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Abstract
Toner adhesion forces to an aluminum substrate w

measured by toner jumping and centrifugal methods to s
the adhesion mechanism of toner particles. When mea
ing the toner adhesion forces by the toner jumping meth
a toner was spattered over on one of a pair of parallel a
minum electrodes. The dc voltage applied to the electr
was increased at a constant rate, and the occurrenc
the toner jumping was observed by measuring the cur
flowing between the electrodes. The toner adhesion fo
was estimated from the voltage at the occurrence of
toner jumping. The numbers of toner particles which ha
a certain adhesion force were estimated from the volt
and current. Low resistivity toners were used in this stu
The toner adhesion forces were distributed from10�11 to
10�7 N. The influence of electrostatic and van der Wa
forces to toner adhesion was discussed by comparing
sults of the toner jumping method and centrifugal meth

1. Introduction

Adhesion force of toners to carrier beads, photo
ceptors and papers play an important role in electrop
tographic performance. Adhesion force of toner partic
consists of electrostatic force, van der Waals force, surf
tension of adsorbed water, and so on. Since each forc
correlated to other, it is not easy to evaluate the contri
tion of each force to the total toner adhesion force.
the forces are affected by many factors such as toner s
toner shape and toner charge, substrate morphology, e
ronmental conditions, etc.
Several studies have been made on the adhesion of to
to various substrates, and their adhesion mechanism
been discussed. However, most of those studies discu
only average adhesion force of toners to several kind
substrates.1;2

Adhesion force distributions of toner particles to an a
minum substrate were measured by toner jumping met
and centrifugal method in this study. First, experime
tal procedures for measurements of toner adhesion fo
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by toner jumping method and centrifugal method are de-
scribed. Then experimental results are given. Finally the
toner adhesion forces determined by the toner jumping meth
are compared to those by the centrifugal method, and the
toner adhesion mechanism will be discussed.

2. Experimental

2.1. Toner jumping method

The experimental set up for the toner jumping method
is shown in Fig. 1. The system consisted of the following
parts: potential sweeper for ramp voltage source, high volt-
age amplifier for applying voltage to an electrode, whose
gain was -10 and maximum voltage -1500 V, power sup-
ply unit (Takasago, HV 1.5-03) for high voltage amplifier,
electrometer for current measurement, and an X-Y chart
recorder. A pair of parallel planer electrodes which had an
air gap of 500�m were prepared.
A sample toner was spattered over the lower aluminum
electrode without charging, and its adhesion force to the
aluminum electrode was measured. The upper electrode
surface had an insulation resin coating of 25�m in thick-
ness for avoiding charge exchange between the toner parti-
cles and the upper electrode. In other words, the resin coat-
ing prevented the removing of toner particles deposited on
the upper electrode to the lower electrode again. An ap-
propriate resistivity and relative dielectric constant for the
coating resin were8:3� 1011
�cm and 3.4, respectively.
The dc voltage applied to the electrode was increased at
a constant rate from the initial voltageVinitial to a preset
voltageVmax, and the occurrence of the toner jumping was
observed by measuring the current flowing between the
electrodes. When the applied voltage reached the preset
value (Vmax), it was returned to the initial value (Vinitial)
automatically. Then, the toner moved from the lower elec-
trode to the upper electrode was wiped off. This step was
repeated several tens of times, increasing the preset volt-
age (Vmax), and the adhesion force distributions were ob-
tained. The voltage increasing rate was kept to be 10 V/s
90
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in this measurement.
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Figure 1: Toner adhesion measuring system by toner jump
method.

2.2. Basic theory

When one of the toner particles begins jumping fro
the lower electrode to the upper electrode, the followi
relationship is valid,

Fe = Fa + Fg; (1)

where

Fe = electrostatic force

= QE

Q = induced toner charge

E = magnitude of electric field

Fa = adhesion force

Fg = gravitational force

The induced toner chargeQ can be calculated as follows,3

Q = 1:65� 4��0r
2E (2)

wherer is the radius of the particle and�0 is dielectric
constant of the free space. Therefore the adhesion forc
a toner particle is given by

Fa = Fe � Fg

= 1:65� 4��0r
2E2

�

4

3
�r3�g (3)

where� is specific gravity of toner particle andg is acceler-
ation of gravity. According to Hoshino and his co-worker
391
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the currentItoner jump due to toner jumping can be written
as follows:

I = CdV=dt + Itoner jump; (4)

where

I = total current

C = capacitance of measuringcell

dV=dt = rate of voltage increment; 10V=s:

Because dV /dt is constant,Itoner jump can be measured.
Here, if we assume thatn toner particles jump in a unit
time, the following equation will be obtained,

Itoner jump(t) = Q(t) � n(t) (5)

This equation can be written as follows,

n(t) =
Itoner jump(t)

Q(t)
(6)

Then, the number of toner particles jumped in a defin
time can be calculated by integrating eq. (6).

2.3. Centrifugal method

Toner adhesion force measurements by the centr
gal method was carried out by using an ultracentrifuge (H
tachi Koki: SCP85H2). An aluminum substrate on whic
toner particles were spattered over and a collecting pl
were placed, facing with each other, in a capsule and w
mounted in a rotor of the centrifuge. The centrifuge w
driven at a rotating frequency for a definite time, and th
the surface of collecting plate was observed by an opti
microscope and a CCD camera, so that the number and
size of the toner particles, transferred from the aluminu
substrate, were measured by a computer. This step wa
peated, increasing the rotating frequency, and the adhe
force distributions were obtained.

