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Abstract 
We are studying a color electrophoretic imaging display. This 

display has an electrophoretic liquid, which contains non-
electrophoretic particles, positively and negatively charged 
electrophoretic particles. We fabricated five kinds of white, black 
and magenta electrophoretic particles using chemical 
polymerization technique, and developed two types of 
electrophoretic dispersion liquid. One type contains positively 
charged electrophoretic magenta particles, negatively charged 
electrophoretic black particles, and non-electrophoretic white 
particles. The other type contains negatively charged 
electrophoretic magenta particles, positively charged 
electrophoretic black particles, and non-electrophoretic white 
particles. This display has three colored states, which are 
controlled by two driving electrodes. The two driving electrodes 
and a common transparent electrode were set on the back and 
front glass plate in this display cell, respectively. For the first 
state, the two driving electrodes were set at positive voltage so that 
negatively charged electrophoretic particles appeared at the visual 
surface. For the second state, the two driving electrodes were set 
at negative voltage so that positively charged electrophoretic 
particles appeared at the visual surface. For the third state, the 
two driving electrodes were set at opposite voltages to each other 
so that non-electrophoretic white particles appeared at the visual 
surface. 

Introduction 
It will be expected that electronic papers will be flexible and 

light display in the future. There are many types of method in 
electronic papers. Electrophoretic Image Display (EPID) is one 
type of them, and produced on a commercial basis as a black and 
white electronic paper. If YMC or RGB color filter is applied to 
this electronic paper, colored states can be indicated easily. 
However, there is a problem of low reflectivity and contrast, and it 
has not come to the practical use of the color EPID. 

We reported the color EPID without the color filter in order 
to heighten the reflectivity and contrast. (1 This color EPID had two 
driving electrodes and an electrophoretic liquid that contained 
three kinds of particle. For example, the first particle is non-
electrophoretic particle and white particle; the second particle is 
positively charged electrophoretic particles and black particle; the 
third particle is negatively charged electrophoretic particle and 
red particle. In this case, this color EPID indicates black, red and 
white state by setting two electrodes at positive voltages, negative 
voltages and opposite voltages respectively. (Fig.1) 

 
 
 

Figure 1. Schematic illustration of color EPID 

We reported that the first particle was composed of 
polyvinylnaphtalene (PVNp); the second and third particles were 
composed of dry toners of electrophoto-graphy(1. Generally 
speaking, a diameter of a dry toner is between 5 and 10 
micrometers, and a diameter of an electrophoretic particle in 
black and white EPID is between 0.1 and 0.5 micrometers. 
Therefore mass of dry toner is heavier than that of electrophoretic 
particles, and dry toner is not easy to move in insulating liquid. 
For electrophoresis, toner particles required a high applying 
voltage over ±50V to indicate three colored states. The purposes 
of this study is to design positively and negatively charged 
electrophoretic particles, which is suitable for our color EPID, 
and achieve a low applied voltage to indicate three colored states. 

Experiment 
In our color EPID, PVNp that is non-electrophoretic white 

particle is main component. We suppose that two types of 
electrophoretic liquid are suitable for PVNp. One type contains 
positively charged electrophoretic color particles, negatively 
charged electrophoretic black particles, and PVNp (Type1). The 
other type contains negatively charged electrophoretic color 
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particles, positively charged electrophoretic black particles, and 
PVNp (Type2). 

Preparation of Type1 Electrophoretic Particles  
According to Charles H. Honeyman et at. (2, positively and 

negatively charged electrophoretic particles were fabricated with 
graft-polymerization. More accurately, carbon and titanium 
dioxide particles were polymerized with 2-ethylhexyl groups and 
lauryl groups, respectively, for positively and negative charged 
electrophoretic particles. In the same way, we polymerized black 
and color particles. 

We polymerized quinacridone pigments with 2-ethylhexyl 
groups for positively charged electrophoretic particles, and 
prepared these particles as magenta color particles. (Sample #1) 

Previously, we had confirmed that carbon could not be 
polymerized with lauryl groups for negatively charged 
electrophoretic particles. Therefore, we focused on compounds of 
titanium dioxide and titanium nitride as another black particles. 
These compounds are produced by reducing titanium dioxide, so 
that the color change from white to black and blackness degree is 
in proportion to amount of titanium nitride. We predicted that 
these compounds could be polymerized with lauryl group as same 
as titanium dioxide could. We used compounds in which the ratio 
of titanium dioxide to titanium nitride was 50 to 50wt%, and 
polymerized these compounds with lauryl groups. (Sample #2) 

Preparation of Type2 Electrophoretic Particles  
In liquid process of electrophotography, Tsubuko had 

researched liquid toner particles, which consisted of negatively 
charged particles. (3 We studied whether these liquid toner particles 
were applied to negatively charged electrophoretic particles in our 
color EPID. We prepared four types of liquid toner particles, 
which color were magenta. (Sample #3-1,2,3,4) 

Table 1 Liquid Toner Particles 
Sample Pigment Side chain Diameter 

(nm) 
#3-1 PimentRed184 Laurylmethacrylate 

Methylhexyl-
methacrylate 

700 

#3-2 PigmentRed57 Laurylmethacrylate 
Methylhexyl-
methacrylate 

700 

#3-3 DisperseRed92 Abietic acid 300 
#3-4 DisperseRed92 Abietic acid 150 

 
We prepared carbon particles that were polymerized with 2-

ethylhexyl groups for positively charged electrophoretic particles. 
(Sample #4) But we predicted that these carbon particles could not 
be suitable for those liquid toner particles. These carbon particles 
needed additional substances; surfactant and charge control agent 
(CCA), for dispersion and positive charge. On the other hand, 
those liquid toner particles did not need additional substance, 
because those particles dispersed and had charges by themselves. 
When carbon and liquid toner particles are mixed, surfactant and 
CCA may affect those toner particles harmfully. 

