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bstract. The dynamics of toner and carrier particles in a two-
omponent development system used in electrophotography were
tudied to clarify the development characteristics and to reduce the

mage defects due to the bead-carry-out (BCO) phenomenon. The
eight of the developed toner line image and the density of carrier
articles adhered to the photoreceptor surface after development
ere measured and the behavior of the toner and carrier particles
as observed using a high-speed microscope camera. This study
larifies that development occurs not only in the contact area be-
ween the carrier brush and the photoreceptor but also in the pre-
nd postnip regions where the brush does not make contact with the
hotoreceptor and that the occurrence of BCO is reduced in the

mage area rather than in the nonimage area at a low dc develop-
ent voltage at a high toner concentration and with the develop-
ent sleeve at a high-speed ratio. The mechanisms of these phe-
omena are investigated using independent experimental and
umerical analysis. © 2011 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.2011.55.3.030507�

NTRODUCTION
he dynamics of toner and carrier particles in an electro-
agnetic field are of great importance in two-component
agnetic brush development systems that are used in color

nd/or high-speed electrophotography machines. Magnetic
arrier particles with electrostatically attached toner particles
re introduced in the vicinity of a rotatory sleeve that en-
loses a stationary magnetic roller. The diameter of a carrier
article is on the order of several tens of micrometers and

hat of a toner particle is approximately 5–10 �m. The
agnetized carrier beads form chain clusters, a so-called

rush, on the sleeve in the presence of the magnetic field, as
hown in Figure 1. The tips of the chains come into contact
ith the photoreceptor surface in the development area, and

he toner particles on the chains move toward the electro-
tatic latent images created by a laser beam on the photore-
eptor to form real images.1–4 Many experimental investiga-
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ions have been conducted on this system, and some simple
tatic models have been presented to clarify the mechanism
f the development physics. However, system parameters of
hese investigations are far from those used in present actual

achines. For example, although the shape and diameter of
arrier particles used in the present machine are spherical
nd 40 �m, those reported by Lee and Beardsley4 were ir-
egular and 140 �m and those reported by Schein2 were
pongelike and 200 �m, respectively. The present develop-

ent gap �400 �m� is almost one-tenth of those reported
y Lee and Beardsley (3.18 mm) and Schein (1.25–1.75
m). Furthermore, high frequency ac voltage is superposed

n the dc voltage in the present system to enhance the de-
elopment. In this article, we have measured fundamental
haracteristics of the development using an up-to-date
ystem.

In this process, the electrostatic force acts not only on
he toner particles but also on the carrier chains, and there-
ore, carrier beads sometimes separate from the chains and

ove to the photoreceptor surface if the electrostatic force
xceeds the magnetic force. This phenomenon is widely
nown as “bead-carry-out” (BCO). Since the carrier beads
ttached to the photoreceptor surface cause significant image
efects, it is important to clarify the BCO mechanism and
hat is required to prevent BCO. Williams first introduced

his phenomenon and provided basic information in his
extbook.1 Nakayama et al. carried out a model experiment
nd numerical study, and they confirmed that BCO occurs

igure 1. Schematic drawing of two-component magnetic brush devel-
pment system in electrophotography �left� and image of magnetic brush
n development area �right�.
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hen the electrostatic force is larger than the magnetic
orce.5 However, they did not consider the toner particles,
lthough the concentration of toner particles is one of the
ost important parameters of BCO. No practical study has

een published on this subject since the report of Nakayama
t al., although there has been a well-accepted consensus in
he electrophotography community that BCO is one of the

ost serious issues for the two-component magnetic brush
evelopment system.

In this study, an experimental investigation was carried
ut on the development characteristics and BCO phenom-
non to clarify the effects of parameters such as development
oltage, the ratio of toner-to-carrier particles in the brush,
nd the rotating speed of the development sleeve. In addi-
ion to the parameter experiment, the behavior of the toner
nd carrier particles in the development area was observed
ith a high-speed microscope camera and the three-
imensional (3D) shapes of toner piles formed on the latent

mage after the development process was examined with a
canning laser displacement meter. Some interesting find-
ngs, which are related to the development and occurrence of
he BCO phenomenon, were obtained in these experiments.

