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Abstract 

Numerical and experimental investigations were carried out 
on transport of particles in an electrostatic traveling field. A 
3D hard-sphere model of the Distinct Element Method was 
developed to simulate dynamics of particles. Forces applied 
to particles in the model were the Coulomb force, the elec-
trostatic force to polarized particles in the non-uniform field, 
the gravity, and the air drag. Friction and repulsion between 
particle-particle and particle-conveyer were included in the 
model to replace initial conditions after mechanical contacts. 
Two kinds of experiments were performed to confirm the 
model. One was the measurement of charge of particles that 
is indispensable to determine the Coulomb force. Charge 
distribution was measured from locus of free-fallen particles 
in a parallel electrostatic field. Averaged charges of bulk 
particles were confirmed by the measurement with a Faraday 
cage. The other experiment was measurements of differential 
dynamics of particles on a conveyer consisting of parallel 
electrodes to which four-phase traveling electrostatic wave 
was applied. The calculated results agreed with measured 
and the following were clarified: (1) Coulomb force is most 
predominant to drive particles. (2) The direction of particle 
transport did not always coincide with that of the traveling 
wave but partially changed depending on the frequency of 
the traveling wave, the particle diameter, and the electric 
field. (3) Although some particles overtook the traveling 
wave at the very low frequency, the motion of particles was 
almost synchronized with the wave at the low frequency. (4) 
The transport of some particles delayed to the wave at me-
dium frequency and almost all particles were transported 
backward at high frequency. 

Introduction 

Electrostatic traveling-wave transport of particles has been 
investigated and fundamental performances have been clari-
fied by a parametric experiment, because it has a potential to 
realize a sophisticated particle supplier in electrophotogra-
phy.1 The technology will be applied not only for an electro-
photography developer2-4 but also for electronic, chemical, 
and biochemical applications,5 because it has the advantage 
that the transport can be controlled through electrical pa-
rameters instead of mechanical means and therefore it is free 
against contamination and the mechanical vibration. 

However, although many investigations have been con-
ducted, mechanism of the transport is not clear so far.6 The 
reason why former models could not clarify the mechanism 
thoroughly is that although the motion of particles is affected 
by many parameters which include interaction between par-
ticles and it is not simple and identical but a complex of 
many modes, they have over-simplified the phenomena. 

In this study, a three-dimensional hard-sphere model of 
the Distinct Element Method was developed to simulate dy-
namics of particles in the electrostatic traveling field. Charge 
of particles, which is essentially important to calculate the 
dynamics, were measured by a free-fallen method in a paral-
lel electrostatic field and a Faraday cage. Microscopic differ-
ential dynamics of particles were also observed to confirm 
the model. 

Experimental 

A conveyer and a power supply used for experiments are 
shown in Fig. 1. 1 The conveyer consists of parallel copper 
electrodes, 0.5 mm width and 1.0 mm pitch, etched by pho-
tolithography on a plastic substrate, 120 mm width and 250 
mm length, as shown in Fig. 2. The surface of the conveyer 
is covered with an insulating film made of acetate rayon (3M, 
810-18D) to prevent from electrical breakdown between 
electrodes. 
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Figure 1.  Particle conveyer and power supply. 
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Figure 2.  Photograph of particle conveyer. 

Table 1. Specification of Particles 

 ACM 
235 

ACM 
255 

ACM 
288 

ACM 
2107 

averaged diameter, µm 29.7 47.4 72.6 106.3 
standard deviation, µm 5.3 11.8 23.3 13.1 

density, kg/m3 3.50 3.52 3.62 3.50 
resistivity, Ωcm 1×109 2×107 3×109 8×107 

 
 
Traveling-wave propagation is achieved utilizing four 

amplifiers (Matsusada Precision, HOPS-1B3) and five func-
tion generators (Iwatsu, SG-4105), one of which is used to 
control phase-differences of the other four generators.1 Rec-
tangular voltage of 800 V, which is a limit against an insula-
tion breakdown of the conveyer, was applied to electrodes. 

Four kinds of spherical carrier particles made by the po-
lymerization method (Toda Kogyo) were used for experi-
ments.1 Specifications of particles are listed in Table 1 and 
photographs and distributions of particle diameters are 
shown in Fig. 3. Distribution of particle diameters was de-
rived by an optical method of randomly selected each 3,000 
particles. 

Microscopic motion of particles was observed to con-
firm the numerical model with a high-speed microscope 
camera (Japan Roper, Motion-Meter 1140-0003). 

Charge of Particles 

Because charge of particles is essentially important to calcu-
late the dynamics, charging mechanism during transport and 
the resultant bulk charge were measured by the following 
two methods.  

