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Abstract

We present here some other new information in addition to
the contents of the reference [1].

The major items are as follows:

(1) Behavior of toner particles put on the lower electrode
is analyzed as a one shot motion of the cantilever.

(2) The transit time of toner particles needed to fly be-
tween the two electrodes is numerically calculated by
the Runge-Kutta algorithm.

(3) The frequency of charge Σq to mass Σm ratio of toner
particles is shown as experimental result.

Introduction

We have already presented a new method for measuring
charge Σq and mass Σm values of toner particles.1 Here, we
show some other new information in addition to the con-
tents of reference [1] about the design of the measurement
system of toner parameters. The contents of this paper are
as follows: system configuration, procedures for measur-
ing the electrical parameters of toners, behavior of toner
particles put on the lower electrode, measurement for cir-
cuit current caused by charged toner particles, transit time
of toner particles, and experimental results. This technique
is different from the reference [2] in the following points.
At first, toner particles are thrown up by the vibration of
the lower electrode, and voltage between electrodes is in-
creased steps of  ∆V. By this operation, charge Σq is calcu-
lated from the circuit current induced by the toner particles
which arrive at the upper electrode. Mass Σm value is di-
rectly calculated from charge Σq, the distance between elec-
trodes, the voltage applied across two electrodes. In the
technique shown in reference [3], the procedure for calcu-
lating charge Σq is as same as our one. But the procedure
for calculating Σm is different from our techniques. In their
measurement, mass Σm is calculated from the shift of the
resonance frequency of the electrode.

System Configuration

Figure 1 shows the schematic system configuration which
has been already proposed.1 The forces which influence
toner particles between the parallel electrodes is assined to
be the some of the ßimage force f0, Coulomb force f1, and
gravity force f2 are shown in Figure 2.
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Figure 1. The measurement circuit.

(1) The image forces:

      f0 = q2/16πε0x2 (1)

    f0 = q2/16πε0(d-x)2 (2)

where f0, f0 are the image forces caused by the lower elec-
trode and upper one, respectively. Futhermore, x, q, d and
ε0 are the distance between the center of the toner particle
and the inner surface of the lower electrode, the charge value
of the toner particle, the gap distance between electrodes,
and the permittivity of the gap space, respectively.

(2) The Coulomb force:

         f1 = q(V/D) (3)

where V is the voltage applied across the parallel electrodes.

(3)The gravity force:
           f2 = mg (4)

where m and g are the mass of the toner particle and the
acceleration of the gravity (9.8m/sec2), respectively.

In order to lift a toner particle from the lower elec-
trode to the upper one, it is necessary to satisfy the follow-
ing relation.

     f1' + f0' ≥ f0 + f2 (5)
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From the above equations, the following relation can
be obtained.

q(V/D) ≥ mg + f0 – f0,' (6)
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Figure 2. Forces acting on a toner particle.

As shown in Table 2 of reference [2], the influence of
the image force which acts on the toner particle put on the
lower electrode is very strong. Therefore, high voltage must
be applied between the two electrodes. In order to reduce
this voltage, we have proposed a technique using the piezo-
electric element driven by the pulsed voltage for reducing
the image force which acts on a toner particle. By this op-
eration, toner particles may be vertically thrown toward the
upper electrode. As the result at the center of the gap be-
tween two electrodes, Equation (6) may be simplified by
the cancellation of two image forces acting on the charged
toner particle in the following:

         V = mgd/q  (7)
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Figure 3. A numerical example of the relationship forces acting
on a toner particle between radius r of a spherical toner particle
and V. (in the case of x = r).

In case of a mass of toner particles n, the values of
electrical charge Σq and mass Σm can be calculated by the
following equation.

  qi = 1

AR
V0 (t)dt

t1

t2
∫∑

(8)
        V0(t) = AV(t) (k = 1,2,...)

  
mi = qi •

Vk

gd





∑∑ (i = 1,2,3,Ln) (9)

where A is the amplification factor of the differential am-
plifier, R is the serial resistance and V0(t) is the output volt-
age of the amplifier shown in Figure 1.

Figure 3 indicates the voltage that is necessary to sepa-
rate the toner particle adhered to the lower electrode and
then to lift to the upper electrode. In the case of the cancel-
lation of two image forces acting on the toner particle, Fig-
ure 4 shows that the voltage regarded to the toner particle
can be decreased.
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Figure 4. A numerical example of the relationship between r and
force depicted as a parameter V.  (in the case of x = d/2).
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Figure 5. The behavior of toner particle adhered to the lower
electrode.