In order to correspond this problem, we examined self-
dispersing and self-charged particles, which is black and positive 

charge. We had polymerized monomers, which contained basic 
groups, on particles, so that particles had coated with polymers. (3 
These monomers had supplied core-particles with dispersion and 
positive charge. We prepared methylmethacrylate (MMA) and 
dimethylaminoethylmethacrylate (DMAEMA) as a monomer, and 
some thicknesses of polymers that coated carbon particles. 
(Sample #5-1,2,3) 

Table 2 Carbon Particles 
Sample Type Side chain / 

Monomer 
Diameter 
(nm) 

#4 Graft 
Polymerization 

2-ethylhexyl group 250 

#5-1 Polymer 
Coating 

MMA 
DMAEMA 

360 

#5-2 Polymer 
Coating 

MMA 
DMAEMA 

330 

#5-3 Polymer 
Coating 

MMA 
DMAEMA 

290 

Results and Discussion 

ζ-Potential Measurements 
Mobility of electrophoretic particle is in proportion to ζ-

potential. We measured ζ-potential of all samples in order to select 
effective samples for electrophoretic particles. (Malvern 
Instrument Ltd.: Model Zetasizer 3000HS) ζ-potentials are shown 
in Table 3. 

ζ-potentials of sample #1 and #2 were positive and negative 
sufficiently for TypeΙ electrophoretic liquid. 

ζ-potential of sample #3-4 was the most negative of the 
sample #3 series. We adopted sample #3-4 for Typeζ 
electrophoretic liquid. On the other hand, it was difficult to select 
sample #4, #5-1, #5-2, and #5-3. Sample #4 may be incompatible 
with sample #3-4. ζ-potentials of sample #5-1, #5-2, and #5-3 were 
extremely low, and could not be distinguished. We tried to examine 
all of four samples whether these were compatible with sample #3-
4. 

Display Table 3 ζ-potential 

Sample ζ-potential 
Average (min. ~ max.) Color Type 

#1  51.3 ( 45.9  ~  54.9) mV Magenta
#2 -14.0 (-19.7  ~ -10.2) mV Black 

TypeⅠ 

#3-1 -18.2 (-28.2  ~  -7.9) mV Magenta
#3-1  -3.3 ( -4.6  ~  -2.5) mV Magenta
#3-3  -0.8 ( -1.2  ~  -0.6) mV Magenta
#3-4 -45.0 (-63.0  ~ -34.5) mV Magenta
#4   49 (  30  ~   60) mV Black 
#5-1   1.4 (  0.8  ~  1.7) mV Black 
#5-2   2.1 (  1.7  ~  2.2) mV Black 
#5-3   1.4 (   0  ~  3.3) mV Black 

TypeⅡ 
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(a) Magenta state  (b) Black state      (c) White state 

Display Properties of Color EPID 
We used color EPID cell; the surface area was 1 cm square; 

two driving electrodes were set alternately; spacer was 100 µm in 
thickness, as shown in Fig.2. 

Figure 2. Schematic Experimental Cell 

Type1 electrophoretic liquid consisted of 2wt% sample #1, 
2wt% sample #2, 25wt% PVNp, 0.5wt% surfactant, 0.5wt% CCA, 
and 70wt% nonpolar solvent. The surfactant was Span85 (Wako); 
the CCA was Solsperse17000 (Avecia); the nonpolar solvent was 
IsoparG (Exxon). This type1 electrophoretic liquid was injected 
into the color EPID cell like Fig.2. We measured reflectance of 
magenta and black at wavelength of 650nm by applying same 
voltage into two driving electrodes. In this color EPID, magenta 
and black states could be indicated easily with over ±20V, as 
shown in Fig.3. On the other hand, it was possible to indicate 
white state by applying varied voltages into two driving electrodes 
after repeated trial and error. Fig.4 shows photographs of 
magenta, black, and white states in this color EPID that consist of 
type1 electrophoretic liquid. Reflectance of white state was about 
40% and 50% at wavelength of 550nm and 650nm respectively.  

Figure 3. Reflectance of black and magenta states consisting of sample #1, 
#2, and PVNp. Same voltage were applied to two driving electrodes. 

