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Abstract. The objective of this article is to investigate the effect of
counter magnet configuration of an interactive touchdown develop-
ing system on the behavior of the brushes using the discrete ele-
ment method. The shape of the magnetic brush, its shearing force
acting on a development roll, or the electric potential distribution
were analyzed. The magnetic brushes in the nip were crowded
when the counter magnet was installed in the development roll.
Their velocities also fluctuated; the brushes were pulled into the nip
and returned to only a slight degree. The shearing force increases in
the presence of the counter magnet because the stiffness of the
magnetic brush became high, owing to the strong magnetic field. In
the experimental work the toner mass adhered onto the develop-
ment roll under the uninstalled condition was much larger than that
with the counter magnet installed because of the reduced shearing
force. The electric potential distributions around the nip also fluctu-
ated in the presence of multiple magnetic brushes. The adhered
toner mass was found to be affected by not only the shearing force
but also this fluctuation of the electric field. © 2008 Society for Im-
aging Science and Technology.
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INTRODUCTION

An electrophotographic system is one of the most com-
monly used printing technologies during the past few de-
cades. Demand on printing technology (e.g., printing speed,
high quality, low cost, energy saving, and ecological technol-
ogy) are increasing with rapid development of information
technologies, and new machines having innovative and
unique methods are being developed in many industries ev-
ery year. An interactive touchdown developing method,'

which is shown in Figure 1, has characteristics of high print
quality and high stability; i.e., it combines the advantages of
both the two-component developing method and the
monocomponent developing method. A two-component de-
veloper is carried by the magnet roller, and toner particles
alone adhere on the surface of the development roll, forming
a thin layer (two-component developing process). Then the
toner particles are developed onto the latent images on the
photoreceptor (monocomponent developing process). Thus,
this method ensures excellent and long-lasting print quality.'

Although this developing method has useful character-
istics, there is an important issue; i.e., that is the need to
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Figure 2. Schematic diagram of experimental apparatus.

reduce the imaging ghost phenomenon® during the
monocomponent developing process. The imaging ghost is
the residual image of the previous print; one of the causes of
ghosting is unstable toner supply after printing (insufficient
or excess). To solve this problem, quick replenishment of the
consumed toner layer on the development roll is very im-
portant, and the installation of a counter magnet in the de-
velopment roll at the nip of two-component developing pro-
cess has been proposed to this end. It is expected that in
consequence the magnetic field will be large and the mag-
netic brushes at the nip will have high stiffness. These
changes should be effective for reducing the imaging ghost
phenomenon; however, it is difficult to analyze the effects of
the installation of a counter magnet on the interactive
touchdown system in detail using a purely experimental ap-
proach. Thus, numerical analysis is useful to grasp the phe-
nomena found in this system.

In this article, the behavior of the magnetic brushes in
the two-component developing process was simulated using
the discrete element method (DEM),*>” and the effects of the
installation of counter magnet, its angle against the nip, and
its relative coercivity on the development behavior, namely
the shearing force acting on the development roll or the
electric potential distribution, were evaluated.

EXPERIMENTAL

The effect of a counter magnet on the adhered toner mass
on the development roll was studied in an interactive touch-
down developing system, which is shown in Figure 2. This
experimental apparatus was converted from a practical ma-
chine. It had a photoreceptor, however, it did not have pro-
cesses for developing to the photoreceptor, transferring, or
fusing. The diameters of development roll and the magnetic
roll were 16 and 20 mm, respectively. The gap between them
at the nip was 0.3 mm. The magnet roll consisted of seven
magnets, and the counter magnet was installed in the devel-
opment roll. Both rolls had sleeves, and the rotational speeds
of the development roll and the magnet roll were 177.8 rpm
(0.15 m/s) and 266.7 rpm (0.24 m/s), respectively, counter
to each other. Figure 3 shows the magnetic flux density dis-
tribution around the nip area, which was analyzed by
J-MAG, studio ver. 8.3 (JRI Solutions, Ltd.). Pulverized
toner particles (dsp=9.1 um) and ferritic carrier particles
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(dsy=51.3 um) were used in this work. The toner particles
were deposited onto the development roll by the magnetic
brush. The surface potential on the development roll was
measured using a surface potential sensor (EFS-21D, TDK
Corporation), and the data were collected to a computer
using a recorder (NR-110, Keyence Corporation). The dis-
tance between the surface potential analyzer and develop-
ment roll was kept constant at 3.0 mm. The adhered toner
mass was estimated from the surface potential. The offset
bias voltage and the peak-to-peak voltage were set at 300 and
2000 V using a high voltage function generator (615-3, Trek,
Inc.). The bias frequency was varied between 3.0 or 5.0 kHz.
Temperature and relative humidity in the room were con-
trolled at (22.0+£1.0)°C and (38.0+4.0)%. Measurements
under each condition were carried out three times and the
mean values taken.

