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A centrifugalmethodwas used to analyze and evaluate particle–surface interactions. Particleswith countmedian
diameters of 9.7, 14.5, and 32.8 μmwere removed from horizontally and vertically mounted metal substrates. A
point-mass model is conventionally used to analyze the forces exerted on particles during centrifugation. Con-
versely, in this study, a rigid-body model was employed considering the particle diameter and effective contact
radius between a particle and substrate. As the moments of force exerted on the particles on the horizontal
and vertical substrates were simultaneously formulated, the adhesion force and contact radius could be deter-
mined based on the particle diameter and angular velocities obtained at a given removal fraction. It was quanti-
tatively demonstrated that as the particle diameter, relative humidity, and/or initial load increase and surface
roughness decreases, the adhesion force increases. Furthermore, the contact radius increased as the particle di-
ameter and/or surface roughness increased.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Adhesiveness is defined as the ratio of adhesion to gravitational
force. Particle adhesiveness significantly affects the operations per-
formed using powders. For example, highly adhesive powders clog nar-
row pipes and hinder the stability of the operation as they readily form
particle layers on walls. Adhesiveness increases as the particle diameter
decreases for microparticles with diameters ≤100 μm. Previous studies
reported that the adhesion force varies according to different particle
surface properties such as moisture and static electricity [1,2]. Further-
more, the adhesion force decreases when a coating is performed using
fine particles [3,4]. In addition to environmental conditions and modifi-
cation of particle surfaces, various factors, such as particle diameter, sur-
face roughness, and contact state, complicate the theoretical analysis
and prediction of particle adhesion forces.

Several methods, such as the pendulum, spring-balance, centrifuga-
tion, vibration, impact, and airflow, have been proposed to measure ad-
hesion forces [5]. In addition, the colloidal probe method using an
atomic force microscope [6] and the spring-balance method using a
contact needle [1] have also been investigated to measure the adhesion
force directly. However, thesemethods cannot simultaneously evaluate
multiple particles. Therefore, they are not suitable for the statistical
analysis of the adhesion force and evaluation of the overall operability.
saka).

. This is an open access article under
The centrifugation, vibration, impact, and airflow methods can analyze
the particle removal fraction by gradually increasing the external force
exerted on numerous particles [5]. In particular, the centrifugation
method is useful and effective because it is accuratewith proper calibra-
tion and maintenance. It is also relatively easy to operate and is widely
used for general purposes [7].

The centrifugation method has been used for measuring the adhe-
sion force between particles and substrates to analyze various factors
that affect the adhesion force, such as particle diameter [8–11], particle
surface properties [8–11], and initial load between the particles and
substrates [10]. The experimental and theoretically determined values
were also compared [9,10]. Studies have been conducted wherein the
substrate was not positioned such that the centrifugal force opposed
the adhesion force but was sloping relative to the rotational direction
[12]. However, the effects of the particle diameter and the size of the
contact region were not reflected in the results as a point-mass model
was used to analyze the adhesion force. Hence, it was necessary to
apply moments of force based on the rigid-body model to improve the
model [13]. This analysis method was successfully performed in studies
where the substrate was positioned horizontally and vertically within
the centrifuge [14]. We subsequently applied this method to evaluate
the adhesion force, including the effects of non-spherical particles and
surface roughness [5,15,16].

This study used a centrifugation method to remove particles from
substrates positioned horizontally and vertically. The moments of
force exerted on the particles were also analyzed in detail. Methods
for obtaining the particle adhesion force and particle–substrate effective
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature
a effective contact radius between particle and substrate, m
Dp particle diameter, m
Dp50 count median diameter of particles, m
F cumulative distribution function of particle diameter
Fa adhesion force, N
F0 initial load, N
g gravitational acceleration, m/s2

mp particle mass, kg
n number of particles remaining in the area
n0 initial number of particles in the area
r centrifugation radius, m
Ra arithmetic mean roughness, m
T temperature, °C
η removal fraction
θ half-apex angle, rad
σg geometric standard deviation of particle size

distribution
φ relative humidity
ω angular velocity, rad/s

Subscripts
H horizontal substrate
V vertical substrate
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contact radius were verified by formulating and combining the equilib-
ria of the moments of force exerted on the particles on horizontal and
vertical substrates and substituting with the measurements of two an-
gular velocities. Additionally, the effects of particle diameter, surface
roughness, humidity, and particle–substrate initial load on centrifuga-
tion were investigated.

