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bstract. A simplified simulation method coupling two-dimensional
2D) and three-dimensional (3D) models is proposed for analysis of
rimary toner transfer processes. In the 2D model, the electric po-
ential distribution of a vicinity of a transfer nip is simulated including
onditions and configurations of the transfer process. Meanwhile,
he motion of toner particles is simulated with a 3D parallel plate
odel, including the relation between the electric potential of the

ntermediate transfer belt and the transfer gap obtained by the 2D
imulation. The validity of the 2D and the 3D models is separately
xamined, and analyses of a primary transfer process in a printer
ave been demonstrated using the coupling method. The method
as nicely reproduced transfer phenomena with small computational

oad. © 2008 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2008�52:5�051001��

NTRODUCTION
ntermediate transfer systems have been widely used in elec-
rophotographic printers. In these systems, a toner image
eveloped on a photoconductor is primarily transferred
nto an intermediate transfer member and then secondarily
ransferred onto a sheet of paper. As toner images are trans-
erred by the electrostatic force, design of the electric field
istribution in transfer processes is a key point for faithful
ransfer. Recently numerical methods have been applied to
nalysis of the electric field.1–5

In numerical analysis of transfer processes, a calculation
rid dimension smaller than the diameter of toner particles
s suitable for prediction of the transferred toner images, as
he strength and the direction of the electrostatic force on
ndividual toner particles, which determine the image qual-
ty, can be evaluated precisely. On the other hand, if the
icinity of a transfer nip is modeled using such a small size
f calculation grids, the number of calculation grids be-
omes large and considerable computational load is re-
uired, especially in three-dimensional (3D) analysis.

In the present work, a simulation method of a transfer
rocess, which can predict transferred images with small
omputational load, is proposed and analyses of a primary
ransfer process are demonstrated.
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IMULATION PROCEDURE AND MODEL
n the simulation method, the motion of toner particles be-
ween an organic photoconductor (OPC) and an intermedi-
te transfer belt (ITB) is simulated with a 3D parallel plate
odel, whereas the electric potential of the ITB obtained by
two-dimensional (2D) electric field simulation is applied

o a boundary condition. The simulation procedure is
hown in Figure 1 and the models of the 2D and the 3D
imulation are described in the following.

wo-Dimensional Model
irst, the vicinity of a transfer nip in a printer is modeled in
2D boundary-fitted coordinate system. An example of the

D model is shown in Figure 2, and a schematic illustration
round the transfer nip is shown in Figure 3. Toner is dealt
ith as a layer, and it is set on the OPC in the prenip region

nd on the ITB in the postnip region. The thickness and the
olume charge density of the toner layer are changed de-
ending on the developed amount of toner, the charge
mount of toner, and image area ratio. At the initial state, a
niform electric charge is distributed on the OPC surface,
Figure 1. Simulation procedure.
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nd the amount is also varied according to the charging
otential and image area ratio.

After the arrangement of the OPC, the toner layer, and
ransfer members, the electric potential distribution is calcu-
ated taking into consideration the transfer bias, electrical
haracteristics of transfer members, the transport of electric
harge, and the electrostatic discharge.

The electric field E and the electric potential � in the
nalysis area are solved with the Poisson equation:

div E = − div�grad �� = �/� , �1�

here � is the electric charge density and � is the
ermittivity.

The electric charge density � is obtained by considering
he transport of the electric charge and the discharge. The
ransport of the electric charge is expressed by the equation
f continuity:

��/�t = − div J , �2�

here t is the time and J is the current density.
The current density J is calculated including the electri-

al conduction and the advection as follows:

J = �E + �vp , �3�

here � is the electrical conductivity and vp is the process
elocity of the printer.

In the case where the ITB is made of such a carbon-
lled plastic, the electric field dependence of the electrical
onductivity � is considered. In the present model, the field
ependence of the electrical conductivity � is reflected using

he Poole-Frenkel law:6

� = � exp���E�1/2� , �4�

here � and � are empirical constants determined by a
esistivity measurement.

The effect of discharge is considered by adding electric

Figure 2. Schematic illustration of the 2D model.

igure 3. Schematic illustration around the transfer nip in the 2D model.
harge on objects forming an air gap, when the electric po- c

. Imaging Sci. Technol. 051001-
ential difference across the air gap exceeds the Paschen
imit. The relations between the Paschen limit �pa, in units
f volts, and the air gap G, in units of meters, are as follows:7

�pa = �75.4 � 106G �G � 4.8 � 10−6�

362 �8 � 10−6 	 G 	 4.8 � 10−6�

312 + 6.2 � 106G �G 
 8 � 10−6� .
�
�5�

The amount of the discharge Q, in Coulombs per
quare meter, is estimated by the following equation:

Q = �0��� − �pa��� �di/�i� + G� � �G � �di/�i�� , �6�

here �� is the electric potential difference across the air
ap in units of volts, �0 is the vacuum permittivity, and �i

nd di are the relative dielectric constant and the thickness of
n object, respectively. The previous equations are solved
ntil a steady state (� E /� t=0) is reached and the relation
etween the electric potential of the back side of the ITB and
he transfer gap is obtained.

hree-Dimensional Model
econd, a space between a part of the toner image on the
PC and the ITB is modeled in a 3D parallel plate model
ith the calculation grids smaller than the diameter of the

oner particles. Then calculation of the electric field and the
otion of toner particles is carried out by changing the

ransfer gap, whereas the relation between the electric poten-
ial of the back side of the ITB and the transfer gap obtained
y the 2D simulation is used as a boundary condition. At the

nitial state, the latent image and toner particles exist on the
urface of the OPC, and toner particles adhere to the OPC
y electrostatic and nonelectrostatic forces. An example of
he 3D model is shown in Figure 4.