Measurement with Faraday Cage 
Averaged charge of bulk particles was measured with 

our in-house-made Faraday cage. It consisted of an inner 
aluminum pipe of φ 25 mm inner diameter, an outer alumi-
num pipe that is insulated to the inner pipe, and a filter set-
tled in the inner pipe. Particles were vacuum-trapped to the 
filter and voltage between the inner and outer pipes was 
measured by an electrometer (Advantest, R8252) to derive 
total charge of trapped particles. Total weight of particles 
was measured by an electronic balance (Mettler, SAG105) 
and an averaged specific charge was deduced. 
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(b) ACM 255 
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(c) ACM288 
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(d) ACM 2107 
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Figure 3.  Photograph of particles and distributions of particle 
 diameter. 

 
Figure 4 shows the measured specific charge of particles, 

which were discharged before experiment, with respect to 
time after 1,000 Hz voltage was applied to the conveyer. At 
this high frequency particles were not transported in either 
direction but only vibrated on the conveyer as reported in the 
reference (1). The following characteristics were deduced 
from the result. (1) Particles were charged about −0.01 to 
−0.03 µC/g due to the static contact, at t = 0 in Fig. 4, with 
the insulation film of the conveyer. It was confirmed by the 
numerical calculation described in the next chapter that this 
value was large enough to drive particles by the Coulomb 
force just after the traveling field was applied. (2) Charge of 
particles was increased in accordance with the increase of the 
vibration time due to the contact and friction to the film and 
then converged to a saturated value. This characteristic is 
common with that of toner particles in the developer of  
electrophotography.  
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Figure 4.  Charging of particles in contact with insulating film on 
conveyer. 

Measurement with Free-Fallen Method 
The charge distribution of particles was measured with a 

free-fallen method in a parallel electrostatic field,7 because it 
is indispensable to perform a realistic simulation on the par-
ticle transport. Photographs of an apparatus are shown in Fig. 
5. Particles transported to the end of the conveyer were free-
fallen and introduced in a center between parallel electrodes 
through a slit. If mechanical and electrostatic interactions be-
tween particles were neglected, a particle trajectory (x, y) 
was determined by the Coulomb force, the air drag, and the 
gravity as schematically shown in Fig. 6 (a). 

6 ( ), 6mx Rx qE y my Ry mg+ = + =&& & && &πη πη ,     (1) 

where m is a mass of the particle, η is the viscosity of air, R 
is a radius of the particle, q is the charge of the particle, E is 
the electrostatic field, and g is the gravitational constant. The 
distribution of the electrostatic field determined by the 
Laplace equation was calculated by the Finite Element 
Method and it is shown in Fig. 6 (b). Equation (1) was nu-
merically calculated with the Runge-Kutta method and the 
charge distribution was implicitly determined from a distri-
bution of trapped particles on an adhesive tape settled at the 
bottom of the parallel electrodes. A photograph of trapped 
particles was shown in Fig. 7. Image processing such as the 
segmentation was applied to the photograph to derive the 
charge distribution. 

Measured charge distributions are shown in Figs 8-10. 
Parameters were the diameter of particle and the vibration 
time. In case of ‘0 s,’ particles were directly introduced in 
the slit without contact with the insulation film but in other 
cases particles were settled on the conveyer and vibrated 
with 1,000 Hz wave for the designated time and then intro-
duced in the slit. First of all, it was confirmed that the charge 
without contact to the insulation film (0 s) was measured to 
be almost 0 µC/g. This confirmed the adequacy of the ex-
periment. The following two interesting characteristics were 
deduced from the result. (1) Particles were charged nega-
tively in accordance with the vibration time. Averaged val-
ues of the specific charge were deduced from these figures 
and added in Fig. 4. It is clearly found that the averaged spe-
cific charge measured with the free-fallen method agreed 
well with that of the Faraday cage method. (2) Charge distri-

bution showed two peaks and these separated each other in 
accordance with time, probably because the polarization be-
tween particles took place due to the particle-particle contact. 
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Figure 5.  Photographs of apparatus to measure charge distribu-
tion of transported particles. 
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Figure 6.  (a) Forces and trajectory of particle in electric field and 
(b) potential distribution between parallel electrodes. 
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Figure 7. Trapped particles on tray settled at bottom of parallel 
electrodes. 

 
Summarizing these experimental results, we can assume 

the mechanism of particle charge during the traveling-wave 
transport.8 That is, initially discharged particles are charged 
about −0.01 to −0.03 µC/g when they are settled on the con-
veyer. This is the static electrification due to the static con-
tact with the insulation film of the conveyer. If the traveling 
field is applied, the substantial Coulomb force that is enough 
to drive particles is applied to statically charged particles. 
Then particles are driven and collide with the film. This in-
creases charge in negative with time but converges to a satu-
rated value. Collision between particles also takes place and 
this causes the polarization between particles and the distri-
bution of the specific charge separates in two peaks. 
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Figure 8.  Charge distributions before (0 s) and after in contact 
with insulating film on conveyer. (ACM235) 
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Figure 9.  Charge distributions before (0 s) and after in contact 
with insulating film on conveyer. (ACM255) 
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Figure 10.  Charge distributions before (0 s) and after in contact 
with insulating film on conveyer. (ACM2107) 

 
 

Numerical Simulation 

A numerical simulation was conducted based on a three-
dimensional hard-sphere mode to clarify the dynamics of the 
traveling-wave transport of particles. The basic motion equa-
tion is a 6-degree-of-freedom system of particle i. 
 

