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bstract. The aim of the present research is to study the effects of
itanium dioxide (TiO2) and dye concentrations on the optical char-
cteristics of the rewritable media. The influences of TiO2 and dye
oncentrations on the optical characteristic and time response were

nvestigated under various applied voltages and voltage cycles. The
rightness change during each experiment was recorded in the mo-

ion JPEG mode and data analysis was done with a personal com-
uter program. The optimal concentrations of TiO2 and dye were
ound at 6 and 0.2–0.3% w/w, respectively, which yielded a good
esult of black-white contrast. The time response decreased when
ncreasing the applied voltage, TiO2, and the dye concentrations.
he applied voltage also affected the optimal black-white contrast.
he present work suggests that rewritable paper can be improved
hen the optimal conditions of the paper are achieved. © 2007 So-
iety for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:2�190��

NTRODUCTION
s a result of rapid information technology developments in

ecent years, paper consumption for printing using elec-
ronic printers, such as electrophotographic printers and ink
et printers has increased dramatically. A certain amount of
aper is used for data confirmation or document prepara-
ion. To decrease this paper consumption and preserve for-
sts, an electronic paper technology has originated.1 There
re two main approaches to creating electronic paper,
rinter, and display technology, which can be seen in revers-

ble coloring reactions of leuco dye,2–4 liquid crystal,5,6 twist-
ng ball,7,8 dry toner motion,9–12 thermal magnetophoresis,13

nd gyricon.14 The writing methods are divided into four
ain methods namely electrical, magnetic, light, and ther-
al writings, which are used with both categories of elec-

ronic paper (a paper-like display and rewritable paper). The
dvantages and disadvantages of each type of electronic pa-
er depend on the writing method and the components in
aper media.15

Electronic papers are prepared from a dye complex,
hich is composed of three main components, namely the

oloring agent, the developing agent and the binder resin.16

eceived Mar. 2, 2006; accepted for publication Dec. 20, 2006.
062-3701/2007/51�2�/190/7/$20.00. l

90
he major advantages of the dye complex system are the
ossibility of modulating the transition temperature at a
ide range and the production of multicolored images. The
umber of writing and erasing cycles of some kinds of the
ye complex material using a thermal head or bar capable of
potheating without affecting optical density could be only
00 times of usage.17 The composition of liquid crystal re-
ritable recording media is based on smectic liquid crystal
ecause of its bistability during a phase change between the
paque and transparent states.18,19

Recently, a new rewritable media has been proposed us-
ng electrophoresis and selected heating for which previous
tudies showing excellent visibility can be achieved. Hoshino
nd co-workers20 have developed a rewritable media, which
s composed of TiO2 covered nylon particles as white par-
icles, dye, and molten carnauba wax (under heating) as a

edium. The mechanism of this rewritable media is shown
n Fig. 1. At the initializing stage, when the rewritable media
as heated and voltage was then applied, the TiO2 particles
oved to the upper side connected to a negative electrode.
hus, the upper side became white and the bottom side
ecame black. At the imaging stage, after reversing the po-

arity of the voltage and heating a selected area, only the
arnauba wax in the selected area was melted and the TiO2

articles moved from the upper side to the bottom side re-
ulting in a color difference which appeared as an image.

igure 1. Mechanism of rewritable media by electrophoresis and se-

ected heating.
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he solidified wax after cooling to room temperature caused
he image to be of high stability and wide view-angle visibil-
ty. However, TiO2 covered nylon particles do not show ad-
quate whiteness due to the mixing method at the sample
reparation stage. The aim of the present study is therefore

o develop a rewritable medium using TiO2, dye as a color
enerator, and a surfactant. In addition, mixing and heating
equences are able to influence image visibility so the effects
f the TiO2 concentration, the dye concentration, the ap-
lied voltage, and voltage cycles on image visibility have been

nvestigated.