XPERIMENTAL
igure 2 shows a schematic of the experimental setup used
o investigate and to observe the dynamic characteristics of
he development and BCO phenomenon in the development
rea. A model machine was used in the experiment instead
f a commercial printer. This machine consisted of a short
hotoreceptor drum, a development sleeve, a magnetic
oller, and the driving systems. The drum, which was made
f aluminum, was not coated with a photoreceptor; however,

t was coated with a nonconductive tape (thickness: 90 �m;
elative permittivity: 2.0) because high intensity light had to
e used in order to observe the motion of the carrier and
oner particles in the development area with a high-speed

icroscope camera. An electrostatic latent image was
ormed using line electrodes that were made of aluminum
oil (thickness: 10 �m; width: 500 �m) and insulated with
olyimide tape (thickness: 75 �m; relative permittivity:
.2). These electrodes were embedded parallel to the rotating
xis of the aluminum drum, as shown in Figure 3. On ap-

igure 2. Apparatus used to model a two-component magnetic brush
evelopment system.
lication of a dc voltage Ve to the electrodes, the electrodes �

. Imaging Sci. Technol. 030507-
enerated an electrostatic latent image that was similar to a
atent image created on an actual photoreceptor drum. Be-
ore conducting experiments, the surface of the drum was
iped with a piece of alcohol impregnated tissue paper to
eutralize the surface potential. The drum and development
leeve were 30 and 18 mm in diameter, respectively, and the
ap between the drum and sleeve was set at 400 �m. The
tandard rotational speed of the drum was 150 mm/s, but
he sleeve speed could be altered during the parametric ex-
eriment. The magnetic flux density at the surface of the
leeve was 120 mT normal to the gap at the center of the
evelopment area. A dc voltage, Vs, was applied between the
rum and sleeve, and an ac voltage (1.5 kVp.-p., 6 kHz sine
ave) was superposed onto the dc voltage. The dynamic
ehavior of the toner and carrier particles in the develop-
ent area was observed at the right end of the development

ap using a high-speed microscope camera (Photron,
ast-cam SA5).

Spherical soft magnetic carrier particles and pulverized
onmagnetic toner particles were used in the experiment.
he magnetic carrier particles were comprised of soft ferrite
ith an average diameter of 40 �m. The toner particles
ere cyan pigmented with an average diameter of 6 �m.
igure 4 shows scanning electron microscopy (SEM) images
f mixtures of the carrier and toner particles.

ESULTS AND DISCUSSION
mount of Developed Toner
fter the surface potential of the drum was neutralized, the
rum and the sleeve were rotated 360° and then stopped so
eveloped images on the drum could be observed. Figure 5
hows the developed line images on the pseudolatent images.
c voltage, 200 V, was applied to the development sleeve.
herefore, the voltage difference between the line electrode
nd the sleeve, Ve −200 V, corresponded to the dc develop-
ent voltage designated in Fig. 5, and the voltage difference

etween the sleeve and the nonimage area on the drum was

igure 4. SEM images of mixtures of toner �6 �m� and carrier �40 �m�
articles.

igure 3. Pseudophotoreceptor drum. Insulated line electrodes made of
luminum foil are embedded on insulated drum.
200 V. The dc development voltage, toner concentration

May-Jun. 20112
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toner-to-carrier ratio, T /C), and speed ratio (sleeve speed
o drum speed) were parameters. The following characteris-
ics were clarified through the observation of these
hotographs.

The toner particles were developed above the threshold
oltage, 200 V, and the number of developed toner particles
ncreased with the dc development voltage, toner concentra-
ion, and speed ratio. The width increased slightly with an
ncrease in the development voltage. The saturated width of
he toner pile was larger than that of the latent image. These
haracteristics were confirmed quantitatively by measuring
he three-dimensional shape of the toner particles developed
n the pseudolatent image using a scanning laser displace-
ent meter (Keyence, LT-8100). Figure 6 shows the average

eight of the toner piles that were derived from the 3D pro-
les of the observed toner piles. It was confirmed that the

oner particles were not developed below the threshold volt-
ge, that the number of the developed toner particles in-
reased linearly with the development voltage in the range
etween about 200 and 1000 V, and that development ceased
t voltages higher than 1000 V. The development system was
perated in the linear region and the average toner height
as 1–1.5 times as large as the toner diameter because the

tandard development voltage is approximately 700 V.
Lee and Beardsley4 reported a unique model of the con-

uctive magnetic brush development system based on two
ssumptions: (a) toner particles can jump between carrier
eads anywhere along the chain where a non-negligible elec-
ric field is present and (b) irregular carrier beads can rotate.
owever, as described below, our direct observation does
ot support these assumptions probably because the system
arameters of the model of Lee and Beardsley are far from

he present system, especially the shape of the carrier beads.
he configuration of the toner and carrier mixture shown in
ig. 4 is completely different to that illustrated by Lee and
eardsley. On the other hand, Schein2 proposed a theory

hat assumes infinite conductivity down the bead chain and

igure 5. Developed line images on pseudolatent images: �a� effect of
oner concentration �speed ratio=1.0�; �b� effect of speed ratio
toner concentration=6 wt %�.
eld stripping of toner from the carrier beads adjacent to the p

