
(bottom row) of the representative states of a display pixel. States I, II, and III denote the three main states of the particle distribution in a water
droplet sitting on the floor, surrounding at the equator, and floating on the ceiling. States I′ and II′ correspond to the representative intermediate
transition states from States I to II and from States II to III, respectively. Optical images were taken under a light transmission mode. Scale bar, 100 μm
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400 kHz, as the amplitude of the applied field (U)
increases from 5.3 to 35.4 Vrms, the particle assembly
structures can gradually change from States I to III. The
simulated E distributions along the y-axis (white line in
Fig. 2d) are demonstrated in Fig. 2e. Figure 2f exhibits the
E distribution along the y-axis at various values of the
frequency f at a fixed value of U= 10.6 Vrms. Since the
dyed water droplet is conductive, the electric field is
shielded from entering the droplet at low f28. As f
increases, the liquid molecular polarization gradually
dominates, allowing the electric field to penetrate the
droplet, accompanied by an increase in E.
As a display technology, the aperture ratio is used as one

of the key parameters to quantify the display performance,
which is defined as the ratio of the light transmission area
to the total coverage area of a droplet, as shown in Fig. 2g.
At U= 10.6 Vrms and f= 400 kHz, the particles dis-
tributed at the droplet equator form an annular structure
corresponding to an aperture ratio of ~56%. When U
increases to 35.4 Vrms, the particles reach the droplet
ceiling (State III), achieving an aperture ratio of ~2%
corresponding to a 98% closing. In addition, as shown in
Fig. 2h, the aperture ratio of 13% corresponding to
f= 10 kHz matches the low E value in the simulation
(Fig. 2f). As f increases from 400 to 800 kHz, the aperture
ratio rises slightly with an increase of E. Therefore,
f= 400 kHz has been selected in our experiments.
The contact areas between the droplet and the top and

bottom substrates have also been examined and applied in
the simulations (Fig. S1a). Figure S1b–d presents the
droplet deformation degree varying with U. Since the
electric field lines distribute mainly along the x-axis due to
the dipolar effect, most particles assemble into chains
along the x-axis and perpendicular to the y-axis (marked
in light blue rings in the bottom inset figures) induced by
the difference between λx (the midline length along x-axis
of the opening area) and λy (the midline length along y-
axis of the opening area). In addition, within the droplet,
the flow field was also simulated to explain the alternative
current electrothermal (ACET) flow effect. At State II, the
fluid flow velocity is in the order of 1 μm/s which is
negligible to the particle assembly. However, as the AC
field amplitude increases, the ACET effect might play a
role at State III, as shown in Figs. S2 and S3. Therefore, in
experiments, we limited the electric field to 35 Vrms to
avoid the ACET effect and reduce energy consumption.
Overall, the light transmission and reflection modes and
their ratio are determined by the particle distribution in
droplets corresponding to the assembly structures and
their position, as presented in Fig. 1. While the assembly
processes and state transitions are mainly contributed by
the combination of dipolar interactions and dielec-
trophoretic effects. The assembly structures, which are
determined by both the dipolar interactions among

particles and the droplet confinement effects. The spatial
positioning of the particle assembly structures in a droplet
is dominated by the dielectrophoretic forces which are
related to the applied electric field and the physico-
chemical properties of the droplets and particles. The
dynamics of structure formation and change processes
will govern the display speed and the possible blended
colors.

Characterization of eMAPD
As exhibited above, each droplet unit displays both light

shading and transmission in different states generated by
the applied electric fields. Figure S4 demonstrates a large
visual difference between the OFF and ON appearances,
corresponding to the states I and II obtained at 10.6 Vrms

and 400 kHz. Such a patterned droplet array can be
selectively driven either synchronously or asynchronously
to achieve a switchable color display. As a result, a display
device can be obtained by integrating the droplet units in
a large area with high density. An array of droplets (pixels)
with a pitch size of 150 μm represents the display reso-
lution of about 70 PPI which is applicable for a large
screen application (e.g., 100 inch, 8 K resolution; or 60
inch, 4 K resolution).
The displayed states (colors) of the eMAPD are

dependent on the combination of the colored particles,
the dyed droplets, and the electrode/substrate/reflector
color, as presented in Fig. 1. The blue PS particles
(d ~ 4 μm) dispersed in dyed yellow aqueous solution with
optimized concentration have been used as the droplet
materials. The solid content is optimized according to
maximized coverage over the pixel at States I and III. The
aqueous solution is optimized to satisfy the conductivity
and reflectance requirements according to dielec-
trophoresis and display efficiency (as shown in Fig. S5).
Figure S6 presents the reflection spectra of the color
particles and dye solutions. The optimized parameters of
blue particle concentration of 12 wt%, yellow dye con-
centration of 0.085 wt%, and droplet diameter (D) of
~340 μm were chosen to demonstrate the eMAPD per-
formance in the following experiments.
As shown in Fig. 3a, when U increases from 0 to 10.6

and 35.4 Vrms with f= 400 kHz, the displayed colors of the
eMAPD gradually change from black to yellow and then
dark blue according to the particle assembly states
transforming from States I to II and III. At State I, the PS
particles sitting at the droplet floor, corresponding to the
“black” color which is the combination of the yellow water
(incident light passing through) and the blue particles. At
State II (U= 10.6 Vrms and f= 400 kHz), the blue PS
particles move upwards to the droplet’s equator and
assemble to form an annular structure around the droplet
interface, allowing the incident light to pass through the
droplet and then be reflected from the white reflector,
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understand the mechanism of the eMAPD. As seen from
Fig. 2d, in the y–z plane, E decreases radially outward
from the center towards the droplet surface, inducing the
particles to distribute at the low-strength region near the
edge of a droplet. The similar E distribution in the x–z
plane and y–z plane jointly leads to the particles radially

spreading from the center to the edge and moving
upwards along the droplet interface. Therefore, a raised
annular structure can be obtained.
The equilibrium position of the particles under the

electric field can be tuned by the amplitude and frequency
of the applied electric field. At a fixed frequency (f) of
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Fig. 2 Optimization of the droplet pixel. a Electric field distributions inside droplets with various side lengths (L) of 145, 245, 345, 445, and 545 μm
at a fixed height (H) of 145 μm, and for various H of 100, 125, 150, 175, and 200 μm at a fixed L of 345 μm. b x-component of ∇|Erms|

