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Abstract. The transfer process of color electrophotography in-
volves various materials, including paper, rollers, toner, intermediate
transfer belt, and sawlike static charge eliminator. Each component
physically interacts with each other, creating electric fields, electric
discharges, ion flows, electric conduction, and toner behavior. The
authors have developed a numerical simulation method which con-
siders electrical materials, geometric configuration, and physical
phenomenon. The method the authors developed was used to cal-
culate current characteristics, electric discharges, and toner scatter-
ing in a color electrophotographic system. The results showed good
agreement with experiments. Furthermore, the calculation results
showed removal of electricity by the static charge eliminator reduces
toner scattering and separation discharges. © 2010 Society for Im-
aging Science and Technology.
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INTRODUCTION

In electrophotographic systems such as printers or copiers,
the intermediate transfer system is commonly used to
achieve high quality, high speed, and robust performance.
Figure 1(a) shows a schematic diagram of the intermediate
transfer system. A toner image on the photoconductor drum
is transferred to an intermediate transfer belt (ITB); four
monocolor images are transferred form a color image on
ITB during the first transfer process. The color image is
transferred to paper during the second transfer process.
Fig. 1(b) shows the principle of the second transfer process.
The ITB is wound around the facing roller whereas the
transfer roller is placed on the other side. The paper goes
through between the ITB and the transfer roller. The facing
roller is kept grounded and a positive voltage is impressed
on the transfer roller. The negatively charged toners on the
ITB are transferred onto the paper by transfer electric field
at the nip region. The toners are maintained stably on the
paper by the positive charge of the paper which is supplied
by electric conductivity and static discharges from the trans-
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fer roller. A sawlike static charge eliminator is located at the
outlet of the nip region. Excess charge on the paper is re-
moved by the ion flow of the static charge eliminator. Dur-
ing the second transfer process, interference from the paper,
rollers, toner, ITB, and static charge eliminator may cause
electric discharges and toner scattering. Analysis techniques
must consider the geometric configuration and multiphysics,
which can express the complex interaction of factors: electric
discharges across the air gap, ion flows from the static charge
eliminator, electric conductivity of materials, and toner
motion.

On the other hand, there have been numerous reports
on transfer process simulations. One of the traditional ways
to calculate a transfer electric field is a one-dimensional elec-
tric field calculation,"* which analyzes a model comprising
one-dimensional layers; in other words, the transfer roller,
transfer material, air gap, toner, photoreceptor, etc., are all
configured along the direction of the diameter of the transfer
roller. This model finds each layer of the electrical field when
each goes through the nip region assuming electric conduc-
tivity based on Ohm’s law and discharges based on Paschen’s
law. However, this method cannot be applied to the second
transfer process above, where we expect a complex electrical
field because the transfer roller model ignores the electric
field in its tangential direction. A new method that can also
calculate the electrical conductivity and discharges in two
dimensions has been proposed, and it is used in research to
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(a) Intermediate transfer system (b) Principle of second transfer process

Figure 1. Transfer system of color electrophotography.
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Figure 2. Simulation flowchart.

separate discharge and toner scatter.”* Nonetheless, in the
present work it is difficult to apply this method to a complex
model such as the second transfer process because the model
calculates the movement of charge caused by discharges us-
ing the theory of a parallel plane capacitor. Additionally,
since the model is based the finite difference method, it is
not easy to calculate a problem that also requires us to con-
sider electrical charge concentration at a needle point, such
as on the sawlike static charge eliminator. On the other
hand, it has been reported that there is a method that simu-
lates transfer condition of each toner particle in the transfer
electrical field using the discrete element method (DEM).>®
There is also a method that can calculate transfer conditions
for each toner particle, considering the van der Waals force,
the induced image force, the liquid bridge force, the electro-
static force, and even the changes in adhesion brought about
by plastic deformation of the toner.” However, these meth-
ods require too much time to calculate their DEMs. As a
result, the electrical calculation does not reflect the actual
charge on a toner particle.

Here, we developed a simulation method that can con-
sider physical phenomena occurring in the second transfer
process. This program’s functions for electric conductivity
and discharges work the same as in the previous version.
However, with the aid of the two-dimensional (2D) finite
element method (FEM), it has been improved so as also to
apply to complex geometric shapes in the second transfer
process. Furthermore, the program can consider character-
istics of nonlinearity of the material, charge on the toner,
and the ion flows transmitted from the static charge elimi-
nator. We have thus developed a numerical simulation
method which considers these physical phenomena. This ar-
ticle intends to verify the developed method and to under-
stand control mechanism in the second transfer process.