2. Theory and calculation

2.1. Particle–wall contact

Fig. 1 presents a schematic diagram showing contact states be-
tween a particle and a wall [5]. Theoretically, a perfectly rigid sphere
on a smooth wall exhibits a single point of contact [Fig. 1 (a)]. How-
ever, practical spherical particles undergo a certain deformation in
the contact region. This, in turn, results in planar contact [Fig. 1
(b)]. Additionally, contact occurs at multiple points with a rough
(a) Rigid bodies
(single-point contact)

(b) Contact deformation
(surface contact)

(c) Rough surface
(multi-point contact)

(d) Irregular shape
(multi-point contact)

Fig. 1. Contact states between particle and wall.
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wall [Fig. 1 (c)] and/or irregularly shaped particle [Fig. 1 (d)]. There
is no simple classification given the different contact states between
particles and walls. However, if the contact regions are simplified
as the bases of cones, particle–wall contact can be expressed based
on a general-purpose model, as indicated by the broken lines in
Figs. 1 (b) to (d).

2.2. Analysis of adhesion force and effective contact radius

Fig. 2 (a) shows the adhesion, gravitational, and critical centrifugal
forces corresponding to the removal of a particle on a horizontal sub-
strate based on the model described above [5]. The particle is defined
as a sphere of diameter Dp, and the half-width of the contact region be-
tween the particle and substrate is defined as the half-apex angle (θ).
The particle is subjected to a gravitational force of mpg in the vertical
downward direction with the adhesion force (Fa) exerted in the
same direction by designating the particle's mass and gravitational
acceleration as mp and g, respectively. Additionally, the particle is
subjected to a centrifugal force of mprωH

2 in the horizontal direction by
designating the centrifugation radius as r and angular velocity as ωH.
When the half-width of the contact region between the particle and
substrate is defined as the effective contact radius (a), denoted by (Dp/2)
sin θ, the combined moments of force on the particle at centrifugal
separation is as follows:

Fa þmpg
� �

a ¼ mprω2
H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dp

2

� �2

−a2

s
ð1Þ

where the fulcrum is the point at the edge of the contact region. When
(Dp/2)2 is significantly higher than a2, Eq. (1) approaches the following
equation:

Fa þmpg
� �

a≈mprω2
H
Dp

2
ð2Þ

Fig. 2 (b) shows the adhesion, gravitational, and critical centrifugal
forces corresponding to the removal of a particle on a vertical substrate.
By assigning the angular velocity toωV, the combinedmoments of force
on the particle at centrifugal separation is as follows:

Fa−mprω2
V

� �
a ¼ mpg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dp

2

� �2

−a2

s
ð3Þ

When (Dp/2)2 is significantly higher than a2, Eq. (3) approaches the
following equation.

Fa−mprω2
V

� �
a≈mpg

Dp

2
ð4Þ
(b) Vertical substrate(a) Horizontal substrate 

θ

a
Fa

2

mp gDp

mprωH
2

θ

mp g

Fa

2

Dp

mprωV
2

a

Fig. 2.Adhesion, gravitational, and centrifugal forces exerted on a particle based on a rigid-
body model.
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When Eqs. (2) and (4) are combined, Fa and a are as follows:

Fa ≈mp⋅
rωHωVð Þ2 þ g2

rω2
H−g

ð5Þ

a≈
Dp

2
⋅
rω2

H−g
rω2

V þ g
ð6Þ

This analysis method offers the advantage of obtaining Fa and a using
two angular velocities. When rωH

2 and rωV
2 are significantly higher

than g, Eqs. (5) and (6) can be simplified as follows:

Fa ≈mprω2
V ð7Þ

a≈
Dp

2
ωH

ωV

� �2

ð8Þ

Eq. (7) shows that when several conditions are satisfied, the adhesion
force of a particle on a vertical substrate can be determined directly
from the centrifugal force.

3. Methods

3.1. Setup

Fig. 3 shows an overview of the experimental setup. The rotation
axis of the centrifuge (CT15E; Eppendorf Himac Technologies Co., Ltd.)
was vertical, and the control range of the rotational velocity was set be-
tween 300 and 15,000 rpm (angular velocity: 10π to 500π rad/s). The
rotor was equippedwith four holders incorporating horizontally or ver-
tically fitted cells. The rotorwas coveredwith a tight lid such that no air-
flow occurred inside the rotor during operation.

