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Fig. 1. Working principles of mainstream display devices:
(a) LCD (liquid crystal) display, based on modulation of
backlight transmisssion; (b) OLED (organic light-emitting)
display, based on self-emission by conversion from electri-
city to light; (c) E-Paper (electronic paper) display, based
on modulation of reflective light from environment.
)2 — AR 40U e F BT S T E R
Ty =100 g ) F LA 1) BEAUML S i A Bl 3]
4tk b p B AT IE R 2) M AU, (R PR
FOtRGE, ¥l & rahbdisg; 3) AR A, Rl
G, R e B A SRS IR | A K. Dt
TR AE S U, BT RE 0 L
SRR H AT R LR A BT
WRLA 2R B L VK R (EPD) LTI AR R
TR 7R (EWD). Ho B UK H 40 o A i 3
PN R €2 L AN (] P s R TR S A A% 30, AT
SCHUR RIS R B, i 2 iR, iZ 4R HEre
Iz T R AR i, R R S E T
P FENE (=100 ms), % OF AL /D (4096 i),

Cross-section of electronic-ink microcapsules

Top transparent
electrode TN

a3 A (13% NTSC), DA I JC 325 4% OO0 55 FuE LA
BonE e, BRE T H LR B — AT A
.

1.2 HEEBEFREREN

FLIFERE R BIME & 1 Beni 5 Hackwood !
1 Beni 5 Tenan!"? 43 JI| 7E 1981 4- 41 i, H A&7
T SR A F T R RN HR MR AE AR R A% T Y
a3, TSRS R NG s [ A, AT DL
S BRI R I 7 T R TR I 68 s B R] A U 46
1875 4F, B PBL#FK Gabriel Lippmann!' W25
TERFHLRIE (OK) Z [E e He ) oA 25 & E
TRE, UL A BAING, WHR T R E R REE;
FRHR T E 4 R SE A S Young-Lippmann
JrFE. 1993 4F, Bergel' $ T 2 1 FELTETE,
BRI A L T I R P s B B il 2003 4F, far 2= BF
5% 1 Hayes fll Feenstra™ 7£ Nature 2% I &k 3
SCEE, B T R AR R R O ) W] 4 T
P, K F T 7 (R A A [ T ) o

FEERR L, 25 KB o B TR Rk ih T
Xt EWD RYZERIFLA 0T 5T, A4 47 22 AT 5T
B . I RIS AZ L AL | 6 B2 SR IR ER KA | fr
2LRESCRRR2EAE, 7E EWD s st il T2
S TARAR U T ARG R, AL T8se . &
FIR 28 Al IR B EWD BRI AR K 47 Ml A H
BV R B RITT 1, T 2006 485728
F) Liquavista, 7 S2AENS £ T ML BLIZ U809 7=l
k. HikFey, =8 5ERY hiAE Rk EWD
FHCE AR L A= AR . 5350, e+ Fi Sk

Sub-capsule addressing
enables hi-resolution
display capability

Positively
charged white

@ pigment chips

Clear fluid

+ +
Light state

Negatively
charged black @
pigment chips

\\_“ / Bottom electrode

Dark state

B2 HLPKL AR SRR ol A 2 A 7 R S e O R e it o e 7 4 A e B iR P R MORLIZ B, Bl A ()L K

o () RBRE () KB R

Fig. 2. Working principles of electrophoretic e-paper display. Microcapsules are composed of positively charged white pigment chips

and negatively charged black pigment chips. Particle motion is controlled by polarity and strength of external electric fields, result-

ing in display of white (left), grey (middle), and black (right) colors.
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Fig. 3. Working principles of electrowetting e-paper display. Binary phase fluids composed of colored oil and transparent water are

controlled by strength of external electric fields, resulting in color modulation: (a) Without electric bias; (b) with electric bias.
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Fig. 4. Schematics of electrowetting.
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Fig. 6. Typical electrowetting characteristics in experiments.
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TR, &) TIMTIHE. ZOr i N LR E,
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UINFHEXS Y HOT R YR B D el
B, JHER IS ) B R R O B, FEIA
FEFI RN, IR AR WO RS R T sl e
Jrge. BefEBLR Y NS 7 R ARk . T NS J7
R — B 159