SIMULATION METHOD

Figure 2 shows the calculation flowchart, which consists of
five main calculation steps: electric conductivity, electric dis-
charges, ion flow field, toner motion, and object movement.
The details of which are described below.
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Electric Conduction

First, we find the electric potential and calculate the move-
ment of charge caused by electrical conduction following the
potential distribution that we just found. The potential is
expressed with Poisson’s equation:

div(egradg) = — p, (1)

where € is permittivity, ¢ is potential, and p is charge den-
sity. We obtain the following equation by limiting ourselves
to 2D problems and using the Galerkin method based on

FEM:
INid¢p  INidp
ff (8__ +e— )dS fj NipdS, (2)
dx ox dy dy

where () is the analysis region and Ni is the interpolating
shape function of each element. We solve Eq. (2) and find
the potential. Next, we calculate movement of the charge
caused by electrical conduction. We use the following equa-
tion which considers Ohm’s Law, modified by the charge
conservation law:

= div(ograd ), (3)

where o stands for the electric conductivity. Equation (3) is
an equation that replaced “e” with “o” and “p” with

‘—dp/ot” from Eq. (1). Hence, Eq. (3) can be expressed as
follows:

INid¢p
JJNl—dS— ff (0'——
x ox

(4)

We can find change in charge density based on Ohm’s
Law from Eq. (4) in this way: we combine Egs. (2) and (4)
and can calculate charge movement. However, in the present
work we have used a way to calculate each equation sepa-
rately in time. The way to calculate time evolution is as
follows. First, we calculate electric potential ¢ from Eq. (2);
then we add ¢ into Eq. (4). Next we obtain the new charge
using the following equation:

INi I
S.
dy dy

J (k)
f Nip*+ds = f NipPds + f Ni—AdS,
Q Q Q at

(5)

where p**1 and p* represent charge density between the
time steps of k+ 1 and k. With the use of the equation above,
we can calculate charge movement; however, electric poten-
tial after charge has moved has yet been calculated at this
point. Thus, we add the values on the left side of Eq. (5) to
the right side of Eq. (2) and find the potential after charge
moved.
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Figure 3. Schematic diagram of electric discharges.

Additionally in Eq. (4), we find the relationship between
conductivity o and electric field by measurement and ex-
press the points in a function whereby o depends on electric
field. Then, before calculating Eq. (4), we calculate electric
field. After finding conductivity o that is appropriate for this
electric field, we evaluate Eq. (4) using the derived
conductivity.

Electric Discharges

We follow Paschen’s law regarding the relationship between
discharge, starting voltage, and gap length. Figure 3 demon-
strates a finite element (FE model) facing two opposite sides.
We look for a node that satisfies the condition of Paschen’s
discharge. The node is found among the nodes on one side
that is opposite from the node “i” on the other side. If there
is more than one node, we select the one that most exceeds
Paschen’s voltage. We call it node “j.” Also we term these two
nodes discharge node pair as we assume discharge between
them.

We call the charge on nodes i and j before discharge Q;
and Q; respectively. Also we define Paschen’s voltage between
those nodes as V;’i). We suppose that charge AQ;; moves by
static discharge, and the potential difference between them
will then be at V;Z). In this way, the relationship among Q/,
Q/, potential ¢; and ¢/ after discharge can be expressed as
following:

Qi =Qi—AQ;

' (6)
Qi =Q;+AQ;;,
¢~ =V, (7)

The following equation is designed to introduce electric
field into Eq. (2). It is a whole node equation of the FE
model:

where K is a component of the coefficient matrix and # is an
unknown node number. By combining Egs. (6)—(8), we ob-
tain the following:

Ky - Ky o Ky Ky, 0 rqﬁ{w
. 3 .
Kil coe Kii coe Kl] cee Kin 1 d);
R :
il ji i jn &;
: ‘0 :
Knl Kni e Kn] “ee Knn 0 ¢;l
0 . 1 . -1 o 0 0 \AQijJ
r
QI\
Q;
= 9)
Q; >
Q,
i)
va’iJ

The left matrices consist of 1 and —1 in the discharge
node column and contain a row composed of zeroes in other
areas and a symmetrical column arrangement. When more
than one discharge node pairs exist, columns and rows in
addition to # in the matrix increase numerically equivalent
to their pair numbers. Since the left matrix is symmetrical,
we can solve it in the same way as Eq. (8). This way, we can
find discharge charge of each of the discharge nodes. In the
process of calculation of the discharged charge, we find each
potential ¢’ and Q" from Egs. (9) and (6).