Fig. 4 shows the details of the disassembly cell, which was designed
for particles to adhere to the sample substrate through a 10-mmcircular
aperture. The centrifugation radius (r) of the center of the circular aper-
ture was 66 mm for horizontal and vertical cells. The area used for
counting the number of particles was limited to a width of 1 mm.
(b) Vertical cross section

(a) Horizontal cross section

Holder

Rotor

Lid

Horizontal cell

66 mm 66 mm

Vertical cell

Cell
Substrate

Fig. 3. Schematic diagram of the experimental setup.
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Therefore, the range of the centrifugation radius of the particles was
66 ± 0.5 mm for the horizontal cell.

3.2. Sample particles

Three types of spherical particles were used as samples. All the
particles were glass beads with a particle density of 2500 kg/m3 (9000
series; Thermo Fisher Scientific, Inc.). The number-based particle
size distributions, measured using an imaging method (Morphologi
G3; Malvern Panalytical, Ltd.), are shown in Fig. 5. The median
diameters in each sample (Dp50) were 9.7, 14.5, and 32.8 μm. The
geometric standard deviations of the particle size distribution (σg)
were 1.13, 1.13, and 1.08, respectively. Thus, the particle diameters
were relatively uniform. The number-based median diameter of each
samplewas used as the representative particle diameter in the analysis [7].

3.3. Sample substrates

A and B were the two types of stainless-steel substrates with differ-
ent degrees of roughness due to different surface treatments. Photo-
graphs of the substrates were obtained using a laser microscope
(OLS4100; Olympus Corporation), as shown in Fig. 6. Substrate A exhib-
ited a very smooth surface, whereas substrate B exhibited linear physi-
cal irregularities. For convenience, an axis parallel to the linear features
of substrate Bwas assigned to the x-axis, and the corresponding orthog-
onal axis was assigned to the y-axis.

Fig. 7 shows cross-sections of substrates A and B obtained via laser
microscopy. The arithmetic mean roughness (Ra) did not exceed 1 nm
resolution in all directions for substrate A. The cross-section on the
y-axis is shown where Ra was 33 nm for substrate B. It was necessary
to separate and move particles along the y-axis for evaluating the
effect of roughness on the centrifugal separation of particles, which
was radial and vertical for the horizontal and vertical substrates,
respectively.

The particles and substrates were maintained at a temperature (T)
in the range of 20–25 °C and relative humidity (φ) in the range of
20–25% during storage and experiments. However, experiments were
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Fig. 5. Number-based particle size distribution.
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performed under a φ of 68 to 72% without altering the temperature to
evaluate the effects of humidity.

3.4. Procedure for centrifugation and measurement

Aminute quantity of sample particles was scattered on the substrate
above the cell. The substrates were fixed, such that the surface with ad-
hering particles was directed upward in the horizontal cells and out-
ward in the vertical cells. The cells were detached after operating for
1 min at a specified angular velocity. The center of the circular aperture
of each cell was also photographed using amicroscope, and the number
of particles remaining on the substrate was determined via image anal-
ysis. The centrifugation and particle number determination were re-
peated while increasing the angular velocity. The particle removal
fraction (η) was also determined as follows:

η ¼ 1−
n
n0

� �
ð9Þ

where n0 denotes the initial number of particles in the area, and n
denotes the number of particles remaining in the area.

3.5. Initial load on particles

The state of the particles remained unchanged when particles ad-
hered to a substrate via gravitational sedimentation and the adhesion
force was significantly higher than the gravitational force. However,
the contact state exhibited a potential to change when the particles
were pushed to the substrate by an external force [10]. The substrate
was positioned with the surface of the adhering particles facing
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(b) Substrate B in y-direction, Ra = 33 nm

Fig. 7. Surface roughness of the substrates.
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vertically inward before centrifugation. After the initial loadwas applied
to the particles for 1 min, and centrifugation was performed with hori-
zontal and vertical substrates.

4. Results and discussion

4.1. Particles on substrate

Fig. 8 shows the photographs of particles on the substrate surface
after gradually increasing the angular velocity of the centrifuge. Particles
of approximately similar size adhered to the surface and were thor-
oughly dispersed. They were randomly detached from the substrate
with increasing angular velocity.