2 (∇E2x)
distribution along the radial line from the center to the right edge of the droplet (marked in green) at different L. c ∇E2x distribution along the radial
line from the center to the right edge of the droplet at different H. The green line is 10 μm away from the droplet’s top. d Simulated electric field
distribution in a conductive 3D water droplet surrounded by an insulating oil. The red line indicates the central line across the droplet along the y-
axis. Electric field distribution along the white line at different e applied voltage and f frequency corresponding to the image in (d). The States I’, II, II’,
III in e represent the results obtained at 5.3, 10.6, 17.7, and 35.4 Vrms, respectively, at f of 400 kHz. The aperture ratio varies with U (g) and f (h). The
electric field of 10.6 Vrms and 400 kHz are applied in the simulation in (a–d). L= 345 μm and H= 150 μm are applied in (d–h)

Shen et al. Light: Science & Applications ���������(2023)�12:290� Page 5 of 13



Light Sci Appl | 2023 | Vol 12 | Issue 12 |  2747 LSA

400 kHz, as the amplitude of the applied field (U)
increases from 5.3 to 35.4 Vrms, the particle assembly
structures can gradually change from States I to III. The
simulated E distributions along the y-axis (white line in
Fig. 2d) are demonstrated in Fig. 2e. Figure 2f exhibits the
E distribution along the y-axis at various values of the
frequency f at a fixed value of U= 10.6 Vrms. Since the
dyed water droplet is conductive, the electric field is
shielded from entering the droplet at low f28. As f
increases, the liquid molecular polarization gradually
dominates, allowing the electric field to penetrate the
droplet, accompanied by an increase in E.
As a display technology, the aperture ratio is used as one

of the key parameters to quantify the display performance,
which is defined as the ratio of the light transmission area
to the total coverage area of a droplet, as shown in Fig. 2g.
At U= 10.6 Vrms and f= 400 kHz, the particles dis-
tributed at the droplet equator form an annular structure
corresponding to an aperture ratio of ~56%. When U
increases to 35.4 Vrms, the particles reach the droplet
ceiling (State III), achieving an aperture ratio of ~2%
corresponding to a 98% closing. In addition, as shown in
Fig. 2h, the aperture ratio of 13% corresponding to
f= 10 kHz matches the low E value in the simulation
(Fig. 2f). As f increases from 400 to 800 kHz, the aperture
ratio rises slightly with an increase of E. Therefore,
f= 400 kHz has been selected in our experiments.
The contact areas between the droplet and the top and

bottom substrates have also been examined and applied in
the simulations (Fig. S1a). Figure S1b–d presents the
droplet deformation degree varying with U. Since the
electric field lines distribute mainly along the x-axis due to
the dipolar effect, most particles assemble into chains
along the x-axis and perpendicular to the y-axis (marked
in light blue rings in the bottom inset figures) induced by
the difference between λx (the midline length along x-axis
of the opening area) and λy (the midline length along y-
axis of the opening area). In addition, within the droplet,
the flow field was also simulated to explain the alternative
current electrothermal (ACET) flow effect. At State II, the
fluid flow velocity is in the order of 1 μm/s which is
negligible to the particle assembly. However, as the AC
field amplitude increases, the ACET effect might play a
role at State III, as shown in Figs. S2 and S3. Therefore, in
experiments, we limited the electric field to 35 Vrms to
avoid the ACET effect and reduce energy consumption.
Overall, the light transmission and reflection modes and
their ratio are determined by the particle distribution in
droplets corresponding to the assembly structures and
their position, as presented in Fig. 1. While the assembly
processes and state transitions are mainly contributed by
the combination of dipolar interactions and dielec-
trophoretic effects. The assembly structures, which are
determined by both the dipolar interactions among

particles and the droplet confinement effects. The spatial
positioning of the particle assembly structures in a droplet
is dominated by the dielectrophoretic forces which are
related to the applied electric field and the physico-
chemical properties of the droplets and particles. The
dynamics of structure formation and change processes
will govern the display speed and the possible blended
colors.

Characterization of eMAPD
As exhibited above, each droplet unit displays both light

shading and transmission in different states generated by
the applied electric fields. Figure S4 demonstrates a large
visual difference between the OFF and ON appearances,
corresponding to the states I and II obtained at 10.6 Vrms

and 400 kHz. Such a patterned droplet array can be
selectively driven either synchronously or asynchronously
to achieve a switchable color display. As a result, a display
device can be obtained by integrating the droplet units in
a large area with high density. An array of droplets (pixels)
with a pitch size of 150 μm represents the display reso-
lution of about 70 PPI which is applicable for a large
screen application (e.g., 100 inch, 8 K resolution; or 60
inch, 4 K resolution).
The displayed states (colors) of the eMAPD are

dependent on the combination of the colored particles,
the dyed droplets, and the electrode/substrate/reflector
color, as presented in Fig. 1. The blue PS particles
(d ~ 4 μm) dispersed in dyed yellow aqueous solution with
optimized concentration have been used as the droplet
materials. The solid content is optimized according to
maximized coverage over the pixel at States I and III. The
aqueous solution is optimized to satisfy the conductivity
and reflectance requirements according to dielec-
trophoresis and display efficiency (as shown in Fig. S5).
Figure S6 presents the reflection spectra of the color
particles and dye solutions. The optimized parameters of
blue particle concentration of 12 wt%, yellow dye con-
centration of 0.085 wt%, and droplet diameter (D) of
~340 μm were chosen to demonstrate the eMAPD per-
formance in the following experiments.
As shown in Fig. 3a, when U increases from 0 to 10.6