XPERIMENT
he materials used in the rewritable medium were carnauba
ax (Hayashi Chemical, Japan), HBB oil black dye or an-
ther name of Sudan Black 3 (Solvent Black 3 C.I. 26150,
rient Chemical Industries Ltd. Japan, its chemical structure

s presented in Fig. 2 as indicated as a type of azo dye), and
iO2 (particle size of 0.25 �m, Ishihara Sangyo Kaisha, Ltd.

apan). First, the carnauba wax was melted and mixed with
he black dye. Next, TiO2 and 2.5% w/w of the surfactant
SAT, its IR spectrum is shown in Fig. 3 to indicate some
ossible functional groups as follows: �–OH, 3471 cm−1,

–NH, 3308 cm−1, �=CH, 3085 cm−1, �–CH, 2916 and
856 cm−1, �–NH, 1647 or �–C=C, cm−1, �–C–N, 1466 cm−1,

–C–O–C–, 1221 cm−1, �–O–C,–C–O–C, 1022 cm−1; its func-

Figure 3. IR spectrum of SAT.

igure 2. Chemical structure of HBB oil dye �Solvent Black 3 C.I.
6150�.
. Imaging Sci. Technol. 51�2�/Mar.-Apr. 2007
ional groups imply that it may be a cationic surfactant)
ere added to the dyed carnauba wax at a temperature of
20 °C. After cooling, this mixture was cut and placed on an

ndium tin oxide (ITO) glass. Another piece of ITO glass
as assembled with the first ITO glass separated by a piece
f polycarbonate spacer with a thickness of 200 �m as
hown in Fig. 4. This sample cell was put in an oven, and a
pecific voltage was applied when the temperature had
eached 100 °C. The brightness change during the experi-

ent was then recorded with a digital camera (Minolta:
iMAGE Z1, Tokyo, Japan). After cooling to room tempera-

ure, the reflectance spectra were measured by colorimetry
Minolta: CM-2022, Tokyo, Japan). For the voltage cycle ex-
eriment, the experiment was done in similar conditions as
escribed above but the voltage polarity was reversed after

he voltage had been applied at 3 min/cycle. Details of the
aterial components and setup conditions of the experi-
ents are shown in Table I.

The time response of the reflectance �t1/2� of both sides
f the sample cell was measured using the same digital cam-
ra for recording the brightness change during each experi-
ent in a motion JPEG mode. Then the motion JPEG data
ere analyzed using a personal computer program. More
etails of the measurement have been described elsewhere.20

RESULTS AND DISCUSSION
Effect of TiO2

Concentration
When the sample cell was
heated, the dyed carnauba wax
melted and the TiO2 particles,
possessing positive charges,
moved from the ITO glass con-
nected to the positive side of the
applied voltage to the negative
side. The movement of TiO2 re-
sulted in the reflectance differ-
ence between the ITO glasses. As
shown in Fig. 5, the result shows
that the percentage reflectance of
the negative side (the white side,
W) increases with increasing
TiO2 concentrations caused by
increases in the amount of TiO2

on this side. On the other hand,
the percentage reflectance of the
positive side (the black side, B)

Figure 4. Sample cell.
was comparably low when 1, 2.5,
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r 6% w/w of TiO2 were used. The low percentage reflec-
ance was caused by the black color of the dyed carnauba
ax on this side, which obstructed the TiO2 reflectance.
owever, TiO2 concentration 10% w/w yielded an increase

n the reflectance on the positive side. This result indicates
hat a high concentration of TiO2, inducing a thick TiO2

ayer in the negative side, adversely affected the percentage
eflectance of the positive side by increasing the percentage
eflectance due to the inherent whiteness of TiO2. In this
ase, the optimal concentration of TiO2 was found to be
% w/w, because it gave a high reflectance of the negative

ide and a low reflectance of the positive side. This difference
n the percentage reflectance could provide a better image
ontrast. The t1/2 of the particles moving to the negative side
the increase direction) decreased when TiO2 concentration
ncreased as shown in Fig. 6. However, the effect of TiO2

oncentration was not observed for t1/2 on the opposite side,
hich is the positive side (the decreasing direction). In the
resence of a high TiO2 concentration, the distance between

he TiO2 layer on the positive side and the ITO glass on the
egative side decreased. The movement of TiO2 to the nega-

ive side was faster due to the shorter distance. This caused

Table I. Components and conditions of the experiment.