The electric field E and the electric potential � are
olved again by the Poisson equation [Eq. (1)] with consid-
ration of the Paschen discharge [Eqs. (5) and (6)]. In the
resent work, the discharge between the OPC and the ITB,

oner on the OPC and the ITB, the OPC and toner on the
TB, and toner on the OPC and toner on the ITB is

Figure 4. Schematic illustration of the 3D model.
onsidered.
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The electrostatic force acting on a toner particle Fe is
elated to the quantity of electric charge of the toner particle

and the electric field E as

Fe = qE , �7�

nd the motion of the toner particle is calculated by
ewton’s second law of motion:

Fe = d�mtvt�/dt , �8�

here mt and vt are the mass and the velocity of the toner
article, respectively.

In the present model, the toner particle begins to move
hen the electrostatic force acting on the toner particle Fe

vercomes the nonelectrostatic adhesion force, and contin-
es to move until it reaches the surface of the ITB. Collisions
etween toner particles are not considered.

XPERIMENTAL VALIDATION OF THE
IMULATION MODELS
efore analyzing transfer processes in printers, validation ex-
eriments for the 2D and the 3D models were separately
arried out as follows.

alidation of the 2D Model
he validity of the 2D model was examined by comparing
xperimental and calculated results of relationships between
he applied voltage and the current of a primary transfer
rocess in a printer. A schematic illustration of the primary
ransfer process is shown in Figure 5, and the calculation
rid used for the simulation is shown in Figure 6. The ITB

Figure 5. Schematic illustration of the primary transfer process.

Figure 6. Calculation grid used for the 2D model validation.
as made of a carbon black filled polyimide; then the field o

. Imaging Sci. Technol. 051001-
ependence and the anisotropic nature of the electrical con-
uctivity were considered in the calculation. Figure 7 shows

he characteristics of the electrical conductivity of the ITB.
n the other hand, a constant electrical conductivity

0.1 S/m� was used for the primary transfer roller, as its
aterial shows the Ohmic conduction. The OPC is treated

s an insulator.
Shown in Figure 8 are experimental and calculated re-

ults with various surface electric potential of the OPC �Vd�
n the condition that the toner is not developed. The good
greement indicates that the electric field distribution is
roperly simulated by this model.

alidation of the 3D Model
he validity of the 3D model was examined with a simple
odel experiment, where the applied voltage dependence of

he transfer efficiency was studied. A schematic illustration

igure 7. Characteristics of the electrical conductivity of the intermediate
ransfer belt.

igure 8. Relationships between the applied voltage and the current of
he primary transfer process.

Figure 9. Schematic illustration of the model experiment.
f the model experiment is shown in Figure 9. Developed

Sep.-Oct. 20083
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oner on a polyethylene terephthalete (PET) coated metal
late was made to approach a facing metal plate until con-

act was established, and then separated; a constant voltage
ifference was applied between the metal plates throughout.
he amount of developed toner was 1 mg/cm2 and the av-
rage of the charge-to-mass ratio of the toner was
15 C/g. The thickness of the PET layer was 55 m.

In the simulation, the averages of nonelectrostatic adhe-
ion force of toner-with-PET and toner-with-toner were set
o 15 and 5 nN, according to experimental data obtained by

centrifugation method,8 and a Gaussian-like distribution
as assumed. The adhesion force distribution of toner par-

icles used in the simulation is shown in Figure 10. The two
eaks around 15 and 5 nN were derived from two contact
tates of toner-on-PET and toner-on-toner, respectively.

Figure 11 shows experimental and simulated results of
he applied voltage dependence of the transfer efficiency. The
ransfer efficiency in both experiment and simulation in-
reased with the applied voltage up to about 900 V, and then
ecreased with the applied voltage. This is because the po-

arity of some toner particles is reversed by the discharge.

igure 10. Distribution of the nonelectrostatic adhesion force of toner
articles used for the 3D model validation.

igure 11. Applied voltage dependence of the transfer efficiency in the
odel experiment.
igure 12 shows the charge-to-mass ratio of the transferred m

