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This paper describes two-frequency driven liquid crystal shutters (LCSs) for clectro- 
photographic printers utilizing liquid crystals which show dielectric relaxation phe- 
nomenon in the audio-frequency range. A “one steady state operation” concept is 
adopted to realize high speed response time. The ECB mode is used for optical 
switching. Properties required for the liquid crystal materials and the practical uses of 
the materials are explained. Optical switching is performed by combining an initializing 
signal, a state-changing signal and a state-holding signal. Two examples of multiplex 
drive waveforms and their optical responses are given. Finally, specifications for 
electrophotographic printers using two-line multiplex-driven LCSs are shown. 

Keywords: liquid crystal, nematic phase, dielectric relaxation, two-frequency 
addressing, liquid crystal shutter, printer 

I. INTRODUCTION 

With the increase in information processing by the personal computer, 
the printer is also realizing ever-wider applications as an output device 
indispensable for such information processing. 

Today wiredot-impact printers are widely used because of their 
excellent cost performance, but they have such drawbacks as slow 
printing speed and high noise level. The electrophotographic printer 
features, on the other hand, not only high printing speed and low 
noise, but also the capacity to process “text” and “figure” at the 
same time. Thus, there are great hopes for this device as the printer 
of the coming generation. 

According to the types of “writing” head, electrophotographic 
printers are classified into laser beam printers, LED printers, LCS 
(liquid crystal shutter) printers, etc. The LCS featuring 
a more compact head (than other types) and lower cost, are expected 
to become the mainstream of low-end page printers. 
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144 M. NAGATA AND H. NAKAMURA 

2nd CHARGER L C S  HEAD 
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DEVELOPER 
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PAPER GATE 
N T R l C  ROLLER 

PAPER T R A Y  

F I X I N G  DEVICE PAPER CASSETTE 

TRANSFER CORONA 

FIGURE 1 Conceptual diagram of an LCS printer. 

Figure 1 shows a conceptual diagram of an LCS printer, and 
Figure 2 the internal structure of the LCS head. The printer structure 
shown in Figure 1 is identical to that of an ordinary copier with the 
exception of the LCS head. In a copier, a latent image is formed on 
the surface of the photo sensitive drum within the area between the 
2nd charger and the developer as the image of the original copy is 
formed there. The latent image is turned into a real image by the 
developer, transferred to a paper by the transfer corona and fixed to 
the paper by the fixing device. 

With the LCS printer, the latent image is formed on the 
photosensitive surface by irradiation of light from the LCS head 
that has a structure as shown in Figure 2. The LCS panel shown in 
Figure 2 is a shutter array with liquid crystal shutters arranged one- 

,- L A M P  C O N T R O L  

L A M P  

I C S  

L ICHT-GUI DINGGLASS 

LCS PANEL 

S L A  

( SE L F-FOCU S 1 N t L E N S  A R  R A Y )  -I ---. 
P HOTOSENS I TI V E DRUM 

FIGURE 2 Cross-sectional drawing of LCS head construction. 
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LIQUID CRYSTAL PRINTER 145 

dimensionally in the normal direction of Figure 2. Each shutter opens 
and closes independently by the operation of its driving IC. Accord- 
ingly, some of the light from the lamp, having reached the LCS panel 
through the light-guiding glass, passes through the open shutters and, 
upon passing the SLA (self-focusing lens array), forms an image on 
the photosensitive drum surface, while the rest of the light is arrested 
by the closed shutters. Thus, by opening and closing independent 
shutters adequately, desired patterns can be “written” on the 
photosensitive surface. 

If the cycle time of each liquid crystal shutter becomes less than 
2 msec, then the system as shown in Figure 1 can create a page 
printer that can copy several pages per minute. And an element 
most crucial in realizing such an LCS printer is the LCS, or a one- 
dimensionally arranged liquid crystal shutter array capable of oper- 
ating at high speed. 

The following five performance items are required of an LCS: 

1. quick response time 
2. large light transmission 
3. high contrast 
4. high multiplexibility 
5. wide-band light switching 

We have successfully developed an LCS that satisfies all the above 
requirements by adopting the two-frequency drive of liquid crystal 
whose dielectric anisotropy changes from positive to negative because 
of its dielectric relaxation phenomenon in the audio-frequency range. 
The following is a detailed discussion of this LCS. 