and 35.4 Vrms with f= 400 kHz, the displayed colors of the
eMAPD gradually change from black to yellow and then
dark blue according to the particle assembly states
transforming from States I to II and III. At State I, the PS
particles sitting at the droplet floor, corresponding to the
“black” color which is the combination of the yellow water
(incident light passing through) and the blue particles. At
State II (U= 10.6 Vrms and f= 400 kHz), the blue PS
particles move upwards to the droplet’s equator and
assemble to form an annular structure around the droplet
interface, allowing the incident light to pass through the
droplet and then be reflected from the white reflector,
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understand the mechanism of the eMAPD. As seen from
Fig. 2d, in the y–z plane, E decreases radially outward
from the center towards the droplet surface, inducing the
particles to distribute at the low-strength region near the
edge of a droplet. The similar E distribution in the x–z
plane and y–z plane jointly leads to the particles radially

spreading from the center to the edge and moving
upwards along the droplet interface. Therefore, a raised
annular structure can be obtained.
The equilibrium position of the particles under the

electric field can be tuned by the amplitude and frequency
of the applied electric field. At a fixed frequency (f) of
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Fig. 2 Optimization of the droplet pixel. a Electric field distributions inside droplets with various side lengths (L) of 145, 245, 345, 445, and 545 μm
at a fixed height (H) of 145 μm, and for various H of 100, 125, 150, 175, and 200 μm at a fixed L of 345 μm. b x-component of ∇|Erms|

2 (∇E2x)
distribution along the radial line from the center to the right edge of the droplet (marked in green) at different L. c ∇E2x distribution along the radial
line from the center to the right edge of the droplet at different H. The green line is 10 μm away from the droplet’s top. d Simulated electric field
distribution in a conductive 3D water droplet surrounded by an insulating oil. The red line indicates the central line across the droplet along the y-
axis. Electric field distribution along the white line at different e applied voltage and f frequency corresponding to the image in (d). The States I’, II, II’,
III in e represent the results obtained at 5.3, 10.6, 17.7, and 35.4 Vrms, respectively, at f of 400 kHz. The aperture ratio varies with U (g) and f (h). The
electric field of 10.6 Vrms and 400 kHz are applied in the simulation in (a–d). L= 345 μm and H= 150 μm are applied in (d–h)
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switching was achieved by directly turning off the applied
electric field to let particles settle back to the droplet floor.
In a pixel of 150 × 345 × 345 μm (~70 PPI), the switching
time of 0.49 s is achieved and can be further significantly
reduced to within 0.05 s in theory by compressing the
height of the device to 50 microns, based on the intrinsic
feature of dielectrophoresis.
The dielectrophoretic force is a function of the applied

electric field, which can be described as FDEP ∝ ∇E2.
Therefore, experimentally, we found that the increases of
U from 34.5 Vrms to 88.3 Vrms at f= 400 kHz, can reduce
the switching time (an OFF-ON-OFF process from State I
to State III) from 2.88 s to 0.49 s, and the switching time
(from State I to State II, OFF-ON) from 0.4 s to 0.14 s, as
presented in Fig. 3c. To verify the stability and reliability
of this proposed eMAPD, we have also carried out mul-
tiple switching tests. The prepared eMAPD shows stable
display performance without obvious decay after 3000

cycles of ON-OFF tests at 35.4 Vrms and 400 kHz in a
normal lab environment without additional control, and
the results are presented in Fig. 3d.

Color
To create a true color reflective display, the primary

colors of CMYK (cyan, magenta, yellow, black) are com-
monly used to demonstrate the performance. The K
(black) color can be produced by rationally mixing C, M,
and Y with their complementary colors of R, G, and B,
respectively. Hereby, we have selected the droplets with C,
M, and Y colors, and introduced the particles with cor-
responding complementary colors to demonstrate the
color variation. The eMAPD thereby can perform multi-
ple color combinations of cyan and red, magenta and
green, and yellow and blue.
As presented in Fig. 4a, the cyan, red, and cyan-red

colors are achieved by dispersing 12 wt% red PS particles
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Fig. 4 Feasibility of a multiple-color display. a Images and b reflection spectra at different states for the eMAPD with the cyan droplets containing
red particles. The States I, II, and III are obtained at U of 0, 14, 42 Vrms, respectively, at f= 400 kHz. c Images and d reflection spectra at different states
for the eMAPD with the magenta droplets containing green particles. The States I, II, and III are obtained at U of 0, 10.6, 35.4 Vrms, respectively, at
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red system driven at 14 Vrms and 400 kHz. Scale bar, 2.5 mm
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thus showing yellow color. Figure 3b exhibits the mea-
sured reflection spectra of the pixels, lying within the
corresponding wavelength (λ) range of 520–660 nm, and
the reflectance at ~571 nm increases to 31.7%. At State III,
when most particles arrive at the droplet ceiling at
U= 35.4 Vrms and f= 400 kHz, the incident light is
directly reflected by the particles, and the droplet exhibits
a dark blue color. The corresponding reflection spectrum
shows strong reflectivity in the range of 430–480 nm, and
the reflectance at ~461 nm is ~18.5%. Furthermore, the
transition States I’ and State II’ also show corresponding
strong reflection in the displayed color range. The State II’
exhibits higher reflectance at blue wavelengths and lower
reflectance at yellow wavelengths than the State I’, corre-
sponding to the vertical position of the assembled particles
in the droplet. In this way, a multi-color with multi-level

grayscale display performance has been successfully
achieved according to the tunable reflective status of States
I, I’, II, II’, and III, corresponding to the images in Fig. 1c.
The DEP effect, in principle, can achieve controllable

particle motion directions by two strategies. One is to
formulate the solid particle and the fluid with proper
dielectric properties based on pDEP and nDEP forces. The
other is to integrate the top electrode to generate a mirror
electric field. The electric field applied on the upper
electrodes can induce an nDEP force that theoretically
causes the corresponding mirror electro-fluidic perfor-
mance to drive the particle to quickly move downwards
from State II or State III to State I. In this work, we focus
on the upwards-switching performance from State I to II
and then III, investigating the dynamics of the display
performance (Fig. 3c), and the passive downwards
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switching was achieved by directly turning off the applied
electric field to let particles settle back to the droplet floor.
In a pixel of 150 × 345 × 345 μm (~70 PPI), the switching
time of 0.49 s is achieved and can be further significantly
reduced to within 0.05 s in theory by compressing the
height of the device to 50 microns, based on the intrinsic
feature of dielectrophoresis.
The dielectrophoretic force is a function of the applied