0
p(U+U~Vv> =Vp+ f+uViv, (13)

ot
0
b p VbR R (G B ), (ot

v Vo) WU, 45 AT Ik,
e NS J FET AT 2 S F = ma HOTE
A R, 455 2230 0 ST U
02 e, AR W, e 0 A R AL

(a) Particle methods (b) (c) Navier-Stokes
= PO 4 i T
. L s
i sa e 7
N
° ™~
“a L . N
< v -
4 i_ .
. k! (® %
’,'. . et 1 TN
Particles position ‘ istribution functions ci u
_. and momentum s 3

Microscopic Mesoscopic Macroscopic
scale scale scale

7 WK RIERBEHISE  (a) BOWRBE: 237317, (b) MUURE: 3 FYURZE 2T, (o) EMNL: PIA4EiRFE s i i
Fig. 7. Fundamental theoretical methods for fluid systems: (a) Microscopic scale: molecular dynamics; (b) mesoscopic scale: lattice

Boltzmann method; (¢) macroscopic scale: Navier-Stokes equation.
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05 3
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Cahn-Hillard J5 £ A (46l
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H FRIC T (finite element method) J&—Ff
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B LT EATT (BSHik), SR 5 3 i XX L6 BTtk 74K
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PRI 1% (computational mechanics) f &l
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foo () = HEOEELED 0.2) o)
fi () = LEVZT @1 6 ) a9
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5 WPk A FErp e I PA TR — Pl R R AP
Bk, BT AR TR

A BRIT Tk P 08 78 T A L 2 B AL Ay
BROT KA. AR AT R, PO AR e U355 ok
(B[] i 75 2 A VT3 B IR o TR, R
P A Jas ¥ 0 ) D7 Rk AT TR AN, AR AR A
PRIEZR R, TEPIAH S RN T, e B AR A
G, FETERS ZOR M S A RS DRAIETT 50K B A
BEAHUOR AR, DU AT 3 Y A I B R R, AR

S PRI A S K A sh A, ik o

208501-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 20 (2023) 208501
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Enskog &I HIE T nl ol )5 4 NS J5 . 4 #E
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W ANASPE) SRR . X R B R 2R 4F, T
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XoF T THT [v] FL 0 ' F 8 42 1 O A AR AR R

LBM HATE A H iy AEALE 16.55] -] FAgi iy 1561

P B AR Y 758 R B I T A A 19001 25 %
Py BAG R AT LA RS R 4 | EOANARYE | AR
T I PIAR AR B )% LBM [ 5L i Mz Ho
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Fig. 8. Process of lattice Boltzmann method for computa-

tional fluid mechanics.
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far RS-0 AR (MY AE XU J2) 192, iy 2 I
28, RET 22— —EBRENY 82, M
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P2 B HBEE 61, Stern 2RI Tt — 2 T
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Table 1.  Overview of modeling of ion dynamics in fluids.

ity HERHIE

[jEF et

Helmholtz
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Stern/ZE /N TSR R T
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(a) (b)

Diffuse layer

(c) Helmholtz layer Diffuse layer
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1
1
1
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1
1
1
1
1
1
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B9 MEWATMERMETHE TS (a) Helmholtz #i5Y; (b) Gouy-Chapman %7 ; (¢) Gouy-Chapman-Stern 15 %I
Fig. 9. Ion distribution near solid-liquid interfaces under electric stress: (a) Helmholtz model; (b) Gouy-Chapman model; (¢) Gouy-

Chapman-Stern model.
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Fig. 10. Different wetting states of a liquid droplet at a
rough solid surface: (a) Wenzel statel; (b) Cassie-Baxter
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B 11 U S BN ET L/ R ATHAN R A (a) AT 0 (b) EMMAET 0+ o; (o) HMAKT 0+«

Fig. 11. Pinning/depinning effect due to geometric structures: (a) Contact angle = 0 ; (b) contact angle = 6 4 «; (c) contact angle
>0+ .
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Fig. 12. Pinning/depinning effect due to wetting gradients: (a) Wetting gradient patterns fabricated by surface treatment processes(™;

(b) measured contact angle as a function of droplet volumel[™.
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Fig. 13. Charge transfer induced electrochemical reactions and degradation mechanisms in electrowetting display devices!™.
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Fig. 14. Chemical structure of anthraquinone-type dye molecules for electrowetting display(™!.
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Fig. 15. Chemical structure of azobenzene-type dye molecules for electrowetting display.