4.2. Measurements

Fig. 9 (a) showsmeasurements obtained via centrifugationwith par-
ticles adhering to a horizontal substrate as a parameter of particle diam-
eter. The removal fraction increased as angular velocity increased
irrespective of the particle diameter. However, the removal fraction var-
ied significantly with particle diameter. Particles with Dp50 = 9.7 μm
were removed even with a low angular velocity, whereas larger
particles with Dp50 = 14.5 μm were not readily removed. The largest
particles with Dp50 = 32.8 μm exhibited an intermediate removal
fraction. For reference, centrifugal acceleration (rωH

2) is shown on the
upper x-axis. The rωH

2 required to remove the particleswas considerably
higher than the gravitational acceleration.

Fig. 9 (b) shows the measurements obtained by centrifugation with
particles adhering to a vertical substrate. The removal fraction increased
with increasing angular velocity. However, the angular velocity was
significantly higher than for the horizontal substrate. Although most
particles were removed at 100π rad/s for the horizontal substrate,
approximately 50% of particles with Dp50 = 14.5 μm remained in place
even at 450π rad/s for the vertical substrate. This showed that
particles were less readily removed from the vertical substrate than
the horizontal substrate.

4.3. Removal fraction and centrifugal force

Fig. 10 (a) shows the removal fraction of particles adhering to the
horizontal substrate as a function of the centrifugal force of the particles.
The removal fraction increased as the centrifugal force increased. Fur-
thermore, the centrifugal force required for particle removal increased
as particle diameter increased. Thus, a positive correlationwas observed
between centrifugal force andparticle diameter. The adhesion and grav-
itational forces on the particles associated with the horizontal substrate
were exerted vertically downward. These forces increased as the parti-
cle diameter increased. Hence, the centrifugal force required to remove
the particles was expected to increase.

Fig. 10 (b) shows the removal fraction of particles adhering to the
vertical substrate as a function of the centrifugal force of the particles.
The removal fraction increased as the centrifugal force increased. The
(a) 0 rad/s (b) 220 rad/s (c) 280 rad/s (d) 370 rad/s

500 μm

Fig. 8. Particles on the substrate for each angular velocity (Dp50 = 32.8 μm, substrate A,
vertical cell, φ = 20–25%).
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centrifugal force required for particle removal also increased as the par-
ticle diameter increased.However, thedifference in the centrifugal force
required to remove particles with a Dp50 of 32.8 and 14.5 μm was less
than that with the horizontal substrate. This can be explained based
on the differences in the contribution of the gravitational force. The
gravitational force was more than ten times higher for Dp50 = 32.8 μm
than for Dp50 = 14.5 μm. The gravitational force for the horizontal
substrate was exerted in the same direction as the adhesion force,
which aided in particle adhesion. Conversely, the gravitational force
Centrifugal force mprωH
2 (μN)
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Fig. 10. Removal fraction as a function of centrifugal force: (a) horizontal substrate and
(b) vertical substrate.
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with the vertical substrate was exerted orthogonally to the adhesion
force, which assisted in particle removal.

Subsequently, the ranges of centrifugal force required to remove
particles from the horizontal [Fig. 10 (a)] and vertical substrate
[Fig. 10 (b)] were compared. The former was considerably smaller
than the latter. The point-massmodel cannot explain this difference be-
cause the static friction coefficient is too small to hypothesize. There-
fore, the analysis should be performed using the rigid-body model
wherein particle rolling is linked to the removal mechanism. When
Eqs. (2) and (4) are combined, rωH

2 is obtained using the following equa-
tion as a function of rωV

2 and g.

rω2
H ≈ rω2

V þ g
� � 2a

Dp
þ g ð10Þ

When rωH
2 and rωV

2 are higher than g and Dp is greater than 2a, rωH
2 is

less than rωV
2. This offers a reasonable explanation for why the

centrifugal force for the horizontal substrate was less than that for the
vertical substrate.

4.4. Adhesion force and effective contact radius

Fig. 11 (a) shows the adhesion force (Fa) obtained when two values
(ωH andωV) for the three-particle diameterswere substituted in Eq. (5).
Values ωH and ωV denote the angular velocities corresponding to the
removal fraction (η) shown by the curves in Fig. 9 (a) and (b), and
range of η varies with the particle diameter. Fa exhibits a positive
correlation with η and corresponds to the cumulative distribution of
the adhesion force represented on a number basis. Additionally, the
adhesion force increased as the particle diameter increased. This was
consistent with the results of previous studies [8–11].