electric field, which can be described as FDEP ∝ ∇E2.
Therefore, experimentally, we found that the increases of
U from 34.5 Vrms to 88.3 Vrms at f= 400 kHz, can reduce
the switching time (an OFF-ON-OFF process from State I
to State III) from 2.88 s to 0.49 s, and the switching time
(from State I to State II, OFF-ON) from 0.4 s to 0.14 s, as
presented in Fig. 3c. To verify the stability and reliability
of this proposed eMAPD, we have also carried out mul-
tiple switching tests. The prepared eMAPD shows stable
display performance without obvious decay after 3000

cycles of ON-OFF tests at 35.4 Vrms and 400 kHz in a
normal lab environment without additional control, and
the results are presented in Fig. 3d.

Color
To create a true color reflective display, the primary

colors of CMYK (cyan, magenta, yellow, black) are com-
monly used to demonstrate the performance. The K
(black) color can be produced by rationally mixing C, M,
and Y with their complementary colors of R, G, and B,
respectively. Hereby, we have selected the droplets with C,
M, and Y colors, and introduced the particles with cor-
responding complementary colors to demonstrate the
color variation. The eMAPD thereby can perform multi-
ple color combinations of cyan and red, magenta and
green, and yellow and blue.
As presented in Fig. 4a, the cyan, red, and cyan-red

colors are achieved by dispersing 12 wt% red PS particles
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thus showing yellow color. Figure 3b exhibits the mea-
sured reflection spectra of the pixels, lying within the
corresponding wavelength (λ) range of 520–660 nm, and
the reflectance at ~571 nm increases to 31.7%. At State III,
when most particles arrive at the droplet ceiling at
U= 35.4 Vrms and f= 400 kHz, the incident light is
directly reflected by the particles, and the droplet exhibits
a dark blue color. The corresponding reflection spectrum
shows strong reflectivity in the range of 430–480 nm, and
the reflectance at ~461 nm is ~18.5%. Furthermore, the
transition States I’ and State II’ also show corresponding
strong reflection in the displayed color range. The State II’
exhibits higher reflectance at blue wavelengths and lower
reflectance at yellow wavelengths than the State I’, corre-
sponding to the vertical position of the assembled particles
in the droplet. In this way, a multi-color with multi-level

grayscale display performance has been successfully
achieved according to the tunable reflective status of States
I, I’, II, II’, and III, corresponding to the images in Fig. 1c.
The DEP effect, in principle, can achieve controllable

particle motion directions by two strategies. One is to
formulate the solid particle and the fluid with proper
dielectric properties based on pDEP and nDEP forces. The
other is to integrate the top electrode to generate a mirror
electric field. The electric field applied on the upper
electrodes can induce an nDEP force that theoretically
causes the corresponding mirror electro-fluidic perfor-
mance to drive the particle to quickly move downwards
from State II or State III to State I. In this work, we focus
on the upwards-switching performance from State I to II
and then III, investigating the dynamics of the display
performance (Fig. 3c), and the passive downwards
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display, like the liquid crystal display and the photonic
crystal display, the viewing angle is limited by the mole-
cular and nanoparticle arrangement. In this proposed
eMAPD, the displayed color is from the combination of
the colored particles, the dyed water droplets, and the
reflector. The three-dimensional droplets guarantee wide
viewing angles, as depicted in Fig. 1. Figure 6a shows the
patterns of “flower” and “7” based on the yellow-blue
system. The displayed information is clearly visible when
viewed at a bias angle of 0°–85°, indicating a 170° viewing
angle. The evaluation results of optical contrast and
luminance at different viewing angles are presented in Fig.
S8. As shown in Fig. S8a, the contrast ratio slightly
decreases with varying viewing angles, which is consistent
with the distinct visual performance of the displayed
patterns “flower” and “7” at different viewing angles
(Fig. 6). In addition, we evaluated the relative luminance
at different viewing angles (Fig. S8b). The results
demonstrate that the eMAPD device exhibits a mild
luminance attenuation within an acceptable range as the
viewing angle varies in the range of 0°–160°.

Bistable display feature
Bistability is an important prerequisite for reflective

displays, which makes it possible to maintain different
display states with minimum energy consumption. In
addition, this feature offers the capability of storing
information without a power supply. Such properties are

highly beneficial for applications such as electronic books,
electronic labels, and smart windows. Based on the
working principle of eMAPD, by balancing the density of
the particles and the water phase, semi-bistability has also
been achieved. We have developed a density-matching
dispersion with PS particles (density, ~1.06 g cm−3) sus-
pended in the aqueous solution containing 14.2 wt%
glucose and 4.35% v/v glycerol. As depicted in Fig. 6b, the
displayed “6” is still visible after 30 min of power-off. The
micrometer-size PS particles experience weak Brownian
motion and the previous state can be long-term retained
after power-off. With further optimization of the material
quality, we believe that a highly bistable feature, lasting
days, can be achieved with this eMAPD.