2.4. Sample toners

Fundamental properties of the toners were measu
before the adhesion force measurements. The results
given in Table 1. The toner was spattered over on the el
trode for the toner jumping method or on the aluminu
substrate for the centrifugal method. Both the toner co
erage of the electrode and the aluminum substrate w
0.2mg/cm2. Both measurements were made immediate
after the toner was spattered over.

3. Results and Discussion

3.1. Toner jumping method

First, adhesion force distributionsof toners were me
sured by toner jumping method. The results are shown
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Figure 2: Adhesion force distributions of five kinds of tone
measured by toner jumping method, where toners were spat
over the aluminum substrate.

Table 1: Fundamental properties of toners used in this
study.

(d: mean particle size

Toners Resistivity [
�cm] d [�m]
A 1� 101 7.6
B 1� 105 11
C 9� 105 11
D 1� 107 11
E 3� 108 11

Fig. 2. Adhesion forces were distributed over the orde
10�11 to 10�7 N. The mean adhesion force of toner A,
C, D, and E were 2.3, 9.6, 11.1, 12.9, and 19.2 nN, res
tively. Mean adhesion force of toner A was particula
smaller than those of the other four kinds of toners. T
result is due to the difference in the toner size. The ad
sion force of the smaller toner was smaller than that of
larger one. It should be noted that the obtainable maxim
value of adhesion force was limited by the breakdown
air. A little toner remained on the lower electrode after
final measurement in this method.
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Figure 3: Adhesion force distributions of five kinds of tone
measured by centrifugal method, where toners were spatt
over the aluminum substrate. Only the data on toner partic
of each average size are plotted in this figure.

3.2. Centrifugal method

Next, the adhesion force distributions measured
the centrifugal method are discussed. The adhesion f
distributions of the toners which had the mean particle s
were measured for each toner in this method. The results
are shown in Fig. 3. The toner adhesion forces were
tributed from10�11 to 10�7 N for each toner.
Figure 4 shows the particle-size-dependence of mean
hesion forces for each toner on the aluminum substr
The toner adhesion forces were proportional to 1st, 1.
1.7th, 2.3rd and 1.8th power of particle size for toner A,
C, D and E, respectively. This results show that the to
particles of larger size show the larger adhesion force.
The effect of toner resistivity on adhesion force of toner
discussed. Toner-resistivity-dependence of mean adhe
forces of the toner which was measured by toner jum
ing method and centrifugal method were shown in Fig.
The results of mean adhesion forces by the toner jump
method is in good agreemwnt with those by the centrifu
method qualitatively. The toners of higher resistivity te
to show the larger adhesion force.
2
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Figure 4: Particle-size-dependence of mean adhesion forces
five kinds of toners on the aluminum substrate, where toner p
ticles were spattered over the substrate.
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Figure 5: Toner-resistivity-dependence of mean adhesion fo
of toner B, C, D and E on aluminum substrate, where toners w
spattered over the substrate.

3.3. Influence of humidity

Finally, the influence of humidity on toner adhesio
forces was investigated. Figure 6 shows the adhesion fo
distributions of toner A and B for the two choices of re
ative humidity of 40 % and 80 %, measured by the ton
jumping method. The number of toner particles, which h
smaller adhesion force, decreased with an increase in
ative humidity for both toners. On the contrary, the num
ber of toner particles with larger adhesion forces increa
at higher relative humidity. The mean adhesion force
toner A and B were increased from 2.3 to 5.2 and fro
9.6 to 15.2 nN, respectively, when the relative humid
increased from 40 %to 80%. This results conclude t
hummed air increases toner adhesion forces, and the
hesion force of smaller toner is more sensitive to humid
than the larger one.
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Figure 6: Adhesion force distributions for toner A and B at rela-
tive humidity of 40 % and 80 %, measured by the toner jumping
method. (a) Toner A, (b) Toner B.

4. Conclusions

Toner adhesion forces were measured by the toner
jumping method and centrifugal method, and following re-
sults were obtained.

1. The toner adhesion forces are distributed over the
order of10�11 to 10�7 N.

2. The adhesion force of larger toner particles is larger
than that of the smaller one.

3. The results of the toner adhesion force measurements
by the toner jumping method agree with those by the
centrifugal method.

4. Humidity increases the toner adhesion forces.

Acknowledgment

The authors wish to thank Dr Yasushi Hoshino of
Nippon Institute of Technology for his helpful suggestion.
This work was supported in part by a Grant-in-Aid for Sci-
entific Research from the Ministry of Education, Sports
and Culture.

5. References

1. S. kiatkamjornwong, S. Noppakundilograt,Y. Ando, Y.Hoshin
J.Imaging Sci. Technol., 41, 54 (1997).

2. T. Muta, M. Kamata, Y. Hoshino,Proc. IS& T’s 11th Int.
Congress Advances in Non-Impact Printing Technol., 196
(1995).

3. A.Y.H.Cho,J. Appl. Phys., 35, 2561 (1964).

Biography

Yutaka Fukuchi received his B.Eng. in Electrical and
Electronic Engineering from Ibaraki University in 1997.
He is now working for his M.eng at the same university.
Adhesion forces of toner particles is the core of his re-
search interest.
93


	A Comparative Study on Toner Adhesion Force Measurements by Toner Jumping and Centrifugal Methods
	Yutaka Fukuchi and Manabu Takeuchi
	Department of Electrical and Electronic Engineering, Ibaraki University
	Nakanarusawa, Hitachi, 316-8511 Japan