. Imaging Sci. Technol. 051001-
nd residual toner, and shown in Figure 13 are snapshots of
he simulation at 1000 V. In the case where the applied field
s constant as in these experiments, the discharge is mainly
aused in the approaching process, because the electric field
n the separating process is weaker than that in the ap-
roaching process due to the discharge. As a result, some

oner particles on the PET receive a positive charge before
eing transferred in the case of high applied voltage. The
endencies predicted by the simulation agree with the experi-

igure 12. Applied voltage dependence of the charge-to-mass ratio of
he transferred and the residual toner in the model experiment.

igure 13. Snapshots of the 3D simulation. White particles are nega-
ively charged toner, and black particles are toner particles that have
een reverse charged because of the discharge. White lines in the trans-

er gap express the discharge.

igure 14. Relationship between the applied voltage and the transfer
fficiency of the primary transfer process.
ents, which supports the validity of the 3D model.
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NALYSES OF PRIMARY TRANSFER PROCESSES
N A PRINTER
inally, analyses of a primary transfer process in a printer
ave been demonstrated by using the method coupling the
D and 3D models. Figure 14 shows experimental and cal-
ulated applied voltage dependence of the transfer efficiency
f a solid image that is transferred in the printer, which has
een used in the 2D model validation section. The amount
f developed toner is 0.65 mg/cm2, and the charge-to-mass
atio of the toner is −20 C/g. In the simulation, the aver-
ges of nonelectrostatic adhesion force of toner-with-OPC
nd of toner-with-toner have been set to be 15 and 5 nN,
nd a Gaussian-like distribution has been assumed in the
ame way as in the 3D validation section. In addition, shown
n Figure 15 are examples of the relationship between the
lectric potential of the back side of the ITB and the transfer
ap used in the 3D calculation. The electric potential in the
renip region is negative due to the effect of the electric
harge of the toner and the OPC, and it becomes positive in
he nip because of the biased primary transfer roller. Further,
he potential in the postnip region increases with the trans-
er gap, insofar as excess positive charge is added to the ITB

igure 15. Relations between the electric potential of the back side of the
TB and the transfer gap in the case of the applied voltage of 1000 and
000 V.

igure 16. Transferred one-dot images simulated with various offset dis-
ance between the primary transfer roller and the OPC in the direction of
he ITB motion, and with various potential contrasts between image area
nd nonimage area of the latent image on the OPC.
rom the roller. r

. Imaging Sci. Technol. 051001-
The applied voltage dependence of the transfer effi-
iency predicted by the simulation shows good agreement
ith that of the experiment, which suggests that transfer

fficiency in printers can be predicted by the analysis mod-
ls. Incidentally, the transfer efficiency curves of Fig. 14,
here plateaus are observed, look different from those of
ig. 11 in the 3D model validation section. The reason is
hat in the printer, the low electric potential of the ITB is
ealized by arranging the roller downstream of the OPC, and
herefore, little toner charge reversal is caused in the prenip

igure 17. Electric potential distribution around transfer nips obtained by
he 2D simulation. Offset distance �a� −2 mm and �b� +2 mm. In these
xamples, the OPC initially has a uniform electric charge of −110 with
40 C/m2 of a developed toner layer, and a bias voltage of 2000 V

s applied to the roller. White area, except for the ITB, shows where the
lectric potential is higher than 1000 V.

igure 18. Snapshots of the transfer behavior on condition that the po-
ential contrast of the latent image is 30 V. Offset distance �a� −2 mm
nd �b� +2 mm. White particles are negatively charged toner, and black
articles are toner particles that are reverse charged because of the dis-
harge. White lines in the transfer gap express the discharge.
egion.
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On the other hand, shown in Figure 16 are transferred
ne-dot images at a constant applied voltage, which are
imulated with various offset distances between the primary
ransfer roller and the OPC in the direction of the ITB mo-
ion, and with various potential contrasts between image
rea and nonimage area of the latent image on the OPC.

hen the roller is located upstream from the OPC, the off-
et is expressed as a negative value.

In the results, the more upstream the location of the
rimary transfer roller, the greater the degradation of the

mage, especially in the case of the low potential contrast of
he latent image, because in the case where the primary
ransfer roller is arranged in the upstream region, the electric
otential difference between the OPC and the ITB in the
renip region becomes large, as shown in Figure 17, and

oner particles on the OPC move before making contact
ith the ITB. Meanwhile, a weak edge electric field on the
PC is the reason toner scatterings increase in the case of

he low potential contrast of the latent image. Figure 18
hows snapshots of the transfer behavior on condition that
he offset distance is −2 mm and +2 mm, with the potential
ontrast of the latent image of 30 V. Although these tenden-
ies can commonly be observed in actual printers, simulated
esults support the conclusion that the arrangement of pri-

ary transfer rollers in the downstream region is one useful
ethod to obtain faithful transfer.

Results such as those shown in Fig. 16 can be obtained

ithin hours on a commercial personal computer, and

. Imaging Sci. Technol. 051001-
herefore, the present simulation method is useful for design
nd development of printers.

ONCLUSION
simplified simulation method coupling 2D and 3D models

as been developed for analysis of primary transfer pro-
esses. The simulation method nicely reproduces transfer
henomena with a small computational load and therefore,

t is useful for design and development of printers.
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