R R
{ on Nﬁw
N. Row J N
O A O
N\
Rg

ZEHyiE 16 ZEREA1T7

16 AR me bR 280 F 3 3 7R Rt

Rio

/

218

Gk

Fig. 16. Chemical structure of pyrazolone-type dye molecules for electrowetting display™
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Fig. 17. Chemical structure of metal-complex-type dye molecules for electrowetting display.
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Fig. 18. Chemical structure of organic-perylene-type dye
molecules for electrowetting display.
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Fig. 19. Practical various-color oils for electrowetting display and their absorption spectra.
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Fig. 20. Full-color electrowetting display device structure

based on color filters®l,
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Fig. 21. Transmissive full-color electrowetting display

screens based on color filters: (a) §~0°8!; (b) §~50°81.
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Fig. 22. Color gamut of transmissive full-color electrowet-

ting display screesn based on color filters(!.
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Fig. 23. Principle of subtractive color mixing.
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Fig. 24. (a) Structures of three-layer superposed color electrowetting display; (b) principles of three-layer superposed color elec-

trowetting display and (c) methods of color mixing[®.
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Fig. 25. Prototype of full color electrowetting display devices (a) based on three-layer superposition and its color gamut (b).
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Ho2 MU R B A 4 b PR 1)

Table 2.  Overview of common dielectric materials and their properties used in electrowetting display devices/*™=%.
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Fig. 28. Microscopic physical mechanism of leakage current

through dielectric materials®?,
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Fig. 29. Failure process of electrowetting display devices under thermal accelerated aging experiments!94.
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¢ The net phonon
emission of a trap is
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tunneling (TAT) model described by fourier
¢ heat equation including
image heat sources
Solving the coupled 3D master equation
and poisson equation
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Fig. 30. Flow diagram and physical modeling of dielectric breakdown for polycrystalline thin films!?l.
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(a) +
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Fig. 31. Liquid DEP phenomenology: (a) Dielectric liquid
drawn into a strong electric field®”; (b) bubble repelled
from a strong electric field®”; (c) controlled liquid profile
with surface parallel to the applied electric field7.
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Fig. 32. Liquid DEP experiments with micro liquid moving

7
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~3 cm

upwards until DEP is balanced by gravity. Dielectric oil
moves upwards within the slit between two parallel co-
planar electrodes, with the cross section of the liquid in a

semi-circle shape parallel to electric fields!"”.
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Fig. 33. Isotherms for a fluid under natural convection, with
different Rayleigh numbers: (a) Ra = 1031 (b) Ra =
104 9; (¢) Ra =105 "); (d) Ra = 105 199,

(a) 1 (b) 1
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Fig. 34. Streamlines for a fluid under natural convection, for
the four cases in Fig. 33: (a) Ra = 103 ; (b) Ra = 10% 99;
(¢) Ra=10°%1; (d) Ra = 106019
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Fig. 35. Effects of electrowetting on bubble ebullition at on-
set of nucleate boiling: (a) Without electrowetting®; (b) with
AC electrowetting!?l.
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Fig. 36. Droplet transport driven by temperature gradient, with opposite directions for hydrophilic and hydrophobic surfaces:
(a) Droplet centroid position as a function of time”; (b) streamlines and isotherms for hydrophilic and hydrophobic cases"".
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Fig. 37. Transient behavior of oil rupture in electrowetting
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Abstract

Electrowetting refers to the phenomenon of modifying the surface tension between a liquid and a solid by
adjusting the externally applied electric potential between the liquid and solid electrodes, thereby changing the
contact angle between the two and causing a deformation and displacement of the droplets. Electrowetting
electronic paper display is a new reflective “paper-like” display technology based on a rapid response
microfluidic control technology. It has the advantages of low energy consumption, visual health, and flexibility
of commercial electrophoretic electronic paper display products, while breaking through the bottlenecks of “full-
color” and “video-speed response” that currently restrict the application of electronic paper display technology.
In this paper, several physical directions involved in electrowetting display devices, especially wetting and
electrowetting, binary phase fluid mechanics, microscopic and interfacial physics, photophysics, dielectric
physics, thermophysics, and transient physics, are systematically reviewed; the basic principles of device
operation, microscopic and mesoscopic physical pictures, internal mechanisms of device operation, and device

reliability are also discussed in detail.
Keywords: electrowetting, device physics, reflective display
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