Condition

xperiment
TiO2

�% wt�
Carnuaba wax: Dye

�100: X� Voltage �V�

. TiO2 concentration 1, 2.5, 6, 10 0.3 100

. Dye concentration 6 0.1, 0.2, 0.3, 0.6, 1 100

. Voltage cycle at

ravity falling 6 0.2 10, 20, 50, 100, 200

oltage falling 6 0.2 50, 100, 200

. Dye concentration
nd voltage cycle

6 0.05, 0.1, 0.2, 0.5, 1 100

igure 5. Reflectance spectra of various TiO2 concentrations �both the
ositive �B for black� and the negative �W for white� sides�.
he time response �t1/2� to decrease. c

92
ffect of Dye Concentration
hen the dye concentration was increased, the percentage

eflectance of both the negative and positive sides decreased
s shown in Figs. 7 and 8. The reflectance of the positive side
as only affected by the dye because TiO2 would move from

he positive side to the other side by the applied voltage. On
he other hand, the percentage reflectance of the negative
ide was a summation of TiO2 and dye reflectance. It was
ound that when a dye concentration of as high as 0.6 or
% w/w was used, the reflectance of the negative side was
lso very low and led to low contrast images. At 0.1% w/w
ye concentration, the result shows insufficient black density
n the positive side. When dye concentrations were 0.2 and
.3% w/w, they gained a high percentage reflectance on the
egative side and still maintained a low percentage reflec-

ance on the positive side. The big difference between the
lack and white reflectances produced high contrast images.
hus, the optimal dye concentration could be either 0.2 or
.3% w/w.

ffect of Voltage Cycle
irst Cycle with TiO2 Falling by Gravity
he first cycle was started by letting the TiO2 particles in the

ample cell come under normal gravitational force for
0 min, and then the voltage was applied to the sample cell,

n order to investigate the combination of the voltage and
ravity effects. The results indicated that the optimal black-
hite contrast, crossover between the increasing and the de-

reasing brightness of the positive side and negative side
hen TiO2 moves, was obtained when applying 100 or
00 V, whereas no crossover was observed at 10 or 20 V.
his indicated that TiO2 could not reach the negative side
hen the applied voltage was low at 20 V (Fig. 9). Figure 10

llustrates the brightness contrast at 100 V.
According to electrophoresis theory,21 the TiO2 particles

eel a force pushing them in one direction. The force in-
olved due to the electric field acting on the charge of the
iO2 particle is represented as

F = QE , �1�

here F is the force, E is the electric field, and Q is the net

igure 6. Time response �t1/2� as a function of TiO2 concentration �both
he positive �increasing� and the negative �decreasing� sides�.
harge. However, when the TiO2 particles move, frictional

J. Imaging Sci. Technol. 51�2�/Mar.-Apr. 2007
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orces are generated in the opposite direction. The frictional
orces slow the TiO2 particles traveling through the medium
epending on the size of the TiO2 particles. The speed at
hich the TiO2 particles go through the medium is deter-
ined by the point at which the forces driving them forward

re just balanced by the frictional forces. In this case, the
riving force for TiO2 movement in the increasing direction