II. OPERATION CONCEPT ON LCS 

In the following, the technical features of the LCSs are clarified 
through comparison with an ordinary liquid crystal display (hereafter 
abbreviated as “LCD”). 

In the operation of an LCD, the on state and off state are both 
determined by the effective voltage of the voltage applied. In other 
words, they have little to do with the instantaneous changes of applied 
voltage. And both the on state and off state are steady states cor- 
responding to the respective effective voltages being applied. 

The response time of an LCD is the time for transition from one 
to the other of the two steady states. In the conventional system, the 
rise time could be shortened but the fall time could not be changed. 
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146 M. NAGATA AND H. NAKAMURA 

x 

0 
a 
L 
c 
0 
Lo 

c 
U 

.- 

- 
T =  30’C 5 - 

A & ( 6 / , - & l )  - 
- 
- 
- - 

0 

- Fh - 
I I I I I I I I I  I I I I I I  It I I I 1 1 1 1 l  

1 10 100 

I 
- 

F r e q  u e n c y  ( K H z  1 

FIGURE 3 
for LCS. (temperature: 30°C) Relations of A d ,  Fl, Fc. Aeh and Fh are shown. 

Frequency dependence of dielectric anisotropy of the liquid crystal used 

Thus, a two-frequency drive using liquid crystals characterized by the 
dielectric dispersion as shown in Figure 3 was proposed to compensate 
for this s h o r t ~ o m i n g . ~ - ~  However, the response speed fast enough 
for an LCS printer was not realized. 

The performance requirements for an LCS, on the other hand, are 
as follows: 

1 .  The repetitive cycle corresponding to the scanning time, which 
is always constant, is very short (2 msec or less). 

2. The light transmission is constant, irrespective of the history of 
opening and closing. 

Condition 1 above requires a high-speed response of the LCS of 
1 msec or less both in rise and fall time. Condition 2 implies that 
the contrast of the LCS must not have any dependence on the effective 
voltage. Hence, the LCD concept can not satisfy requirements 1 
and 2. 

In our method, therefore, the two steady states were reduced to 
onelo- 12 and an initializing signal is applied to bring about the said 
steady state at least once in a repetitive cycle. We call this concept 
a “one steady state operation.” In addition to this concept, the adop- 
tion of the two-frequency drive of a liquid crystal material charac- 
terized by dielectric dispersion as shown in Figure 3 has satisfied not 
only the above conditions 1 and 2 but also the five requirements 
mentioned in the previous section. 
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LIQUID CRYSTAL PRINTER 147 

Actual LCSs are produced as follows: 

1. Liquid crystal material showing dielectric dispersion in the 
audio-frequency range is used. (See Figure 3.) 

2. The above material is placed into a cell in a homogeneous 
0rientati0n.l~ (See Figure 4(a).) 

The orientation can be a hybrid ~rientation; '~ the following dis- 
cussion, however, concerns only the homogeneous orientation. 

The basic operation of the shutters comprises the following four 
steps: 

(1) A low-frequency (Ff in Figure 3) electric field is applied as an 
initializing signal to create an initial state. (See Figure 4(b).) 

(2) A high-frequency (Fh in Figure 3) electric field is applied 
as a state-changing signal to tilt the liquid crystal molecules. (See 
Figure 4(c).) 

(3) A state-holding signal is applied to hold the initial state. 
(4) An initializing signal is applied again to create an initial state. 

Note that (1) and (4) are exactly the same step, so that (1) can be 
considered the end of a foregoing step. Each shutter repeats one or 

polar  izer 

L C  
molecule 

a n a l y z e r  

[a 1 ( b )  (CI 

FIGURE 4 Conceptual diagram of optical switching by the ECB mode. The upper 
half are front views of the cells and the lower half shows side views. (a) is the state 
with no electric field. (b) and (c) are the off state and on state respectively. 
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148 M. NAGATA AND H.  NAKAMURA 

both of (2) +. (4) and ( 3 )  3 (4) steps. It can be decided at will 
whether the initial state be the state of transmission or no transmis- 
sion. The following discussion, however, explains that the initial state 
is the state of no transmission (off state). Therefore, Figure 4(c) is 
the state of transmission (on state). 