It is to be noted that the matrix in Eq. (9) contains zero
in its diagonal component; hence it requires considerable
time to solve by the iteration method. The Appendix pro-
vides the method adopted in the actual program to speed up
the process.

Discharges to Toner

In the electrical field calculation shown in Egs. (2) and (9),
we considered charge of a toner particle in space by appor-
tioning the toner to nearby nodes. For this reason, we have
considered the induced image force as well. By finding per-
mittivity as the ratio of the area of the toner to that of each
finite element, we also have considered its permittivity.

Ky Ky || Q We show how to calculate discharge toward the toner in

: — (8) Figure 4 when the toner is on the surface. In the process of

K K extracting discharge node pair in the discharge calculation,

nl ] | Q we did so by defining a node located on the outermost sur-
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Figure 4. Discharge of foner.

face of the toner layer as the discharge extracting node. Dur-
ing this process, we updated the charge on an individual
toner particle by adding the charge AQ;; obtained by static
discharge to the charge of the toner.

Ion Flow Field

The tip of the sawlike static charge eliminator is where co-
rona discharge arises and ions flow from the tip. The charge
transferred from the static charge eliminator is calculated,
assuming that the ion flow corresponds to a steady state at
each time step. The equation for current continuity is

div(upgradg) =0, (10)

where w is the mobility of air. The following equation is
obtained by referring to the vector formula:

2

P
pgrade s gradp=——, (11)
€o

where g is the permittivity of air. By taking the character-
istic lines® into consideration, Eq. (11) can be rewritten as
follows:

dp  pp’
—-=, (12)
dt g
and p can be obtained by solving Eq. (12);
1
=0, 13
P=" T (13)
L
Po &0

where p, is the electric charge density at the starting point of
the ion flow and T is the time for the ions to travels from the
starting point to the calculating point in the steady state. We
used the value obtained in the experiment for p, as an origi-
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Figure 5. Simulation FE-model for verification.

nal value of charge density on the static charge eliminator.
This value is dependent on the electric field at the tip of the
static charge eliminator.

Toner Motion

The following equation is written on the assumption that
the shape of the toner particle is an ideal sphere and the
charge is concentrated at the center;

E(t) = QE(t), (14)

where F, Qr, and E are the force on the toner particles, the
charge, and the electric field at the center. For calculating the
motion of the toner, equations of motion are applied as
shown below:

F(1)
v(t+ At) =v(t) + —At
m

(15)
1 F(t
x(t+ At) = x(t) + v(DAt + ——— AP,
2 m

where v, x, and m are the velocity, location, and weight of
the toner particles, respectively. The location of the toner at
the next step can be calculated by solving Eq. (15). For col-
lision between toner particles and other objects, the hard
sphere collision theory is applied (cf. conservation of
momentum).

Furthermore, there are other forces that work on the
actual toner such as gravity, air viscosity, and adhesion
forces, as well as electrostatic forces. In the calculation below
in Eq. (14), we considered only air viscosity for the reason
that we want to see the effect of static electricity exclusively.

Object Movement

During the second transfer process, the ITB and paper are
transferred as both the transfer roller and the facing roller
spin. However, the shape of its surface does not change. For
that reason, we express movement of the object as moving
charges on its surface in terms of how far it moves at an each
time step. Additionally, when the electrical conductivity of
the object depends on the electric field, the charges inside
the object accumulate. So, in this case, we divide it by each
element as a layer along the direction of motion of the ob-
ject, i.e., we move charges along the layer.
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Table 1. Calculation conditions.

g

& (S/m) Dimensions

Facing roller © $21 mm

Transfer roller 61.0 321078 $23 mm
(Shaft= 12 mm)
ITB 55.0 Fig. 6 Thickness=85 pm
Paper 25 28101 Thickness=90 pm
Toner 20 0.0 ¢6.8 pm(const)

Specific gravity=1.0 g/em®, @/ M=-22.4 pC/q(const), M/ S=1.38 mg/m? coefficient of restitution=0.6, and
adhesion/cohesion force=0[N]

RESULTS AND DISCUSSION

The static charge eliminator is located at the outlet of the
rollers’ nip. It plays an important role in a regular second
transfer process. The influence upon electric discharges and
the toner motion by the static charge eliminator is discussed
below.