.e., forwards the positive side of the cell (the increase cycles
os. 1 and 3 as shown in Fig. 11) is the electric force, but the

otal opposing force is the sum of the gravity and frictional
orces. When the applied voltage was low, the driving force
as small and then the gravitational force dominated the
iO2 movement. Thus a longer time response was obtained
hen the applied voltage was as low as 50 V. On the other
and, when the applied voltage was 200 V, the driving force
as so large that the response time was the shortest. For
iO2 movement in a decreasing direction i.e., forwards the
egative side of the cell (the increase cycles, Nos. 2 and 4),

he total driving force is a resultant of the electric and gravi-
ational forces. When the applied voltage was high, the effect
f the gravitational force was no longer dominant. The time
esponse at 50 V was not so different from those at 100 and
00 V. These results indicated that the effect of gravity

igure 7. Reflectance spectra of various dye concentrations on the nega-
ive side.

igure 8. Reflectance spectra of various dye concentrations on the posi-
ive side.
ominated the TiO2 movement in both directions at 50 V, r

. Imaging Sci. Technol. 51�2�/Mar.-Apr. 2007
hereas the effect of voltage dominated it at 100 and 200 V
here t1/2 was more-or-less stable over the increase and de-

rease directions. The current rewritable systems can write/
rase/write for more than ten cycles without any image deg-
adation.

irst Cycle with TiO2 Falling by Voltage
he movement of the TiO2 was controlled to fall during the
rst cycle with a lower applied voltage. The longest time
esponse was obtained when the applied voltage was 50 V
Fig. 12). In contrast, the time response was shortest for the
pplied voltage of 200 V in order to move the TiO2 particles
n the increasing direction. When the voltage of 100 or
00 V was applied, the gravitational force was not the domi-
ant effect. The result was similar to that of the first cycle for
iO2 particles moving towards the decreasing direction un-
er gravity. This suggests that at the low applied voltage of
0 V, the particles still moved under the gravitational effect.
t the high voltage of 100 or 200 V, the time responses of

he increase and decrease directions were not much different
n each cycle. This indicated that the voltage effect domi-
ated at 100 and 200 V.

When comparing the movement in the decreasing di-
ection under gravity and under applied voltage, the time

igure 9. Brightness crossover between the increasing and the decreas-
ng at 20 V �the first cycle fallen with gravitational force 20 min�.

igure 10. Brightness crossover between the increasing and the decreas-
ng at 100 V �the first cycle fallen with gravitational force 20 min�.
esponse of the first cycle movement at 50 V under gravity

193
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as shorter than that under applied voltage. This is because
he TiO2 particles fell only with the gravitational force and
ormed a loose packed TiO2 layer. The distance between the
op TiO2 layer and the negative side was accordingly short.

n the other hand, in the case of applying voltage, the com-
ination effect of the electric force and gravitational force

nduced a close packing of the TiO2 layers. In this case, the
istance between the top of the TiO2 layer and the negative
ide was longer. Thus, a shorter time response was obtained
n the case of movement under gravity due to the shorter
istance.

When the applied voltage was increased from 50 to 100
r 200 V, the TiO2 formed more closely packed layers. The
elationship between the applied voltage, ions and distance
etween ions can be expressed as follows:

E =
V

r
=

kq1q2

r
, �2�

here E is the electric field which is in direct proportion to
oltage V, r is the distance between the positive and negative
ons, q1 and q2 of the titanium dioxide, and k is a constant.

igure 11. Time response of TiO2 movement at 50, 100, and 200 V
the first cycle fallen with gravitational force for 20 min�.

igure 12. Time response of TiO2 movement at 50, 100, and 200 V
the first cycle fallen with applied voltages of 20, 50, or 100 V�.
hen a high voltage is applied, the distance between the t

94
ons, q1 and q2 is reduced and thus the ions can pack more
losely to each other, leaving a larger distance for the ions to
ravel back to the opposite side during the reverse voltage.
his is in agreement with the longer t1/2.