Discussion
We proposed and validated a reflective display based on

electro-microfluidic assembly of particles (eMAP) tech-
nology. By programmably driving colloid particles to
assemble into multiple structures with distinct positions
in the aqueous droplet pixel through electric fields, we
were able to achieve tunable blend colors and grayscales,
and ultimately reflective display function via the ordered
droplet array. We demonstrated that the deformation and
dielectrowetting featured by oil-in-water droplets play a
significant role in the internal electric field distribution,
which in turn determines the particle motion and
assembly structure. Accordingly, the pixel structure was
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Fig. 6 Demonstration of the large viewing angle and bistable display features of the eMAPD. a Photographs of the displayed “flower” and “7”
patterns taken from different viewing angles. The applied electric field is 10.6 Vrms and 400 kHz. b Photographs showing the displayed “6” pattern
being visible after 0, 5,10, and 30min of power-off
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(~5 μm) in a cyan dye solution (malachite green oxalate,
0.045 wt%). By increasing the applied voltage, the dark
red, cyan, and red colors are obtained at 0, 14, and
42 Vrms, respectively, at a fixed frequency of 400 kHz.
Figure 4b shows the corresponding reflection spectra of
the five states. The two peaks of ~450 nm (blue back-
ground) and ~617 nm (red background) in the spectra
correspond to the cyan droplets and red particles,
respectively. In the initial State I, the combination of the
cyan droplet and red particles exhibits a dark red color. A
bright cyan is achieved in State II, with the reflectance at
the ~476 nm peak reaching 32.5%. When changing to
State III, the reflectance at ~617 nm (red) increases to
26.3%, and the droplet exhibits a red color. In addition,
during the transformation process, both cyan and red
peaks continuously change with the particle assembly
states and positions, thus exhibiting various colors and
greyscales.
The magenta-green color system has also been investi-

gated, as shown in Fig. 4c, for the States I, II, and III
achieved at U of 0, 10.6, and 35.4 Vrms, respectively, with
f= 400 kHz. Figure 4d exhibits the measured reflection
spectra corresponding to the five states of the eMAPD. At
the initial State I, the combination of the magenta droplet
and green particles exhibits a black color. In State II, a
bright magenta color is observed with reflectance values
of 34.9% and 36.3% at ~476 nm and ~616 nm, respec-
tively. When changing to State III, a dark green color is
observed with the reflectance at ~527 nm (green)
increasing to 23.3%, and the saturation of State III can be
further improved by increasing the green particle reflec-
tance (Fig. S6).
To demonstrate the practical applicability of the pre-

pared eMAPD, we have made a display panel with four

segments filled with yellow droplets containing blue par-
ticles and cyan droplets containing red particles. As pre-
sented in Fig. 4e, the “S” “C” “N” “U” letters are readily
observed when applying an AC electric field of 14 Vrms

and 400 kHz to the corresponding electrode pairs. The
four chromatic letters are the yellow “S” on a blue back-
ground, the blue “C” on a yellow background, the red “N”
on a blue background, and the blue “U” on a red back-
ground. A contrast ratio of about 3:1 has been achieved
for all these display panels.
In addition, we have found the asymmetrical particle

assembly phenomena at one-half of the droplet (half-
pixel) corresponding to the predesigned semi-elliptical
electrode pair, as depicted in Fig. 5a. A minimal gray value
has been achieved with the particles assembling at
approximately one-half of the pixel range with x in the
range of 0–168 μm. Such an asymmetrical particle
assembly phenomenon, on the other hand, helps achieve
sharp line edges (Fig. 5b), meaning high resolution for
display performance. This suggests that the display reso-
lution is not strictly limited by the droplet size and can be
improved either by reducing the pixel size or the electrode
design combined with the driving strategy. The feasibility
of this half-pixel driving scheme is thus highly advanta-
geous for display performance. More importantly, the
light transmission feature at State II of this eMAPD can
expand the displayable color range via a sandwich struc-
ture. This could promise tremendous opportunities
because the sandwich structure can achieve multiple
colors without reducing the display speed.

Wide viewing angle
Viewing angle is also a key factor affecting the visual

perception of readers. In a structurally tuned color
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Fig. 5 Half-pixel particle assembly phenomenon in eMAPD. a Magnified photograph showing the half-pixel particle assembly performance. Scale
bar, 1.5 mm. b Schematic of the particle assembly in half-pixel with single semi-elliptical electrode pixel design. The gray values of the pixels were
acquired from the grayscale image converted from a color image containing two columns of pixels. Each data represents the mean value of the area
covered with 9 rows of pixels
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display, like the liquid crystal display and the photonic
crystal display, the viewing angle is limited by the mole-
cular and nanoparticle arrangement. In this proposed
eMAPD, the displayed color is from the combination of
the colored particles, the dyed water droplets, and the
reflector. The three-dimensional droplets guarantee wide
viewing angles, as depicted in Fig. 1. Figure 6a shows the
patterns of “flower” and “7” based on the yellow-blue
system. The displayed information is clearly visible when
viewed at a bias angle of 0°–85°, indicating a 170° viewing
angle. The evaluation results of optical contrast and
luminance at different viewing angles are presented in Fig.
S8. As shown in Fig. S8a, the contrast ratio slightly
decreases with varying viewing angles, which is consistent
with the distinct visual performance of the displayed
patterns “flower” and “7” at different viewing angles
(Fig. 6). In addition, we evaluated the relative luminance
at different viewing angles (Fig. S8b). The results
demonstrate that the eMAPD device exhibits a mild
luminance attenuation within an acceptable range as the
viewing angle varies in the range of 0°–160°.

Bistable display feature
Bistability is an important prerequisite for reflective

displays, which makes it possible to maintain different
display states with minimum energy consumption. In
addition, this feature offers the capability of storing
information without a power supply. Such properties are

highly beneficial for applications such as electronic books,
electronic labels, and smart windows. Based on the
working principle of eMAPD, by balancing the density of
the particles and the water phase, semi-bistability has also
been achieved. We have developed a density-matching
dispersion with PS particles (density, ~1.06 g cm−3) sus-
pended in the aqueous solution containing 14.2 wt%
glucose and 4.35% v/v glycerol. As depicted in Fig. 6b, the
displayed “6” is still visible after 30 min of power-off. The
micrometer-size PS particles experience weak Brownian
motion and the previous state can be long-term retained
after power-off. With further optimization of the material
quality, we believe that a highly bistable feature, lasting
days, can be achieved with this eMAPD.