SIMULATION

The three-dimensional particle behavior in the interactive
touchdown developing system was simulated using the
DEM.” The DEM is one of the most popular and reliable
simulation methods for the numerical analysis of solid par-
ticle behavior. This simulation method consists of the idea of
determining the kinematic force to each finite-sized particle.
All forces acting on each particle are modeled and calculated
at every discrete time step. The trajectories of particles are
updated by Newton’s law of motion, as shown in the follow-
ing equations:

>F
v=—1, (1)
my
>M
Nl 5
0= (2)

where v is the particle velocity, F is the summed force acting
on a particle, m, means the mass of a particle, @ is the
angular velocity, M and I denote the moment of force and
the moment of inertia. The contact force, For, magnetic
force, F);, van der Waals force, F, and gravitational force, F;
act on carrier particles in this system, and all forces are
summed up.

Contact Force

A contact model between two particles is given by the Voigt
model, which consists of a spring-dashpot and a slider for
the friction in the tangential component. The contact forces,
F,, compressive, and F,, shear, can be calculated by the fol-
lowing equations:

Aun),'j

Fn,ij = (KnAun,,-j + nﬂA_t>njj> (3)
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F,;j=min) udF, it |:Kz(A”t,ij +Ag;)

Aut,i»-f— A(,Dy
+ ﬂt(JA—t> :|tij ) (4)

where K and 7 mean the spring and the damping coeffi-
cients, which are given by Egs. (5)—(8); Au and Ag are a
relative translational displacement of gravitational center be-
tween two particles and a relative displacement at the con-
tact point caused by the particle rotation. The frictional co-
efficient is represented by u; (=0.58); n;; and t;; denote the
unit vectors in normal and tangential components. The sub-
scripts n and ¢ indicate the normal and tangential compo-
nents

2 E
K== ——b, 5
T3 -4 ®
1 E
K,=8b : : (6)
2(l+v) 22-v)
7, = 2ymK,, (7)

K,
=1y ;ﬂ (8)

where E and v are Youngs modulus (=0.1 GPa) and
Poisson’s ratio (=0.3), and b denotes the radius of the con-
tact area.

Magnetic Force

Carrier particles in the magnetic field caused by the magnet
roll form the magnetic brush on the sleeve. The magnetic
force is calculated from following equations:®

Fyi=(m;- V)B;, )
n
Bi=Bsuqt X Bi; (10)
J=1(#1)

MO[S(mj'Rﬁ)R o ] (11)

7 4w Ri> " R

where m; and B, 51y mean the magnetic dipole moment of
ith particle and the magnetic flux density caused by the
magnet roll at the position of ith particle, respectively. B; ; is
the magnetic flux density caused by the magnetized jth par-
ticle, and p, is the magnetic permeability of vacuum
(=1.26X107° H/m); Rj; is the position vector from jth par-
ticle to ith one. The magnetic dipole moment is defined by
Eq. (12),
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Mo Myt 2

B;, (12)

where u, means the relative magnetic permeability (=10%).

The van der Waals Force
The van der Waals force F, between ith and jth particles of
d; and d; in diameter is given by the following equation:

12h* d;+ d;|R;|’

Vi

where A demotes the Hamaker constant (=7.9 X 1072°7J),
and h is a surface distance between the particles. When par-
ticles are in contact, h is determined to be 0.4 nm in con-
sideration of Born repulsion.

Electric Field Around the Nip

The toner particles, which have been carried to the nip area,
fly to the development roll by the electrostatic force Fp. A
toner having g in charge receives Fy in the electric field E,

F; = qE, (14)

E=-V¢, (15)

¢ is the electric potential distribution, which is given by
Eq. (16),

Vig= - S (16)

where p denotes the charge density of nip area, and ¢ is the
permittivity. The electric potential distribution in the nip is
affected by being the magnetic brushes.

Simulation Conditions

The effects of the counter magnet configuration on the mag-
netic brushes shape were investigated. The magnetic flux
density around the nip was analyzed using J-MAG Studio
ver. 8.3 (JRI Solutions, Ltd.). The magnet roll had seven
magnets in it, and the counter magnet was installed in the
development roll, as shown in Fig. 2. The relative coercivity
of counter magnet, H. 5o/ H. N> (SO and N2 are related to
Fig. 2), was changed from 0.15 to 0.78, and its installation
angle, 6, was also changed from —10 to +10 deg against the
center of nip.

The carrier particles, 35 or 50 um in diameter, were
introduced and positioned on the sleeve; the total number of
particles was 10,000. The diameters of the development roll
and the magnet roll were 16 and 20 mm, respectively, and
their speeds were same as in the experimental case. The axial
length of the calculation area was shortened to 0.5 mm due
to the calculation load, and the periodic boundary was also
considered in the axial direction. The other geometric con-
figurations are same as the experimental ones. The discrete
time increment, At, was 1.0 X 1078 s, and the calculation was
run for 5X 10° steps.
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Figure 3. Magnetic flux density distribution.