The distance between the top TiO2 layer and the nega-
ive side was longer than that at 50 V. However, the driving
orce of the electric force was also increased when increasing
he applied voltage. In the case of 100 or 200 V, the time
esponse was more affected by the driving force than the
ifference in distance. Thus, for TiO2 falling by voltage, the
ime responses of 100 and 200 V in the first cycle were
horter than those of TiO2 falling by gravity. The different
istance between the cycle numbers also caused different
ime responses in cycles 1 and 3, where the TiO2 particles

ove in the same direction, as with those of cycles 2 and 4.

ffect of Dye Concentration and Voltage Cycle
he voltage was applied to the sample cell for several cycles
nd similar time responses between the cycles in the same
irection of movement were obtained. The time response of

he third cycle in the increasing direction was found to be
lose to those of the fifth and of the seventh cycles. It was
hown that cycle numbers 3, 5, and 7 provided the most
teady state in which increasing applied voltages resulted in
n increase of the 1/ �t1/2�2 as shown in Fig. 13. When the
iO2 particle moves in the increasing direction by electro-

tatic force in the viscous medium, the equation for the TiO2

article movement can be written as

FE − F� − Fmg = ma , �3�

q
V

d
− 6��� − mg = ma , �4�

here V is the potential difference (voltage), d is the distance
etween electrodes, q is the net charge of the TiO2 particles,

is the mass of the TiO2 particles, g is the gravitational
onstant, and � is the viscosity of the carnauba wax. From
q. (4) when the terms of the F� and Fmg were negligible
nd the high voltage controlled the movement of the par-
icle, V is then simply proportional to �t1/2�2. The results are
hown in Fig. 13. It was indicated that the higher the voltage
s, the faster the mobility of the TiO2 particles becomes.
hus, when the applied voltage increases, the time response
ecreases.

When the dye concentration was changed, the time re-
ponse was also affected. Observed results generated from
he third cycle in the increasing direction at 100 V were that
n increase in the dye concentration decreased the t1/2 as
hown in Fig. 14. The longest time response was obtained
hen the dye concentration was 0.05% w/w.

The dye concentration did not affect the movement
ime of TiO2 particles because they were moved by their
lectric charges. On the other hand, the dye concentration
id affect t1/2 of the system in that the low dye concentration

ncreased t1/2 and vice versa. At the lower dye concentration,
he dye molecules diffused at a slower rate compared with

hose at a higher concentration. After the TiO2 particles had

J. Imaging Sci. Technol. 51�2�/Mar.-Apr. 2007
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een moved by the applied voltage, the dye molecules took a
onger time, or a longer t1/2, to replace the TiO2 particles to
chieve complete blackness on one side. At the higher dye
oncentration, the dye molecules would spontaneously dif-
use to replace the TiO2 particles in a shorter time �t1/2�
roducing a better contrast between the white and black
ides.

ONCLUSIONS
new rewritable medium by electrophoresis with selected

eating was invented using TiO2 particles for its smaller par-
icle size and higher whiteness. The effects of the TiO2 and
he dye concentrations on the optical characteristics and
ime response of this rewritable medium were investigated.
he optimal concentrations of TiO2 and dye were 6 and
.2–0.3% w/w, respectively, which gave good black-white

mage contrast. Increasing the concentrations of TiO2 or dye
esulted in a decrease in the time response. Time response
lso decreased when increasing the applied voltage. Using an
pplied voltage of 100 or 200 V, the optimal black-white

igure 13. Time response of TiO2 movement on the increase at 25, 50,
nd 100 V.

igure 14. Time response of TiO2 movement on the increase vs dye
oncentration at 100 V.
ontrast could be obtained. Several cycles of the TiO2 move-

. Imaging Sci. Technol. 51�2�/Mar.-Apr. 2007
ent under the applied voltage had shown similar time re-
ponses in cycles Nos. 3, 5 and 7 where the TiO2 moved in
he same direction. One of the advantages of a rewritable

edium by the electrophoresis and selected heating mecha-
ism is that this modified method can be optimized easily by
hanging the components of the medium. It is possible to
mprove the quality of the medium for a new rewritable
aper in the future.
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