Simulation Model
Figure 5 shows the FE model used for verifying the numeri-
cal simulation method. This model consists of a facing roller,
ITB, transfer roller, paper, and static charge eliminator. The
ITB is wound around the facing roller, the paper is in the nip
between the I'TB and the transfer roller, and the static charge
eliminator is kept grounded (GND) and located at the outlet
of the nip region. Since the facing roller is already a perfect
conductor material, it is not shown in Fig. 5. The facing
roller is maintained as GND, and the electric potential (V)
of the shaft of the transfer roller varies between 1 and 4 kV.
The processing speed is 0.13 m/s. The calculation con-
dition is shown in Table I. The I'TBs conductivity has electric
field dependence as shown in Figure 6. We defined a calcu-
lation time step as 20 ws. This time step is decided upon the
processing speed and the system’s time constant. As a result,
the paper moves 2.6 um in one time step. Also we defined
the smallest measurement for the nip region and the tip of
the static charge eliminator elements as 2 um to fully ex-
press electric field and discharges. The calculation considers
20,000 steps, which is the period of time that the start of the
paper transfers from the furthest right to furthest left. An
Intel Xeon 3.8MHz processor is used in this calculation, and
approximately 2 h are spent in each calculation. Parallel pro-
cessing is not applied.

Characteristics

In this system, the currents flow from the shaft of the trans-
fer roller to both the facing roller and the static charge elimi-
nator. Figure 7 shows the calculations and experiments per-
formed to obtain the relationship between Vi and the two
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Figure 7. IV characteristics.

currents: one flowing from the shaft of the transfer roller
(It) and the other flowing to the static charge eliminator
(It). The results showed that the calculations coincide with
experiments in terms of threshold voltage and current in-
creasing rate.

In the IV curves, the experiment shows more nonlinear-
ity than the calculation. Although its cause is not clear, there
are several things that could lead this result, such as conduc-
tivity of the paper in the nip region where the electric field is
extremely large, distribution of roller conductivity in the ra-
dial direction, or conductivities on the boundary area of
each material.

May-Jun. 2010



Sasaki et al.: Transfer process multiphysics simulation in electrophotography

Tons flow
\ Charge eliminator
Discharges between the ITB and the facing roller
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Figure 8. Comparison of electric discharges with experiments and calcu-
lations. (a) Experiments: we observed discharge by high sensitivity cam-
era. Object outlines are added as solid lines for ease of viewing. The
light regions indicate regions of electrical discharges, but the light region
on the transfer roller is noise. (b) Calculations: color shows electric
isopotential confour. The black lines emanating from the charge eliminator
are ion flow lines.

Electric Discharges

The electric discharge behavior near the outlet of the nip
region with the static charge eliminator is shown in Figure 8.
Figs. 8(a) and 8(b) are, respectively, experiments and calcu-
lations with applied voltage varying from 1 to 4 kV in four

(D) Case 1: V= 2 kV without the eliminator

steps. Spark discharge can be seen at the gap between the
facing roller and I'TB for each voltage. In the calculation, ion
flows emanated from the charge eliminator toward paper
when voltage was 1 kV. With ascending voltage, the ion flows
pour into the transfer roller. On the other hand in the ex-
periment, it is understood that ion flows are emitted from
the tip of charge eliminator because the tip of the eliminator
appears bright. However, ion flows themselves cannot be
seen at 1-3 kV. At 4 kV, ion flows can be seen between the
tip of the charge eliminator and the transfer roller as the
space between them shimmers slightly.

As for the discharges between the ITB and the facing
roller, the calculations and experiments were in accord with
discharges starting at 3 kV. Notice that the separation dis-
charges between the ITB and the paper in both the calcula-
tions and the experiments reaches the maximum under the 1
kV condition, which is the weakest supply voltage. As can be
seen from Fig. 8(b), by supplying a higher voltage, the ion
flows expands into the nip region, and charge is removed
from around the paper in the nip region. This effect is due
to the increase in voltage of the transfer roller and the
change in direction of the electric field near the tip of the
eliminator, from the paper toward the nip region. By sup-
plying a higher voltage, the eliminator removes the charge
on the paper at the nip region. As a result, the discharges
between the paper and ITB decrease.