. Imaging Sci. Technol. 030507-
hotoconductor. However, we observed that toner particles
eparated from inside of the mixture and formed a toner
loud in the pre- and postnip regions, and airborne toner
articles adhered to the latent image. Because many coupled

actors dynamically affect the development process, it might
e impossible to describe the process by a simple one-
imensional static model. Another model must be estab-

ished to clarify the mechanism of the development in the
resent system.

ead-Carry Out
arrier particles that adhered to the drum after the develop-
ent process were collected using a permanent magnet, and

hen the number of collected carrier particles was counted
y image data processing. Figure 7 shows the number den-
ity of the adhered carrier particles against the dc develop-

ent voltage. In this experiment, the line electrode was not
ttached to the drum, the surface of the drum was main-
ained at 0 V, and the dc voltage applied to the development
leeve Vs was controlled. Therefore, the voltage applied to
he sleeve, Vs, corresponded to the dc development voltage
esignated in Figures 7 and 8. The experiment was con-
ucted five times under identical conditions, and average
alues were plotted.

The BCO phenomenon was more likely to occur when a
ositive voltage was applied than when a negative voltage
as applied. Toner particles were developed on the drum
hen a negative voltage was applied. One major reason for

he occurrence of this phenomenon is simple: the effective
oltage at the development gap was reduced by the surface
oltage because the photoreceptor was covered with nega-
ively charged toner particles where they adhered to it.6

Such a reduction in the surface voltage due to the ap-

igure 6. Average toner height of developed toner piles: �a� effect of
oner concentration �speed ratio=1.0�; �b� effect of speed ratio
toner concentration=6 wt %�.
lication of a dc voltage was confirmed experimentally, as

May-Jun. 20113
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hown in Fig. 8. The surface voltage of the photoreceptor
rum was measured using a surface potential meter (Trek,
odel 344) after the development process. It was clearly

bserved that a surface voltage was induced when a dc volt-
ge was applied. However, although the number density of
he adhered carrier particles was high when the toner con-
entration was low [see Fig. 7(a)], the induction of a surface
oltage was almost independent of the toner concentration
see Fig. 8). This implies that an additional mechanism is
perative in BCO, which is discussed in the next section.

harge Distribution in the Chain
he charge distribution in the chains is related to the toner
article concentration. Toner particles disturb the electrical
onduction in the chain because the carrier particles are
onductive and the toner particles are nonconductive; hence,
he electrical charge at the top of the chain, induced by the
oltage application, is decreased when the concentration of
he toner particles in the chain is larger than a certain
hreshold. This condition causes a reduction in the Coulomb
orce applied to the top of the chain and leads to an increase

igure 7. Number density of adhered carrier particles on photoreceptor
fter development.

igure 8. Surface voltage of photoreceptor after development, with re-
pect to dc development voltage.
n the occurrence of the BCO phenomenon. t

. Imaging Sci. Technol. 030507-
The resistivity of a mixture of the carrier and toner
articles was measured to support this hypothesis. The mix-

ure was put in a plastic tube, the dc voltage was applied to
oth ends of the tube, and the resistivity was derived from
he V-I relationship. The measured values are plotted in
igure 9. The effective resistivity gradually increases with the
oner particle concentration. However, the effective resistiv-
ty drastically increases at the critical toner particle concen-
ration of approximately 9 wt % and the number density of
dhered carrier particles increases drastically.

Numerical calculations were performed to confirm that
he nonconductive toner particles affect the distribution of
harge density. The charge and potential distribution in the
hain can be calculated from Poisson’s equation [Eq. (1)]
nd the conservation equation of charge [Eq. (2)],

− � · �� � �� = � , �1�

−
��

�t
= � · �− � � �� , �2�

here � is the electric potential, � is the charge density, � is
he permittivity, and � is the conductivity. A two-
imensional rectangular chain, as shown in Figure 10(a), was
ssumed, and the presence of toner particles was simulated
y assuming the presence of highly resistive meshes between
he carrier particles, as shown in Fig. 10(b). The toner par-

igure 10. Configuration and dimensions of the calculation domain and
he meshes for simulating the presence of toner particles.

igure 9. Effective resistivity of mixtures of both carrier and toner
articles.
icles were randomly distributed and the total number of

May-Jun. 20114
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oner particles was varied accordingly to the toner particle
oncentration.