(b) Having counter magnet

Figure 4. Snapshots of magnetic brush.

The magnetic brushes around the nip affect the electric
potential strongly; accordingly the effect of the permittivity
of carrier particles on the calculation of electric potential
distribution was considered in evaluating the effect of the
brushes on the electric potential. The relative permittivity of
a carrier particle was taken to be 15, and the offset bias
voltage and the peak-to-peak voltage were 300 and 2000 V,
respectively. The electric potential distribution was calcu-
lated using a difference method.

RESULTS AND DISCUSSIONS

Effect of the Installation of Counter Magnet

on the Brush Shape

Fig. 3 shows the magnetic flux density distribution around
the nip area, which was analyzed by J-MAG studio. The
counter magnet having relative coercivity H g0/ H x;=0.45
was installed in the development roll. It was found that the
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Figure 5. Snapshots of velocity of magnetic brush.

Table 1. Effect of installation of counter magnet.

Counter magnet Without Installed
No. of carrier particles in the nip ) 3446.7 47419
Shearing force per brush contact (pN) 1.50 3.18

magnetic flux density distribution around the nip became
extremely large when the counter magnet was installed. Fig-
ure 4 shows snapshots of the magnetic brush, as simulated
by the DEM. The brush in the nip under the condition of
having the counter magnet installed was crowded, and there
are a few brushes just before the nip, because a strong mag-
netic force is acting on the carrier particles. Figure 5 shows
snapshots of brush velocity. In Fig. 5 the color changes, cor-
responding to brush velocity changes from 0.5 v, to 1.5 v,
where v, denotes the velocity of sleeve. The brush velocities
are mostly the same as v, in the absence of the counter
magnet; on the other hand, they fluctuate a lot when the
counter magnet is present. The velocity before the nip is
accelerated to more than 1.5 v,, and the brushes are pulled
into the nip. Once the brushes come into the nip, their
movements become stagnant and it is difficult for them to
go out from the nip. Table I shows the mean number of
carrier particles in the nip and the shearing force acting on
the development roll per brush contact. The nip is defined as
the area which lies £10° from the line between the centers of
magnet and development rolls. The number of carrier par-
ticles for the condition with the magnet is about 1.4 times
greater than for the uninstalled condition. More toner par-
ticles when the counter magnet is present, if it is assumed
that the toner particles adhere to the surface of carrier par-
ticles with same ratio. Then, new toner particles can replen-
ish the consumed toner layer on the development roll
quickly. The shearing force acting on the development roll
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Figure 6. Relation between adhered foner mass and surface potential.

also increases when the counter magnet is present because
the stiffness of the magnetic brush becomes greater due to
the strong magnetic field. Thus, the consumed toner layer
can be also leveled physically by shearing of the magnetic
brush.

Figure 6 shows the relation between the adhered toner
mass on the development roll and the surface potential in
the experimental work. The relationship is independent of
the magnet condition because the toner charge, which is
essentially the same under both conditions, is more domi-
nant. Thus, the adhered toner mass on the development roll
can be estimated by measuring the surface potential. Figure
7 shows the change over time of adhered toner mass under
3.0 or 5.0 kHz bias frequency. The adhered toner mass in-
creased stepwise with increasing time because more toner
particles adhered with increasing number of rotations. The
first step means first rotation of the development roll. It
would appear that each step has a fluctuation associated with
it. A lot of toner particles are transported during the first
sleeve rotation because they adhere on the surface of sleeve.
The rotational speed of sleeve of the magnet roll is faster
than that of the development roll. Thus, a drop is seen after
the first sleeve rotation. The adhered toner mass was limited
due to the balance between the electrostatic force from the
field and the repulsive force from the toner layer. It was
found that the adhered toner mass in the absence of the
counter magnet was larger than that with the counter mag-
net installed because of the reduced shearing force caused by
the magnetic brush. The difference in adhered toner mass
with and without counter magnet is very similar to of the
difference in the shearing force evaluated in the simulation
work. Thus, we infer that the adhered toner mass is affected
by the shearing force of magnetic brush, and the simulated
shear force should correlate with adhered toner mass. The
time for completing the process of adhering toner to the
development roll becomes short when the counter magnet is
installed. Therefore, the counter magnet works well for re-
plenishing the consumed toner layer.
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Figure 7. Time change of adhered foner mass.