Discussion
We proposed and validated a reflective display based on

electro-microfluidic assembly of particles (eMAP) tech-
nology. By programmably driving colloid particles to
assemble into multiple structures with distinct positions
in the aqueous droplet pixel through electric fields, we
were able to achieve tunable blend colors and grayscales,
and ultimately reflective display function via the ordered
droplet array. We demonstrated that the deformation and
dielectrowetting featured by oil-in-water droplets play a
significant role in the internal electric field distribution,
which in turn determines the particle motion and
assembly structure. Accordingly, the pixel structure was
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being visible after 0, 5,10, and 30 min of power-off
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(~5 μm) in a cyan dye solution (malachite green oxalate,
0.045 wt%). By increasing the applied voltage, the dark
red, cyan, and red colors are obtained at 0, 14, and
42 Vrms, respectively, at a fixed frequency of 400 kHz.
Figure 4b shows the corresponding reflection spectra of
the five states. The two peaks of ~450 nm (blue back-
ground) and ~617 nm (red background) in the spectra
correspond to the cyan droplets and red particles,
respectively. In the initial State I, the combination of the
cyan droplet and red particles exhibits a dark red color. A
bright cyan is achieved in State II, with the reflectance at
the ~476 nm peak reaching 32.5%. When changing to
State III, the reflectance at ~617 nm (red) increases to
26.3%, and the droplet exhibits a red color. In addition,
during the transformation process, both cyan and red
peaks continuously change with the particle assembly
states and positions, thus exhibiting various colors and
greyscales.
The magenta-green color system has also been investi-

gated, as shown in Fig. 4c, for the States I, II, and III
achieved at U of 0, 10.6, and 35.4 Vrms, respectively, with
f= 400 kHz. Figure 4d exhibits the measured reflection
spectra corresponding to the five states of the eMAPD. At
the initial State I, the combination of the magenta droplet
and green particles exhibits a black color. In State II, a
bright magenta color is observed with reflectance values
of 34.9% and 36.3% at ~476 nm and ~616 nm, respec-
tively. When changing to State III, a dark green color is
observed with the reflectance at ~527 nm (green)
increasing to 23.3%, and the saturation of State III can be
further improved by increasing the green particle reflec-
tance (Fig. S6).
To demonstrate the practical applicability of the pre-

pared eMAPD, we have made a display panel with four

segments filled with yellow droplets containing blue par-
ticles and cyan droplets containing red particles. As pre-
sented in Fig. 4e, the “S” “C” “N” “U” letters are readily
observed when applying an AC electric field of 14 Vrms

and 400 kHz to the corresponding electrode pairs. The
four chromatic letters are the yellow “S” on a blue back-
ground, the blue “C” on a yellow background, the red “N”
on a blue background, and the blue “U” on a red back-
ground. A contrast ratio of about 3:1 has been achieved
for all these display panels.
In addition, we have found the asymmetrical particle

assembly phenomena at one-half of the droplet (half-
pixel) corresponding to the predesigned semi-elliptical
electrode pair, as depicted in Fig. 5a. A minimal gray value
has been achieved with the particles assembling at
approximately one-half of the pixel range with x in the
range of 0–168 μm. Such an asymmetrical particle
assembly phenomenon, on the other hand, helps achieve
sharp line edges (Fig. 5b), meaning high resolution for
display performance. This suggests that the display reso-
lution is not strictly limited by the droplet size and can be
improved either by reducing the pixel size or the electrode
design combined with the driving strategy. The feasibility
of this half-pixel driving scheme is thus highly advanta-
geous for display performance. More importantly, the
light transmission feature at State II of this eMAPD can
expand the displayable color range via a sandwich struc-
ture. This could promise tremendous opportunities
because the sandwich structure can achieve multiple
colors without reducing the display speed.

Wide viewing angle
Viewing angle is also a key factor affecting the visual

perception of readers. In a structurally tuned color
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For more details on modeling see Supplementary
Information.

Data acquisition and analysis
The dyed droplets, colored particles, and the dynamic

assembly processes and structures were observed and
captured/recorded using an inverted microscope (IX73,
Olympus Co., Tokyo, Japan). The Image J software was
used to analyze the aperture ratio and switching speed
data contained in optical images and video frames. The
overall devices were taken using an iPhone 12 camera.
The reflectances of particles, dye solution and eMAPD
were measured using a fiber-optic spectrometer
(USB2000+, Ocean Optics). As shown in Fig. 5, gray
values of pixels are obtained from the image converted to
greyscale by using the MATLAB function rgb2gray.
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optimized to direct the droplet shape, allowing fast, multi-
state, and reversible particle assembly to enhance display
performance. Our eMAPD results highlight the impor-
tance of curved interfaces in particle-based technology to
achieve high-performance multi-color displays. Com-
pared to traditional electrophoretic display technologies,
the light transmission and reflection modes offered by
eMAPD provide a promise for the fast switching, low-
cost, multi-color reflective display technology. The pho-
tolithography microwell fabrication and micro-
confinement induced droplet fusion allow us to fabricate
uniform and stable droplet pixels in high-density and
large areas to satisfy the display application.
The display performance with three primary colors and

multiple grayscales has been obtained by driving the color
particles inside a complementary dyed water droplet
array. Under optimized geometry and materials, the
reflective display with ≤0.14 s switching speed, ≥5 colors
and gray levels, and ≥170° viewing angle has been
achieved. Bistability has also been demonstrated for
maintaining displayed information for 30min after
power-off via density matching of the particle and the
aqueous droplet.
We believe that our proposed eMAP display technology

offers a wide range of advantages, including achieving fast
particle assembly at low voltage, employing easily acces-
sible and simple particle systems for sharp multi-color
and high contrast displays, while enabling a bistable dis-
play via the synergistic matching of selected particle and
fluids. The material preparation and the pixel fabrication
technology are developed based on the electro-fluidic
platform initially developed in our group. Further opti-
mization of the pixel arrangement and droplet array filling
techniques to increase the droplet coverage area, com-
bined with the improved display materials, could yield
higher-quality display performance. We believe that this
proposed eMAP-based display technique is an excellent
candidate for reflective displays, potentially for corre-
sponding application areas.