Toner Scattering

Figure 9 shows the condition of layers of the toner. Experi-
ments are at a point far from the nip, and calculations are at
a point about 6 mm down from the nip. The calculations
qualitatively agree with the experiments in the following re-
spects: the toner at V=2 kV without the eliminator com-

5mm
le—>

(2) Case 2: V; = 2 kV with the eliminator

(3) Case 3: Vp = 8 kV without the eliminator

Integrated count of toner

L}
' Imagearea

(2) Experiments

1
! Imagearea

(b) Toner state (Calculations)

—_—p
L}
+ Imagearea

(¢) Integrated count of toner (Calculations)

Figure 9. Tonor scattering. Experimental results show transferred foner image on paper.
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Figure 10. Trajectory of scatfering toner (case 1: Vy=2 kV without eliminator).

pletely scatters (case 1), the toner at V=2 kV with the
eliminator still scatters but at a reduced rate (case 2), and the
toner at V=3 kV has almost no scattering despite the ab-
sence of the eliminator (case 3).

Figure 10 shows the trajectory of toner scattering for
case 1. In this figure, the contour illustrates the distribution
of electric potential, and the black lines trace the scattering
toner. It is clear from this figure that the electric potential
gradient from the image area to nonimage area is the cause
of scattering toner. The reason for changes in toner scatter-
ing behavior moving from case 1 to case 3 is as follows.

Figures 11 and 12 show the calculated results for electric
field variation. Toners are kept at the same spot to prevent
from being scattered on the paper while the paper is being
transported, which verifies the kind of force that acts on the
toners. Figure 11 shows the charge density, which is the sum
of paper charge and toner charge. Figure 12 shows the elec-
tric potential contour around the boundary region of image
and nonimage areas. The black lines in Fig. 12 (2) represent
ion flows from the static charge eliminator. When applying 2
kV (case 1), there is not enough positive charge on the paper
in the image area to neutralize the negative charge from the
toner. Thus, the voltage on the image area is lower than that
on the nonimage area. Consequently, the toner on the image
area scatters over the nonimage area. However, a static
charge eliminator added to this system (case 2) will neutral-
ize the positive charge on the nonimage area, and the electric
potential gradient from the image area to the nonimage area
will weaken, thus reducing the scattering. In addition, by
shifting the voltage to 3 kV (case 3), the paper in the image
area will have enough positive charge to attract the negative
charged toner, and scattering will not occur even without the
eliminator.

CONCLUSION

A numerical simulation method for the transfer process in
an electrophotographic system, which takes into consider-
ation electric discharges, ion flows, charge conduction, and
toner behavior, was developed. The method was applied to
the analysis of the second transfer (belt to paper) process.
The results showed good qualitative agreement with experi-
ments. It was found that ion flows from the static charge
eliminator affect the behavior of separation discharges and
toner scattering.
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Figure 11. Distribution of charge density for the sum of paper charge
and toners charge.
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Figure 12. Electric potential at the outlet of the nipped region.
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APPENDIX: HOW TO SOLVE THE DISCHARGE

CALCULATION MATRIX
Put Egs. (6) and (7) into Eq. (8) and obtain the following:

i 0 . )
Kll ¢l
Sym. -
K, K; &+ Vi)
Kiooo Ko K 4
Ky = Ky oo Ky o Ky, L ¢"1 J
( )
Q
Qi —AQ;
=< ). (A1)
Q;+AQ;
L @)
Then rearrange to obtain the following:
i o
Kll 1
Sym.
Ky - K ¢;
Kp - K; K; ¢
Ko K, Kn] © Ky \¢;1J
()
(o ) 0
ij)
Qi—AQ; Vl(ai
= 1 p-IKK P} (A2)
Qj+AQ; 0
L @) L 0 )
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Supposing the second term of the right-hand member is {R},
we can reorganize the equation further and obtain the
following:

r T1r )
Ky Sym. (o}
!
K+ Kj Kjj+ Kjj + Kj; + Kj; 14 (
K, K+ K, mn\%J
r N 3
Q R,
=4 Q+Qj - Ri+R; . (A3)
R
\ Q J . " J

This equation does not include zero in the diagonal ele-
ments. Solving this equation we find {¢'} and substitute it
into Eq. (A1) which gives us Q;—AQ and Q;+AQ. Since Q;
and Q; are the charges on nodes i and j, respectively, they are
already known. Thus, we can find AQ.
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