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Abstract
Reflective displays have stimulated considerable interest because of their friendly readability and low energy
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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



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,



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.











(~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 μ



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



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 (



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
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