Materials and methods
Display devices
Figure 1a, b show a schematic of the device design. The

indium-tin-oxide (ITO)-glass slides were thoroughly
cleaned sequentially with detergent, deionized water,
ethanol, and isopropanol prior to use. The designed
electrode patterns, semi-elliptical electrode pairs with
365 μm pitch and gap distance of 60 μm arranged in a row
along a short axis of 130 μm, were fabricated using a
standard photolithography process in a cleanroom29. The
hydrophobic insulating layer of Hyflon with a thickness of
~140 nm was formed by spin-coating a Hyflon solution
(solid content of 2.5 wt%) on the patterned ITO-glass.
Oxygen plasma (Harrick Plasma, PDC-002) was used to

modify the Hyflon surface, and then spin-coating SU-8
2075 photoresist (Microchem, Newton, MA) on its sur-
face to form a 140–150 μm thick film. Subsequently, SU-8
grids with a width and length of 345 μm and a gap of
20 μm were fabricated using the second photolithography
step. To enclose eMAPD, a glass coverslip was used after
filling the SU-8 grids with W/O emulsions. Then AC
signals were applied to the ITO electrodes by a connected
function generator (AFG 1062, Tektronix, Inc., USA) and
an amplifier (ATA-2042, Aigtek Co., Ltd, Xi’an, China).

Materials
DI water was prepared using an Ultrapure Water Sys-

tem (Water Purifier, Chengdu, Sichuan, China) with an
initial resistivity of 18.25MΩ·cm. Blue (d, 4 μm), red (d,
5 μm) PS particles were purchased from Aladin (Shanghai,
China). Green PS particles (d, 4 μm) were purchased from
Tianjin Baseline Chromtech Research Center (Tianjin,
China). The silicon oil (5 cst) was purchased from Sigma-
Aldrich. Dyes of malachite green oxalate, rose bengal,
orange IV were purchased from Aladin (Shanghai, China).
Poly(ethylene glycol) diacrylate with Mn ~ 575 was
ordered from Sigma-Aldrich (Shanghai, China). Silicon oil
with surfactant KF-6017 (0.5% v/v) (ShinEtsu, Japan) was
selected as the continuous medium phase. Malachite
green oxalate, rose bengal, orange IV were dissolved in DI
water at concentrations of 0.045 wt%, 0.1 wt%, and
0.085 wt% to form dyed water phase, and poly(ethylene
glycol) diacrylate was dissolved at 0.5 wt% to stabilize
particles in aqueous phase. Colored particles with a solid
concentration of 12 wt% were dispersed in the dyed water
which was then added into the oil phase at a volume ratio
of 1:5.

Droplet array
As shown in Fig. 3a, the integrated eMAP device con-

sists of Teflon coated ITO electrode array and photoresist
(Microchem, SU-8 2075) grids with each droplet filled
with one aqueous droplet (including particles) and
immersed in an oil (dielectric) phase. The mixture of
water and oil were mechanically emulsified using a Vortex
Genie 2 (Scientific Industries, setting 4) for 10 s, followed
by filling the emulsion droplets into the grids via a screen-
printing method. Subsequently, an electrofusion method
is applied to obtain the monodisperse one-to-one paired
droplet in each pixel34. A top plate was then applied to
seal this device with the grid wall working also as a spacer
to form a stable eMAP display device. Figure 4e shows a
eMAPD with 2000 pixels (4 × 25 × 20).

Numerical simulation
COMSOL Multiphysics (Version 5.5) was employed to

simulate the E-field distribution in the pixel. The electric
potential was assumed to satisfy the Poisson’s equation.
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For more details on modeling see Supplementary
Information.

Data acquisition and analysis
The dyed droplets, colored particles, and the dynamic

assembly processes and structures were observed and
captured/recorded using an inverted microscope (IX73,
Olympus Co., Tokyo, Japan). The Image J software was
used to analyze the aperture ratio and switching speed
data contained in optical images and video frames. The
overall devices were taken using an iPhone 12 camera.
The reflectances of particles, dye solution and eMAPD
were measured using a fiber-optic spectrometer
(USB2000+, Ocean Optics). As shown in Fig. 5, gray
values of pixels are obtained from the image converted to
greyscale by using the MATLAB function rgb2gray.
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optimized to direct the droplet shape, allowing fast, multi-
state, and reversible particle assembly to enhance display
performance. Our eMAPD results highlight the impor-
tance of curved interfaces in particle-based technology to
achieve high-performance multi-color displays. Com-
pared to traditional electrophoretic display technologies,
the light transmission and reflection modes offered by
eMAPD provide a promise for the fast switching, low-
cost, multi-color reflective display technology. The pho-
tolithography microwell fabrication and micro-
confinement induced droplet fusion allow us to fabricate
uniform and stable droplet pixels in high-density and
large areas to satisfy the display application.
The display performance with three primary colors and

multiple grayscales has been obtained by driving the color
particles inside a complementary dyed water droplet
array. Under optimized geometry and materials, the
reflective display with ≤0.14 s switching speed, ≥5 colors
and gray levels, and ≥170° viewing angle has been
achieved. Bistability has also been demonstrated for
maintaining displayed information for 30min after
power-off via density matching of the particle and the
aqueous droplet.
We believe that our proposed eMAP display technology

offers a wide range of advantages, including achieving fast
particle assembly at low voltage, employing easily acces-
sible and simple particle systems for sharp multi-color
and high contrast displays, while enabling a bistable dis-
play via the synergistic matching of selected particle and
fluids. The material preparation and the pixel fabrication
technology are developed based on the electro-fluidic
platform initially developed in our group. Further opti-
mization of the pixel arrangement and droplet array filling
techniques to increase the droplet coverage area, com-
bined with the improved display materials, could yield
higher-quality display performance. We believe that this
proposed eMAP-based display technique is an excellent
candidate for reflective displays, potentially for corre-
sponding application areas.