Figure 11 shows the distributions for the steady-state
otential and charge density calculated using the finite ele-
ent method. It is clearly observed that without the toner

articles, the electrical charge is concentrated at the top of
he chain; however, if a sufficient number of toner particles
re mixed in the chain, the charge on the chain is reduced
nd the charge density at the top of the chain also decreases.

irect Observation
igure 12 shows images of the pre- and postnip regions
btained using a high-speed microscope camera. The overall
ehavior of the brush was the same as observed in the ab-
ence of toner particles.7 At the beginning of chain forma-
ion, chains were formed almost parallel to the magnetic flux
ines and leaned against the sleeve, but they assumed an
pright position as they approached the development gap.
hen, the chains came into contact with the photoreceptor
rum and were depressed by the drum. The chains slipped
nd brushed against the drum under these conditions. At the
nd of the nip, the chains again became free and aligned
long the magnetic flux lines. The motion of the toner par-
icles was observed and recorded as a video sequence. These
mages showed that development, i.e., adhesion of toner par-

igure 12. Observed behavior of toner and carrier particles in prenip
inlet� and postnip �outlet� regions of development area �T/C: 6 wt %;
peed ratio: 1.0�.

igure 11. Distributions of steady-state potential and charge density in
onductive carrier chain with and without nonconductive toner particles.
icles to a latent image on the photoreceptor, occurred not

. Imaging Sci. Technol. 030507-
nly in the contact area between the carrier brush and the
hotoreceptor but also in the pre- and postnip regions
here the carrier brush did not come into contact with the
hotoreceptor. At the prenip region, carrier chains vibrated

n the lateral direction when the leaning chains became erect
ue to the abrupt change of the magnetic flux line,7 and, at

he same time, toner particles were forced to separate from
he inside of the chain. The separated airborne toner par-
icles adhered to the latent image. At the postnip region,
oner particles separated from the chain and formed a toner
loud in the gap. The toner cloud vibration synchronized
ith the frequency of the ac voltage, and some portion of

he airborne toner adhered to the latent image. The BCO
as sometimes observed in this region.

Depletion of toner particles from the tip of some long
hains (circles in Fig. 12) was found to occur in the postnip
egion of the development area. This phenomenon was not
bserved in the prenip region. The reason for the depletion
f the toner particles in the postnip region of the develop-
ent area was the low toner concentration. Thus, the BCO

henomenon occurred when an insufficient concentration
f toner particles was supplied to the development area. De-
elopment caused a shortage of toner particles on the brush
n the postnip region, and the BCO phenomenon was more
ikely to occur at the boundary between the image and
onimage areas, as shown in Fig. 5.

ONCLUDING REMARKS
he dynamics of toner and carrier particles in a two-
omponent development system used for electrophotogra-
hy were investigated to clarify the characteristics of devel-
pment and to reduce image defects due to the occurrence
f the BCO phenomenon. The following features have been
larified:

(1) Developed toner particles on the electrostatic latent
image increase linearly with the development volt-
age above the threshold voltage, and development
ceases at high voltages. Development is enhanced at
a high toner-to-carrier concentration and at a high-
speed ratio between the development sleeve and the
photoreceptor drum. Under our standard condi-
tions, toner height is 1–1.5 times as large as the
toner diameter. Development occurs not only in
the contact area between the carrier brush and the
photoreceptor but also in the pre- and postnip re-
gions where the brush does not make contact with
the photoreceptor.

(2) The occurrence of BCO is reduced in the image
area rather than in the nonimage area under con-
ditions of a low dc development voltage, a high
toner concentration, and a high-speed ratio for the
development sleeve. A major reason for the reduced
occurrence of BCO under these conditions is that
the effective voltage at the development gap is re-
duced by the adhesion of negatively charged toner
particles to the latent image. Another reason for the

reduced occurrence of BCO at high toner concen-

May-Jun. 20115
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trations is that the electrical charge at the top of the
chain is reduced when the concentration is larger
than a particular threshold because nonconductive
toner particles disturb electrical conduction in the
chain. These conditions cause a reduction in the
Coulomb force applied to the top of the chain and
reduce the occurrence of the BCO phenomenon.

(3) Depletion of toner particles in the brush occurs in
the postnip region of the development area when
an insufficient concentration of toner particles is
supplied to the development area. This condition
is realized when the initial toner concentration
and speed ratio of the development sleeve are low
and increases the occurrence of the BCO
phenomenon.

Because the development physics has not yet been
ompletely clarified, it is necessary to develop a three-
imensional dynamic model that involves mechanical,
lectrostatic, and magnetic interactions and the charge

ransfer.

. Imaging Sci. Technol. 030507-
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