The initial state or off state is a steady state. That is, this state is 
a steady state corresponding to the initializing signal (Fh field). The 
on state (Figure 4(c)). on the other hand, is not a steady state but a 
transitional state. In other words, the on state is a whole process 
during which the tilt angle increases gradually from zero to the desired 
point and then gradually decreases to zero. Therefore, there is no 
steady state during all this process. This is the point that is basically 
different from the LCD. The state-holding signal represents either a 
state of FZ and Fh fields superimposed or a state where there is no 
electric field. 

Thanks to the structure and operation of the liquid crystal cell as 
mentioned above, the LCSs were successfully put into practical 
application, 

111. LIQUID CRYSTAL MATERIAL 

The liquid crystal material to be used for the LCSs must display 
dielectric characteristics as shown in Figure 3.15 Fc in Figure 3 is a 
crossover frequency at which AE = 0. FI, which is lower than Fc, is 
a frequency at which the dielectric anisotropy A d  is positive. Fh, 
which is higher than Fc, is a frequency whose corresponding dielectric 
anisotropy AEh is negative. The above relationships of FZ, Fh, A d  
and AEh must be kept in mind in the following discussion. 

The response time,16 when the twisted nematic cellI7 filled with 
liquid crystals of Figure 3 is driven at frequency Fl, can be written 

where -q is viscosity, d is cell thickness, q, is the vacuum dielectric 
constant, V is the applied voltage and K is the elastic constant. From 
Equation (2), we know that the fall time T d  can not be changed by 
external means. But, with an electric field of frequency Fh applied 
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at fall t i ~ n e , ~ , ~  we obtain 

149 

From Equations (1) and ( 3 ) ,  we see that both the rise time and fall 
time are dependent on the applied voltage. Accordingly, high-speed 
switching can be realized by raising the voltage. 

Also, from Equations (1) and ( 3 ) ,  it is apparent that the larger the 
values of A d  and 1 Aeh 1, the higher the response speed is. Therefore, 
the liquid crystal material must have a larger A d  and 1 AEh 1. 

Now, the liquid crystal element is a capacitive load, the lower the 
drive frequencies FI and Fh, Fh in particular, the lower the power 
consumption will be. Since Fh is higher than Fc, the lowering of Fc 
as much as possible leads, in turn, to the lowering of Fh. Supposing 
Debye’s theory18 can be applied to the relaxation time of the liquid 
crystal T ~ ~ ,  we obtain 

where L is molecular length, k is the Boltzmann constant, T is tem- 
perature ( O K )  and Fr is the relaxation frequency. Since Fc = Fr, a 
greater molecular length L proves very effective in lowering Fc. 

From Equation (4), we know that T ~ > ~  is in proportion to the vis- 
cosity. The viscosity, which is experimentally given by 

In (q) = In (qo) exp[WqlkT] qO, W,, : constant (6 )  

is greatly influenced by temperature. Therefore, Fc, too, shows con- 
siderable temperature dependence, and temperature compensation 
is an important problem to be solved in practical application. 

Equations (1) and ( 3 )  indicate that the response speeds 7, and T~ 
are proportional to viscosity q. This means the response can be quick- 
ened by reducing the value of q. From Equations (4) and (5)’ how- 
ever, we know that a smaller q brings about a higher Fc, thus 
necessitating a higher Fh. All considered, the value of q must 
be determined by balancing the response speed against the drive 
frequency Fh. 

Table I shows examples of liquid crystal materials actually used in 
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150 M. NAGATA A N D  H. NAKAMURA 

TABLE I 

Examples of liquid crystal materials used in LCS. Molecular formulae marked with 
a circle (0) in the columns corresponding to A d .  A& and Fc are effective in 

enlarging A d ,  making I A d  1 bigger and decreasing Fc, respectively. 