Materials and methods
Display devices
Figure 1a, b show a schematic of the device design. The

indium-tin-oxide (ITO)-glass slides were thoroughly
cleaned sequentially with detergent, deionized water,
ethanol, and isopropanol prior to use. The designed
electrode patterns, semi-elliptical electrode pairs with
365 μm pitch and gap distance of 60 μm arranged in a row
along a short axis of 130 μm, were fabricated using a
standard photolithography process in a cleanroom29. The
hydrophobic insulating layer of Hyflon with a thickness of
~140 nm was formed by spin-coating a Hyflon solution
(solid content of 2.5 wt%) on the patterned ITO-glass.
Oxygen plasma (Harrick Plasma, PDC-002) was used to

modify the Hyflon surface, and then spin-coating SU-8
2075 photoresist (Microchem, Newton, MA) on its sur-
face to form a 140–150 μm thick film. Subsequently, SU-8
grids with a width and length of 345 μm and a gap of
20 μm were fabricated using the second photolithography
step. To enclose eMAPD, a glass coverslip was used after
filling the SU-8 grids with W/O emulsions. Then AC
signals were applied to the ITO electrodes by a connected
function generator (AFG 1062, Tektronix, Inc., USA) and
an amplifier (ATA-2042, Aigtek Co., Ltd, Xi’an, China).

Materials
DI water was prepared using an Ultrapure Water Sys-

tem (Water Purifier, Chengdu, Sichuan, China) with an
initial resistivity of 18.25MΩ·cm. Blue (d, 4 μm), red (d,
5 μm) PS particles were purchased from Aladin (Shanghai,
China). Green PS particles (d, 4 μm) were purchased from
Tianjin Baseline Chromtech Research Center (Tianjin,
China). The silicon oil (5 cst) was purchased from Sigma-
Aldrich. Dyes of malachite green oxalate, rose bengal,
orange IV were purchased from Aladin (Shanghai, China).
Poly(ethylene glycol) diacrylate with Mn ~ 575 was
ordered from Sigma-Aldrich (Shanghai, China). Silicon oil
with surfactant KF-6017 (0.5% v/v) (ShinEtsu, Japan) was
selected as the continuous medium phase. Malachite
green oxalate, rose bengal, orange IV were dissolved in DI
water at concentrations of 0.045 wt%, 0.1 wt%, and
0.085 wt% to form dyed water phase, and poly(ethylene
glycol) diacrylate was dissolved at 0.5 wt% to stabilize
particles in aqueous phase. Colored particles with a solid
concentration of 12 wt% were dispersed in the dyed water
which was then added into the oil phase at a volume ratio
of 1:5.

Droplet array
As shown in Fig. 3a, the integrated eMAP device con-

sists of Teflon coated ITO electrode array and photoresist
(Microchem, SU-8 2075) grids with each droplet filled
with one aqueous droplet (including particles) and
immersed in an oil (dielectric) phase. The mixture of
water and oil were mechanically emulsified using a Vortex
Genie 2 (Scientific Industries, setting 4) for 10 s, followed
by filling the emulsion droplets into the grids via a screen-
printing method. Subsequently, an electrofusion method
is applied to obtain the monodisperse one-to-one paired
droplet in each pixel34. A top plate was then applied to
seal this device with the grid wall working also as a spacer
to form a stable eMAP display device. Figure 4e shows a
eMAPD with 2000 pixels (4 × 25 × 20).

Numerical simulation
COMSOL Multiphysics (Version 5.5) was employed to

simulate the E-field distribution in the pixel. The electric
potential was assumed to satisfy the Poisson’s equation.
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General deep learning framework for emissivity
engineering
Shilv Yu1, Peng Zhou2,3, Wang Xi1, Zihe Chen1, Yuheng Deng2,3, Xiaobing Luo1, Wangnan Li 2,3✉,
Junichiro Shiomi4✉ and Run Hu 1✉

Abstract
Wavelength-selective thermal emitters (WS-TEs) have been frequently designed to achieve desired target emissivity
spectra, as a typical emissivity engineering, for broad applications such as thermal camouflage, radiative cooling, and
gas sensing, etc. However, previous designs require prior knowledge of materials or structures for different applications
and the designed WS-TEs usually vary from applications to applications in terms of materials and structures, thus
lacking of a general design framework for emissivity engineering across different applications. Moreover, previous
designs fail to tackle the simultaneous design of both materials and structures, as they either fix materials to design
structures or fix structures to select suitable materials. Herein, we employ the deep Q-learning network algorithm, a
reinforcement learning method based on deep learning framework, to design multilayer WS-TEs. To demonstrate the
general validity, three WS-TEs are designed for various applications, including thermal camouflage, radiative cooling
and gas sensing, which are then fabricated and measured. The merits of the deep Q-learning algorithm include that it
can (1) offer a general design framework for WS-TEs beyond one-dimensional multilayer structures; (2) autonomously
select suitable materials from a self-built material library and (3) autonomously optimize structural parameters for the
target emissivity spectra. The present framework is demonstrated to be feasible and efficient in designing WS-TEs
across different applications, and the design parameters are highly scalable in materials, structures, dimensions, and
the target functions, offering a general framework for emissivity engineering and paving the way for efficient design of
nonlinear optimization problems beyond thermal metamaterials.

Introduction
All objects in nature emit thermal radiation outwardly

at anytime and anywhere in a broadband, non-selective,
incoherent, diffusive, and reciprocal manner1,2. Thanks to
the fast development of thermal metamaterials and
metasurfaces in recent years, thermal radiation has been
demonstrated to be engineered with comprehensive
control of spectral, directional, and dynamic character-
istics, enabling higher-efficiency radiative heat transfer

than the thermal radiation of natural objects3. Among
them, spectral emissivity engineering of thermal radiation
enables more applications, such as energy harvesting4,
thermal management5,6, radiative cooling7,8, thermal
camouflage9,10, infrared (IR) sensing11, far-/near-field
radiation control12, thermophotovoltaics13, thermo-
graphy14,15, heat-assisted magnetic recording16, etc. The
emissivity engineering aims to select materials and design
nanostructures to achieve specific functionalities with a
target emissivity spectrum. The common physics of
selective emissivity comes from the excitation of different
photon modes, which leads to the local enhancement or
suppression of the internal electric field, thus allowing for
control over the radiation emission at different wave-
lengths17. Wavelength-selective thermal emitters (WS-
TEs), as the main output of emissivity engineering, can be
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