Figure 4. Photographs of color EPID consisting of sample #1, #2, and PVNp. 
(Size: 1cm×1cm) 

Type2 electrophoretic liquid consisted of 2wt% sample #3-4, 
2wt% sample #4, 25wt% PVNp, 0.5wt% surfactant, 0.5wt% CCA, 
and 70wt% nonpolar solvent. The surfactant was Span85 (Wako); 
the CCA was Solsperse17000 (Avecia); the nonpolar solvent was 
IsoparG (Exxon). In case of sample #3-4 and #4, three- color 
states could not be indicated with any applied voltages. We 
guessed that particles of sample #3-4 and #4 cohered tightly and 
could not be separated with any applied voltages. 

Another type2 electrophoretic liquid consisted of 2wt% 
sample #3-4, 2wt% #5-1 (#5-2, #5-3), 25wt% PVNp, and 71wt% 
nonpolar solvent. The nonpolar solvent was IsoparG (Exxon). 
Sample #5-1 was the best magenta and black states of three 
samples. Fig.5 shows reflectance of sample #5-1 at wavelength of 
650nm. In this color EPID, magenta and black states could be 
indicated easily with over ±20V. However, it was not so easy to 
indicate white state as well type1. Fig.6 shows photographs of 
magenta, black, and white states in this color EPID that consist of 
type2 electrophoretic liquid. Whiteness degree of type2 was over 
50 %, and higher than that of type2.  

Figure 5. Reflectance of black and magenta states consisting of sample #3-4, 
#5-1, and PVNp. Same voltage were applied to two driving 
electrodes. 
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Figure 6. Photographs of color EPID consisting of sample #3-4, #5-1, and 
PVNp. (Size: 1cm×1cm) 

It was not easy to indicate white state in either type1 or 2. We 
suppose that the difficulty of displaying white state was due to 
improper ratio among magenta, black and white particles. The 
amount of magenta particles was relatively much for white 
particles, so that magenta and white particles mixed at white state. 

Another cause could be non-optimization of cell structure that 
was used in our experiment. By the way, when white state was 
indicated, magenta and black particles were set on two driving 
electrodes respectively and any particles were not set on the visual 
surface. To put it another way, magenta and black particles needed 
to be electrophoresed between two driving electrodes and not to be 
done between driving electrodes and visual surface at white state. 
In our experiment, driving electrodes were 100µm width and cell 
was 100µm depth. Distance between two driving electrodes was 
similar to that between driving electrodes and visual surface, so 
that electrophoresis between driving electrodes and visual surface 
could be occurred as well as that between two driving electrodes. 

Conclusions 
We could design positively and negatively charged 

electrophoretic particles that were suitable for our color EPID and 
achieve low applied voltages. 

References 
[1] Hiroshi Endo, Sakiko Nakamura, Nobukazu Miyagawa, and Takashi 

Kitamura: ISJ Imaging Conference Japan 2007 p33-35. 
[2] Charles H. Honeyman et al.: USP2002/0185378 
[3] Kazuo Tsubuko: Ricoh Technical Report, 1982, 9, p22-28 
[4] Masahiro Yanagisawa: Ricoh Technical Report, 2002, 28, p101-106 

Author Biography 
Masahiro Masuzawa received his B.S. and M.S. in applied 

physics from Tohoku University in Sendai, Japan, in 1988 and 
1990, respectively. In 1990, he joined the Research and 
Development Group at Ricoh Corporation. Now he is developing 
paper like display. 
 

(a) Magenta state   (b) Black state       (c) White state 

NIP24 and Digital Fabrication 2008 Final Program and Proceedings 149


	155
	46
	219
	245
	18
	119
	57
	137
	100
	103
	63
	104
	101
	165
	116
	69
	127
	159
	199
	130
	86
	140
	150
	151
	226
	246
	223
	167
	222
	175
	185
	186
	85
	71
	109
	75
	58
	93
	61
	99
	124
	205
	98
	247
	200
	237
	134
	162
	80
	201
	102
	89
	178
	147
	146
	215
	111
	183
	115
	154
	74
	113
	114
	177
	253
	11
	33
	22
	24
	38
	40
	8
	9
	19
	14
	15
	92
	195
	156
	67
	70
	181
	221
	68
	94
	231
	83
	95
	96
	53
	133
	112
	225
	148
	62
	168
	230
	170
	66
	189
	232
	172
	214
	257
	54
	169
	174
	160
	126
	55
	52
	143
	84
	157
	120
	184
	163
	117
	78
	135
	136
	192
	252
	3
	28
	23
	20
	34
	43
	27
	47
	48
	64
	121
	76
	141
	216
	224
	211
	188
	190
	202
	82
	118
	244
	212
	105
	227
	196
	97
	243
	158
	65
	123
	206
	166
	138
	125
	152
	72
	209
	51
	110
	161
	204
	194
	233
	144
	128
	228
	234
	235
	255
	250
	249
	42
	17
	7
	39
	44
	16
	2
	21
	254
	25
	12
	37
	31
	50
	73
	106
	198
	229
	164
	56
	142
	176
	87
	187
	179
	180
	90
	81
	197
	239
	182
	242
	193
	203
	60
	122
	59
	88
	79
	107
	207
	149
	139
	171
	210
	236
	258
	240
	256
	241
	36
	30
	26
	10
	29
	32
	5
	6
	35
	4
	41
	45
	49