1 

k.1 Molecular  F o r m u t a  I&’ lrsEh I Fc 
I I I I 

R w C O O @ O O Q C N  0 
CP 

2 

3 R-COO 

4 R-COO 

0 

0 0 

0 0  

5 

6 

7 

LCSs. Note that all the materials shown in Table I are tricyclic or 
quadricyclic and there are no bicyclic materials that are used in or- 
dinary TN-LCDs. All this is to realize a lower Fc, and the materials 
3. 4, 5 and 7 are particularly effective in lowering Fc. 

The material with a large dipole moment in the director direction 
proves effective in enlarging A d .  Materials 1, 2, 3 and 6 are examples 
of such material. Material with a large dipole moment in the vertical 
directions of the director can enlarge IbehI. Materials 4 and 5 are 
examples. Practically usable liquid crystal mixtures (e.g., the ones 
shown in Figure 3 )  with a sufficient nematic range, can be produced 
by properly mixing the materials shown in Table I. 

R W C O O e O R ’  0 0  

R-COOQCN 0 

R-COO 0 

CN CN 

CQ. F 

IV. OPTICAL SWITCHING 

The method of switching the tilt angle of the liquid crystal layer was 
outlined in Section 11. And the discussion in this Section concerns 
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LIQUID CRYSTAL PRINTER 151 

how the change in tilt angle is converted into the change in optical 
transmission. 

The methods of converting tilt angle change into optical change 
include the G.H. (guest-host) mode using a dichroic dye and the ECB 
(electrically controlled birefringence) mode. Though both modes can 
be used for LCSs, the ECB provides a better contrast ratio. 

Figure 4 shows a conceptual diagram of optical switching by the 
ECB. The upper half of Figure 4 shows front views of the liquid 
crystal cell from the incident direction. The lower half shows side 
views of the liquid crystal cell. In this figure, (a) represents the steady 
state with no electric field while (b) and (c) represent the off state 
and on state, respectively. In the steady state (a) and on state, the 
director is set at 45 degrees to both the polarizer and analyzer. This 
can be accomplished by a parallel orientation treatment in which the 
liquid crystal cell is subjected to rubbing in advance. 

The optical transmission T in this setup can be written 

where d is cell thickness, A is wavelength, To is incident light intensity. 
AN, which is the apparent birefringence anisotropy, can be given by 

and is a function of the tilt angle 8 as shown in Figure 4(c). In the 
above equation, nil and n, are the parallel refractive index and the 
perpendicular refractive index, respectively. 

In the off state (Figure 4(b)), the tilt angle 6 is zero. At this time, 
AN = 0. So from Equation (7), transmission T = 0. That is an off 
state. The off state can be caused by an application of an electric 
field of frequency F1. And the on state can be brought about with an 
electric field of frequency Fh applied to the cell in the off state. In 
the on state, AN f 0, which usually means T # 0, or an on state. 

Figure 5 shows a static relationship between transmission and 
applied voltage when an electric field of 1.6 kHz is applied as Fl 
to the liquid crystal as shown in Figure 3. In Figure 5 ,  the maximum 
value of transmission stands at about 3.5 V. At this maximum value, 
AN - dJX = 112 and then with an increase in applied voltage, AN - d1A 
decreases toward zero-an approach toward an off state. 

Actually, however, 6 = 0, or T = 0, does not result, no matter 
how high a voltage is applied. Nevertheless, the ratio of the trans- 
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FIGURE 5 Static characteristics of voltage versus opticat transmission o f  LCS panel. 
Cell thickness is 5.5 pm, wavelength is 548 nni. temperature is 40°C. and the frequency 
of applied voltage is 1.6 KHz. 

mission at voltages of 25 V or above to the maximum transmission 
at 3.5 V is 1 : 25 or more. By use of these two points as off state and 
on state, an adequate contrast ratio can be obtained for the LCS. As 
was described in Section 11, an actual on state is a dynamic state in 
which the tilt angle of the liquid crystal or the transmission is con- 
stantly changing. However, as will be shown in Section VI, the value 
of 8 remains generally in the neighborhood of the maximum trans- 
mission, so that a considerable light transmission can be obtained on 
average. 