Fig. 11 (b) shows the effective contact radius (a) obtainedwhen two
angular velocities (ωH andωV) obtained by the aforementionedmethod
were substituted in Eq. (6). Although a was not readily affected by η, it
showed significant dependence on particle diameter, i.e., 0.1 to 0.2 μm
for Dp50 = 9.7 or 14.5 μm and approximately 0.5 μm for Dp50 =
32.8 μm. An index for the contact state in all cases resulted in 0.8 to
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2.4° when switching to the half-apex angle (θ), which, in turn,
corresponded to a Dp/2a in the range of 24–73.

4.5. Effect of surface roughness on centrifugation

Fig. 12 shows the relationship between Fa and η for substrates A and
B with different roughness values. The Fa for Ra = 33 nm was
significantly less than for Ra < 1 nm. This was presumably because of
an increase in the apparent distance between the contact surfaces
[17,18].

The effective contact radius (a) was approximately 0.5 μm and
1.3 μm for the substrate with Ra < 1 nm and Ra = 33 nm for a particle
with Dp50 = 32.8 μm, respectively. A switch to the half-apex angle (θ)
resulted in 1.7° for the former and 4.5° for the latter. Thus, it was quan-
titatively shown that the effective contact radius increases as the sub-
strate surface roughness increases.

4.6. Effect of relative humidity on centrifugation

Fig. 13 shows the relationships between Fa and η under variable
conditions of relative humidity (φ) during storage and experiments of
particles and substrate. The Fa with φ = 68–72% was significantly
greater than that with φ in the range of 20–25%. This was presumably
related to the effect of the water content, i.e., liquid bridges [19]. Similar
humidity dependence was obtained by the spring-balance method [1].
Thus, the results of this centrifugal method were validated.

No significant differences in the effective contact radius were found
with changes in humidity in this experiment. Thus, the liquid bridge
withφ of 68 to 72%was considered limited to theminute contact region
between the particle and substrate.
Fig. 13. Effect of humidity on adhesion force.
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4.7. Effect of initial load on centrifugation

Fig. 14 shows the relationship between Fa and ηwhen the initial load
(F0) was altered by positioning the vertical substrate in the opposite
direction from the centrifugal separation and applying a centrifugal
force of 0, 1.3, or 4.1 μN. Specifically, Fa increases as F0 increases. This
suggested a change in the contact state. This trend was consistent
with the results of the study by Petean and Aguiar [10]. Therefore, it
was important to set the initial load on the particles in the centrifugal
method to evaluate the actual phenomenon.

No significant differences in the effective contact radius were ob-
served within the range of the initial load in this experiment. Presum-
ably, the initial load did not generate a sufficiently large change to
alter the particle orientation. Therefore, only minor changes were ob-
served in the contact region.

5. Summary and conclusions

In this study, we performed experiments to remove spherical parti-
cles adhering to horizontal and vertical substrates by using a centrifuge
with a vertical axis of rotation. The particles were glass beads with Dp50

of 9.7, 14.5, and 32.8 μm. Additionally, the adhesion force between the
particles and substrate and effective contact radius were obtained by
formulating and combining the moments of force exerted on the
particles on the horizontal and vertical substrates.

The conclusions of the study are as follows:

1. The centrifugal force required to remove the particles increased as
particle diameter increased.

2. The centrifugal force required to remove the particles from a hori-
zontal substratewas significantly lower than that froma vertical sub-
strate. This suggests that particle rolling plays a crucial role in the
removal mechanism.

3. For each particle sample, two angular velocities relating to the same
removal fraction were obtained in experiments using vertical and
horizontal substrates. These were substituted in simultaneous equa-
tions. Hence, the adhesion strength distribution corresponding to re-
moval fractions was obtained. Additionally, it was quantitatively
shown that the adhesion force increased significantly as particle di-
ameter increased.

4. The effective contact radius was not affected by the removal fraction
but increased with increasing particle diameter. The contact radius
between the surface of the smooth substrate (Ra < 1 nm) and
particle with Dp50 = 32.8 μm corresponded to 0.5 μm.

5. The adhesion force was lower, and the effective contact radius was
higher for a substrate with a rough surface (Ra = 33 nm).

6. The adhesion force increased as relative humidity (φ ≤ 72%) and ini-
tial load on the particle (F0 ≤ 4.1 μN) increased. However, they did not
affect the effective contact radius.
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