Behavior of a Toner Particle Caused by the
Vibration of the Lower Electrode

This paragraph describes the behavior of a toner particle
caused by vibration of the lower electrode as shown in Fig-
ure 5. The toner particle adheres to the lower electrode by
the image force. Let us consider the condition for separating
the toner particle from the lower electrode. As mentioned pre-
viously, the lower electrode is driven by a step function. In
this case, the following equation can be written:

   (M + m)
d 2 x

dt2 = F − kx (10)

where x, M, m, F, and k are displacement of the toner par-
ticle, mass of the lower electrode (piezo electric element),
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mass of the toner particle, driving force, and spring con-
stant, respectively. From Equation (10), x can be obtained
for t > 0 as:

           x(t) = − F

x
cos

F

M + m
t







+ F

k
(11)

From Equation (11), the acceleration

α =
d2 x

dt 2

 

 
 

 

 
 α

of the lower electrode is given as:

α = F

M + m
cos

F

M + m
t







(12)

The condition that the toner particle leaves the lower
electrode can be given by the following relation.

mα + q
V

d
− mg ≥ f 0 − f 0 ' (13)

Consequently, from Equations. (1), (2), (12), and (13),
the following relation must be satisfied.

         

m
F

M + m
cos

k

M + m
t − g







+ q

V

d

≥ q2

16πε0r2 − q2

16πε0 (d − r)2

(14)

where r is the radius of toner particle.
Figure 6 shows a numerical example of the relation-

ship between radius r and drive force F as a parameter q/m.
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Figure 6. A numerical example of the relationship between ra-
dius r and drive force F for different value of q/m.

Transit Time of a Toner Particle

In this section, we describe the transit time of a toner par-
ticle jumping between two electrodes. The electrical signal
generated by the charged toner particle depends on the tran-
sit time of the particle.

Here, the resultant force Q which acts on a toner par-
ticle is described by the following relation:

Q(x) = f 0 ' + f1 − f 0 − f 2

= q2

16πε0 (d − x)2 + q
V

d
− q2

16πε0 x2 − mg (15)

where x is the distance from the lower electrode.

  α (x) = 1

m

q2

16πε0 (d − x)2 + q
V

d
− q2

16πε0 x2 − mg






(16)

where we have assumed that the speed of a toner particle is
nearly equal to 0 (m/s) at the center of the gap between two
electrodes. Figures 7 and 8 show the transit time of the
toner particle as a parameter of radius of a toner particle
and q/m, respectively.
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Figure 7. A numerical example of the relationship between volt-
age V and transit time for various radii r of the toner particle.
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Figure 8. A numerical example of the relationship between volt-
age V and transit time as a parameter of q/m.

Procedures for Measurement

Proposed procedures for the measurement of the values of
Σ q and Σ m for toner particles are as follows:
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(1) Initially, a voltage VK applied between two electrodes
is set to Vl (for example Vl = 0, where Vk is the width
of quantization of the voltage).

(2) Give a one shot motion (or sinusoidal motion) of the
lower electrode in order to approximately neglect ima-
age force acting on toner particles, and calculate the
values of Σq and Σq by the following equations:

qi = 1

AR




∑ V0 (t)dt

t1

t2
∫

m =∑ qi =
Vk

gd





∑

where A, R, V0(t) and d are the amplification factor of the
differential amplifier, the serial resistance connected the sens-
ing circuit, the output voltage of the differential amplifier
and the distance between the two electrodes, respectively.

(3) Vk is increased as: Vk ← Vk + ∆Vk

where ∆V is the width of quantization of the voltage. Iter-
ate between steps (2) and (3).

(4) if Vk = Vw (Vw is the maximum value of V), then the
measurement is complete.

The Experimental Result

The histogram of q/m is shown in Figure 9. From the result
of measurement, the minimum value of q/m is 4.41[µC/g]
and the maximum value of one is 13.3[µC/g]. The average
value and the standard deviation are 7.81[µC/g] and 3.36,
respectively.

Conclusion

In this paper, we proposed a new technique for measuring
the electrical characteristic of toner particles. Using this
technique, we can easily obtain the distribution of q/m.
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Figure 9. Distribution of q/m.
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