V. LCS PANEL STRUCTURE 

As shown in Figure 2, the LCS panel is a tiny one-dimensional shutter 
array. Figure 6 shows an example of actual LCS panel construction. 
The left side is the front view and the right side the cross-sectional 
view at K- K' in the front view. In the front view, both the electrode 
pattern on the data substrate and the electrode pattern on the com- 
mon substrate are shown only between two-dot chain lines. 

The example of Figure 6, having two common electrodes, repre- 
sents an electrode pattern suited to two-line multiplex drive. Common 
electrodes are composed of transparent I T 0  (Indium Tin Oxide) and 
opaque nickel electrodes. The nickel electrodes work as the optical 
masks and form the shape of micro shutters. Nickel electrodes are 
also useful in reducing resistances of common electrodes. 

Data electrodes are mostly made of ITO. But they have small nickel 
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Front  v i e w  
k 

Cross sec t  ion 

I 
K' 

0 
c - 

FIGURE 6 LCS panel structure. The left side is front view and the right side is cross 
section at K -  K' in the front view. 

electrodes facing on the border of the two common electrodes. They 
also work as an optical mask to prevent light leakage between the 
common electrodes. Consequently, incident light can only pass through 
micro shutters. There are, however, little apertures surrounded by 
two common electrodes and the data electrodes which allow a neg- 
ligible amount of light leakage. The pitch of the micro shutter array 
is 211.6 pm on each common electrode. It corresponds to 240 D.P.I. 
(dots per inch). The micro shutter is 110 pm square with one corner 
cut at an angle of 45". 

VI. DRIVING WAVEFORMS 

The concept of the LCSs driving was already discussed in Section 11. 
That is, the drive consists of the following four steps: 

(1) First an initializing signal is applied to create an initial state 
(off state). 

(2) For an on state, a state-changing signal (Fh)  is applied. 
(3) For an off state, a state-holding signal is applied. 
(4) An initializing signaI is applied again to create an initial state. 
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FIGURE 7 
of LCS. 

Example of two-line multiplex drive waveforms and the optical responscs 

Here the step of (2) +. (4) or ( 3 )  -+ (4) is called a basic unit (BU). 
For a multiplex drive, BUS are combined in accordance with the 
multiplexity, thus constituting the frame period. 

There are various methods proposed for the LCS drive using the 
three basic signals of initializing signal, state-changing signal and 
state-holding signal. 10-11.20-22 Figure 7 and Figure 8 show examples 
of the waveform of two-line multiplex drive and the optical charac- 
teristics of the liquid crystal shutters.2'-24 In these figures, C1 and 
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FIGURE 8 Example of two-line multiplex drive waveforms and the optical responses 
of LCS. 

C 2  are timing select signals, D1 and 0 2  are data signals, the axis of 
abscissa represents the time axis, and Fp is the frame period. 

In Figure 7, the Fp is comprised of two basic units, BUl and BU2. 
Each of the BUS consists of “writing” period Wp and initializing 
period Ip .  By combining these waveforms, an initializing signal, a 
state-changing signal and a state-holding signal are created. For ex- 
ample, through a combination of C1 and D1, the C1-01 signal is 
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I n I t i d  t i z e  
I 
- O F F  

I 
/ l n i t l d l l z e  

\ 
O N %  O N  

cb) OFF- O F F L O F F  -OFF 

FIGURE 9 Schematic representations of driving processes (a) corresponds to 
Figure 7 and (b) to Figure 8. 

applied to the liquid crystal. During the Wpl of C1-D1, a high- 
frequency field is applied, which is a state-changing signal. During 
this period, the liquid crystal molecules keep tilting, with the optical 
transmission rising, as shown at  the top of Figure 7. Then during Ipl, 
a low-frequency field is applied. This is an initializing signal. Thus, 
the transmission is reduced until an off state is reached. Next, during 
Wp2, a high-frequency signal and a low-frequency signal are applied 
at the same time. This is a state-holding signal, which maintains the 
off state. Finally, during Ip2, an initializing signal is applied again to 
create an off state. 

In the case of Cl-D2, an off state is maintained throughout the 
frame period Fp because a state-holding signal is applied during the 
Wpl of BU1. 