6 , 0i i i i dipole i i im R q m I θ+ = + + =&&&& &x x E F gπη ,  (2) 

 
where x = (x, y, z), θ = (θ x,θ y,θ z) and I is an inertia of the 
particle. The electric field E in the term of the Coulomb 
force consists of the traveling field E0 generated by the 
power supplies and the electrostatic field Eq created by other 
charged particles. 
 

0 3
0

1
4

N

q n
n i

q
ε ≠

= + = −∇ +
π ∑ rE E E

r
φ ,   (3) 

 
where ε0 is the permittivity of free space, φ is the electric 
potential, N is a number of particles, and r = (xi – xn, yi – yn, zi 
- zn). The potential distribution φ is calculated with the two-
dimensional Finite Element Method in a cyclic domain of 
two-pitch width. Parabolic elements were employed for the 
FEM calculation, because a second order differential is nec-
essary to derive Fdipole from φ. [Refer to Eq. (4).] The force 
Fdipole applied to the polarized particle in the gradient field is 
determined by the following equation.9 

 

3
0 0 0

14
2

F E Edipole Rεε
ε

−= π ∇
+

,    (4) 

 
where ε is a relative permittivity of the particle. The particle 
is assumed to be a dipole and force from other polarized par-
ticles is neglected, because particles usually do not distribute 
dense except for the initial condition. Figure 11 shows mag-
nitudes of the Coulomb and polarization forces when the 
particle is on the conveyer and Fig. 12 is those at 250 µm 
apart from the conveyer. Although Fdipole is the same order of 
the Coulomb force at the conveyer surface, it is negligibly 
small when the particle locates at the position a little sepa-
rated from the conveyer. That is, the Coulomb force is the 
most predominant driving force for air-borne particles. How-
ever, the polarization force plays an important role when par-
ticles are on the conveyer, especially at the start of the opera-
tion, because charge of particle is not large at the initial 
condition as shown in Fig. 4. 
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Figure 11.  Coulomb force and polarization force applied to parti-
cle at z = 50 µm. (R = 50 µm, q = −0.06 µC/g) 
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Figure 12. Coulomb force and polarization force applied to parti-
cle at z = 300 µm. (R = 50 µm, q = −0.06 µC/g) 

 
Equation (2) is calculated with the Runge-Kutta method. 

During a time-step calculation, initial conditions are renewed 
when collisions between particle-particle and particle-
conveyer take place. Linear and angular velocities after colli-
sion are calculated by a two-body impact equation that in-
cludes repulsive and frictional effects. 

Results and Discussion 

Transport Direction 
Transport direction was categorized with three features, 

forward, backward, and non-transported.1 At low frequency, 
particles were transported in the direction of the traveling 
wave propagation (forward direction) but at relatively high 
frequency particles transported backward increased. Motion 
of forward transported particles was almost synchronized 
with the traveling wave but that of backward was slow to the 
wave. Particles were not transported but only vibrated at 
higher frequency, herein a limitation for the transport existed. 
Figure 13 shows a comparison of measured and calculated 
macroscopic characteristics on the transport direction. Num-
ber of particles for the calculation was one hundred. The cal-

culated agreed qualitative with the measured but some dis-
crepancies existed. One was that the calculated transition 
frequency from the forward to backward transport was lower 
than the measured and another is that although small parti-
cles were apt to be transported forward even at high fre-
quency in the experiment, the calculated was just opposite. 
Possible reasons of these disagreements are too small num-
ber of particles for calculations and neglect of adhesion force 
such as Van der Waals force. 

Transport Speed 
Figure 14, 15, and 16 show a comparison of measured 

and calculated characteristics on the transport speed. Ex-
perimental results plotted in the figures were determined 
from several fastest particles reached to the end of the con-
veyer, on the other hand all of calculated particles were plot-
ted in the figures.  

Although the motion of particles is not simple and iden-
tical but a complex of many modes, the transport of  particle 
ACM2107, for example, was roughly categorized with five 
modes with respect to the speed.  
(1) Overtaking region: Some particle overtook the wave ve-

locity at less than about 30 Hz. 
(2) Synchronous region: Speed of major particles is same 

with the wave speed at about 30-50 Hz. 
(3) Delay region: Many particles became to delay to the 

wave in accordance with the increase of the frequency at 
about 50-80 Hz, although major particles were trans-
ported forward. 