Effect of the Magnet Configuration of Counter Magnet
on the Brush Behavior

The behavior of the magnetic brush around the nip is af-
fected by the magnetic field, thus to know the effect of the
installation of a counter magnet seems important. Figure 8
shows the magnetic flux density distribution around the nip
area under different counter magnet installation angles with
H_ o/ H. N, =0.45. The distribution corresponding to a large
magnetic flux density shifted along with the position of
counter magnet. Figure 9 shows snapshots of the brush ve-
locity over the range 6.=-10° to +10°. The movement of
the brushes was affected by the position of counter magnet.
The brush movement becomes stagnant when the counter
magnet is located before the nip because the brushes stay
just before the nip, and the gap length between the magnet
roll and the development roll becomes small from there on
so that it is difficult for the brushes to pass through the nip.
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Figure 8. Magnetic flux density distribution.
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Figure 9. Snapshots of velocity of magnetic brush.

Figure 10 shows the relationship between the mean
number of carrier particles in the nip and the installation
angle of the counter magnet. It was found that the brush
movement becomes most stagnant under the condition of
~—5°, Figure 11 shows the relationship between the mean
shearing force acting on the development roll per brush con-
tact and the installation angle of the counter magnet. The
shear force increases when the counter magnet is installed
behind the nip because the magnetic brushes form against
the direction of development roll rotation, which is shown in
Fig. 9. Thus, the installation of the counter magnet just be-
hind the nip will be most useful because the consumed toner
layer can be replenished physically.

Figure 12 shows the magnetic flux density distribution
for different counter magnet coercivities. The case where
H, 50/ H.N>=0.15 is similar to that of the uninstalled condi-
tion (Fig. 3). Figure 13 shows the snapshots of brush velocity
for this condition. We found that a counter magnet having
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small coercivity has little effect on the behavior of the
brushes, and their behavior is quite similar to that without
the counter magnet (Fig. 5). The nip becomes extremely
crowded with many brushes, when the coercivity of the
counter magnet is large. The carrier particles form connect-
ing chains between the development roll and the magnet
roll. Most brushes do not extend out from the nip due to the
strong magnetic field. The shearing force acting on the de-
velopment roll becomes large under this condition of large
coercivity, as shown in Figure 14, and it was also found that
the shearing force is directly proportional to the coercivity of
counter magnet.

Figure 15 shows the equipotential surfaces around the
nip having the counter magnet (H, g/ H,n,=0.45). It was
found that the electric potential distributions fluctuated sig-
nificantly. Figure 16 shows the equipotential surfaces under
different magnet configurations. The fluctuation of electric
potential becomes large on increasing the coercivity of the
counter magnet. The adhered toner mass would be affected
by not only the shearing force of the magnetic brush but also
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Figure 13. Snapshots of velocity of magnetic brush.

50 — T T T T

40+ ° |
/ (© h::,caunter/ ’L/c,magrull =0.78
HE -

B0 i 0 650 1300V

565 Figure 16. Snapshots of equipotential surfaces around nip.
Or @ B
o/ 1 by the condition of electric field. The effect of electric po-
10k 4 tential fluctuation on adhering toner particle behavior will
be analyzed in future work by modeling two-component
developers.

Mean shear force acting on development
roll per brush contact, F, [uN]

0.0

00 02 04 06 08 10

Relative coercivity of counter magnet,
Hc,SO/Hc,N2 [-]

CONCLUSIONS

The brush behavior in the interactive touchdown develop-
ment system was simulated using the DEM to evaluate the
Figure 14. Relation between mean shear force acting on development effects of counter magnet configuration. A summary of the
roll per brush contact and relative coercivity of counter magnet. work follows.
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The magnetic brushes in the nip became crowed
when the counter magnet was installed in the de-
velopment roll. Their velocities also fluctuated; the
brushes were pulled into the nip and hardly ex-
tended out of it.

The shearing force acting on the development roll
per brush contact increased in the presence of the
counter magnet because the stiffness of magnetic
brush became large due to the strong magnetic
field. Thus, the consumed toner layer could be also
leveled off physically by the shearing action of the
magnetic brush.

The adhered toner mass for the uninstalled condi-
tion in the experimental work was larger than that
of installed one because of the reduced shearing
force from the magnetic brush. The time for com-
pleting the deposition of toner to the development
roll became short when the counter magnet was
installed. Thus, the counter magnet works well for
replenishing the consumed toner layer.

The shearing force increased when the counter
magnet was installed behind the nip because the
magnetic brushes formed against the direction of
development roll rotation.

The counter magnet having small coercivity had
little effect on the behavior of the brushes, and their
behavior was quite similar to that under the
uninstalled condition. The nip became extremely
crowded with many brushes and most of brushes
did not extend out of the nip when the coercivity
was too large. It was found that the shearing force
was directly proportional to the coercivity of
counter magnet.

060505-8

(6) The fluctuation of electric potential became large
with increasing coercivity of counter magnet. The
adhered toner mass is affected by not only the
shearing force of magnetic brush but also the
electric field.
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