It is evident that the system as represented in Figure 7 can realize 
a multiplex drive of 3 lines or more simply by adding a necessary 
number of basic units (BUS) .  

Figure 8 shows another example of drive waveforms. It differs from 
Figure 7 in that BUl and BU2 overlap each other by one half. Each 
of the BUS consists of three periods, namely a “writing” period W p ,  
a holding period H p  and an initializing period Zp. In other words, 
they have an addition of a holding period H p  over those of Figure 7. 
The differences between Figure 7 and Figure 8 are represented 
schematically in Figure 9. Figure 9(a) corresponds to Figure 7 and 
Figure 9(b) to Figure 8. The combination of Wp and l f p  in Figure 8 
corresponds to Wp in Figure 7. 
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LIQUID CRYSTAL PRINTER 157 

The optical response by C1-D1 and Cl-D2 is shown at the top. 
In the case of Figure 8, the light transmission in the on state is larger 
than that in Figure 7 .  However, its light leakage in the off state is 
greater. Therefore, the case of Figure 7 features a better contrast 
ratio. 

In either case of the representative drive systems described above, 
the “writing” period Wp (“writing” period + holding period for 
Figure 8) must be of such a length that an initial state can be restored 
by an initializing signal to be applied subsequently. 

VII. LCS PRINTER 

A conceptual diagram of the LCS Printer was already shown in 
Figure 1, and a cross-sectional drawing of the LCS head construction 
is shown in Figure 2. Figure 10 shows the LCS head. Figure 11 shows 
the inner construction of the LCS head, including the LCS panel and 
the driver ZCs. Two-line multiplex drive, shown in Figure 7, is used 
for this LCS head. The appearance of the LCS printer is shown 
in Figure 12. The LCS head shown in Figure 10 and Figure 11 is 
built into this printer. The specifications of this printer are given in 
Table 11. 

VIII. SUMMARY 

It was most important for making a technical breakthrough on the 
LCSs to use liquid crystals that show dielectric relaxation phenom- 
enon in the audio-frequency range and to adopt a two-frequency 

FIGURE 10 LCS head. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
56

 1
9 

Fe
br

ua
ry

 2
01

3 



158 M. NAGATA AND H .  NAKAMURA 

FIGURE I 1  Inner construction of LCS head 

drive. However, the “one steady state operation” concept is no less 
important than the above. The “one steady state operation” concept, 
which represents one steady state, that is, an initial state or an off 
state. and one transitional state or an on state, makes the LCSs 
possible. 

Liquid crystal materials are required to have a large absolute value 
for both A d  and Ach. The longer molecular length results in a lower 
relaxation frequency. 

FIGURE 12 LCS printer. 
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TABLE I1 

SDecifications of the LCS printer 

159 

~ 

1. 

2. 

3. 
4. 

5. 
6. 

7.  

Printing Specifications 
Printing Method 
Printing Speed : 7PPM 
Dot Density : 240 DPI 

Paper : Plain paper 
Paper Supply : Cassette type 

Paper Handling : Friction feed 

: Electrophotographic and liquid crystal shutter system 

Paper 

(250 sheets in one cassette) 

: Approximate 1 million sheets 

: 55 dB (A range) 
: 8 bit parallel and RS-232C as standard 

: 4 different voltage options are available 

Life 

Noise Level 

Interface 

Electrical Specifications 
Power Line Voltage 
Power Consumption : 1.2 KVA 

Physical Specifications 
Dimensions 
Weight : 45 kg 

: 436 mm(H) X 607 mm(W) x 350 mm(D) 

Both the ECB mode and the G.H. mode are applicable for use in 
optical switching of the LCSs. However, when the ECB is used, there 
is better contrast. 

Driving waveforms used in the LCSs consist of an initializing signal, 
a state-changing signal and a state-holding signal. By a combination 
of these signals, the operation cycle of LCSs starts from an initial 
state and ends in the same state. Each cycle operates independently, 
neither giving nor receiving any influence from the neighboring cycle. 

By adopting the above mentioned techniques, the LCS printer has 
been developed. 
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