(4) Backward transport region: Major particles were trans-
ported backward to the wave at 80-250 Hz. 

(5) Vibration region: Particles were not transported but only 
vibrated at higher frequency, higher than 250 Hz. 

Modes of Dynamics 
Microscopic differential dynamics of particles were ob-

served and compared to calculations. 
(1) Overtaking region: Figure 17 shows measured and cal-

culated loci of particles and potential distribution on the 
surface of the conveyer in case of 10 Hz operation. The 
abscissa is a relative horizontal position to the wave, i.e. 
the position when an observer is on the wave that moves 
to the left side. Loci of several typical particles were 
measured with a high-speed microscope camera from a 
lateral direction of the conveyer. Although potential 
pockets existed, some particles in this region were not 
trapped in pockets but overtook the potential wave, be-
cause the speed of the wave was too slow compared to 
the particle speed. 

(2) Synchronous region: Figure 18 shows measured and 
calculated loci of particles at 30 Hz and potential distri-
bution on the conveyer surface. The abscissa is also the 
rela tive horizontal position to the wave. In this case, 
when the wave speed was moderate compared to the 
particle speed, particles were trapped in potential pock-
ets and thus the speed of particles were synchronized 
with the wave speed.  
 

IS&T's NIP20: 2004 International Conference on Digital Printing Technologies

1023



 

 

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500
0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500
0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

tr
an

sp
or

t r
at

e 

tr
an

sp
or

t r
at

e 

tr
an

sp
or

t r
at

e 

frequency   Hz frequency   Hz frequency   Hz 

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500
0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

tr
an

sp
or

t r
at

e 

tr
an

sp
or

t r
at

e 

tr
an

sp
or

t r
at

e 

frequency   Hz frequency   Hz frequency   Hz 

forward (measured) backward (measured) non-transported (measured) 

forward (calculated) backward (calculated) non-transported (calculated) 

   ACM235 
   ACM255 

ACM2107 

 

Figure 13.  Measured and calculated rates of forward, backward, and non-transported particles with respect to frequency of traveling 
wave. 
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Figure 14.  Measured and calculated transport speed with respect 
to frequency of traveling wave. (ACM235) 
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Figure 15.  Measured and calculated transport speed with respect 
to frequency of traveling wave. (ACM255) 
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Figure 16.  Measured and calculated transport speed with respect 
to frequency of traveling wave. (ACM2107) 

 
 
(3) Backward transport region: Figure 19 shows a calcu-

lated locus of particles at 140 Hz. We could not observe 
particle trajectories in this region, because our high-
speed camera could not trace the high-speed particle 
motion. The potential distribution shown in this figure 
was not relative but ordinal, observed from the station-
ary coordinate, because it became a complex figure. 
Calculated locus clearly showed that the particles were 
transported backward at relatively low altitudes.  

(4) Vibration region: Figure 20 shows calculated locus at 
250 Hz and the ordinal potential distribution. Particles 
were not transported but only vibrated at a low altitude. 
This coincided with the experimental observation. 
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Figure 17. Measured and calculated locus of particles at very low 
frequency. (10 Hz, ACM2107) 
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Figure 18. Measured and calculated locus of particles at low fre-
quency. (30 Hz, ACM2107) 
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Figure 19. Calculated locus of particles at medium frequency. 
(140 Hz, ACM2107) 

0

2

4

6

ve
rt

ic
al

 p
os

iti
on

  
m

m
 

horizontal position  (0.05 m/div.) 

calculated 

 

Figure 20. Calculated locus of particles at high frequency. (250 
Hz, ACM2107) 

Concluding Remarks 

Numerical and experimental investigations were carried out 
on transport of particles in an electrostatic traveling field. 
Although the motion of particles is not simple and identical 
but a complex of many modes, because it is affected by 
many parameters that include mechanical and electrical 
interactions between particle-particle and particle-conveyer, 
major characteristics are as follows: 
(1) Particles were slightly charged when they were settled 

on the conveyer due to the static electrification. If the 
traveling field was applied, the Coulomb force and po-
larization force were applied to particles and then parti-
cles were driven and collided with each other and with 
the conveyer. This increased charge and polarization 
with time. The Coulomb force was most predominant to 
drive particles except when particles were on the con-
veyer.  

(2) The direction of particle transport did not always coin-
cide with that of the traveling wave but partially 
changed depending on the frequency of the traveling 
wave, the particle diameter, and the electric field. 

(3) Although some particles overtook the traveling wave at 
the very low frequency, the motion of particles was al-
most synchronized with the wave at the low frequency. 

(4) The transport of some particles delayed to the wave at 
medium frequency and almost all particles were trans-
ported backward at high frequency. 
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